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Gravity Measurements over the Cumberland Basin, 

Nova Scotia 

* By G. D . GARLAND 

(Transactions, Volume LVIII, 1955, pp. 90-98) 

INTRODUCTION TABLE OF FORMATIONS 

ALTHO GH thé presence of 
rock salt in the Carboniferous 

basin of northern N o,·a cotia has 
b en known for at lea t one hun
dred and twent_v 3·ear , and sa lt has 
been mined at l\Ialagash t:ontinu
ously ince 1919, certain character
i tins of the deposits make exp lora
tion by drilling or surface examina
tion diffi cult. The surface rocks of 
th basin are, in general, of Penn
syh·anian age, while the salt occurs 
in the Mississippian Windso r 
group. The latter rocks are b.rnught 
to the urface only along anticlinal 
fold , or as irregular fault blocks. 
Because of th e limited areal extent 
of these ,vindsor exposures, and 
their complicated internal structure. 
gcophy ical surveys, especially 
gral'imetric, can be of considerable 
aid in outlining the more favourablc 
areas. 

The present paper describes th e 
result. of recent inves tigation by 
the Dominion Observatory, in co
operation with the I ova Scotia D e
partment of Mines. It includcs a 
regional study of that section of 
th e Cumberland basin lying between 

pringhill and Malagash (Figure 
1). and a much more detai!ed ~ur
n•y of the immcdiate virinity of th e 
l\Ialagaslt deposit itself. This dc
posit had bcen studied by Miller 
( 6. 7) with th e torsion balance near
ly twenty years before, and a di
rect comparison between th e results 
gi,·en hy the two types of instru
ments is therefore possible. 

GEOLOGY OF THE AREA 

The r egion to be studied forms 
part of the extensive Cumberland 
hasin of Carboniferous deposition. 
Tt is well covered by the one mile 
to the inch map serï"es of the Geo
logical Survey of Canada, and is de
scribed full y by Bell ( 1) and or
man (8). Thi outline, which is 
drawn largely from publications of 

*Dominion Observatory, Depart
ment of Mines and Technic!l.l Sur
veys, Ottawa. 

Pictou eries Sandstone, shale, conglomerate 

PENNSYLVANIA Cumberland Series andstone, conglomerate, shale 

Riversdale Series Boss Point formation: sandstone, 
shale. 

Claremont formation: conglom-
erate, sandstone, shale. 

Middleborough form'n Sandstone, shale 
MISSISSIPPIAN 

Windsor group 

PRE-CARBONIFEROUS 

the Geological Survey, is intended 
only to present the general nature 
of the formations and th e struc
tural relationships that are lo be 
dealt with in the interpretations of 
the gravity anomalies. 

The Cumberland basin lies be
tween the exposed pre-Carbonifer
ous ridge that forms the Cobequid 
mountains to the south, a nd the 
concealed extension, inferred from 
pre\'Ïous gravity observations ( 3), 

SCALE 
VJ S O 10 

MILES 

Shale, sandstone, gypsum, 
limestone, sait 

Complex of sedimentary and 
volcanic rocks intruded by 
granite, etc. 

of the Caledonian mountains to the 
north . The general sequence of rocks 
in th e area, with the lithological 
nature of each eries or formation, 
is given in the accompanying Table. 

The thicknesses of the v,trious 
series are rather variable over the 
area, but the total thickness of the 
P ennsyh-a nian strata alone is sev
eral thousands of feet. The Middle
borough formation, which iies im
mediately above the Windsor group, 

1\,n·t'rmmbc\'\o.t\\\ 

~\\'o.Ü, 

+ 

Figure 1.-0utline of the area of northern Nova Scotia covered by the 
regional gravity survey. 
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GRAVITY ANOMALIES AND GENERAL GEOLOGY 
SPRINGHILL- MALAGASH AREA, NOVA SCOTIA. 
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Figure 2.-Bouguer g ravity anomal ies and generalized geology of a portion of the Cumberland basin. 

ranges in thickness from a few hun
dred to about three thousand feet. 

A generalized section of the 
Windsor group itself in the area is 
gh·en by Bell ( 1), as follow~: 

Red sandstone, siltstone, etc .. 
Calcareous member: 

limestone, etc .......... . 
Red shale, mudstone. etc .... . 
Gypsum-anhydrite-salt 

member. ........... . .. . 

400 ft. 

125 ft. 
800 ft. 

500+ft. 

The lowest member of tlte group 
off ers li ttle resistance to ero8ion, 
and where it has been brought to 
the surface the actual rock expos
ures are characteristically poor. 
Very often, it presence can only 

be inferred from topographical fea
tures, such as 'sinks' and ponds, 
produced by solution. Wherc the 
structure of the \Vindsor areas can 
be deduced, the strata are in general 
found to be steeply dipping and 
high ly contorted. 

Ü\·erlying fo r mations up to and 
includ ing the Boss Point appear to 
have been deformed by major forces 
acting before the deposition o: the 
Pictou series. Thus, although the 
Windsor exposures lie along the 
axes of anticlinal folds in this er
ies, the dips of the Pictou strata 
are much more regular and gentle 
than those of the pre-Pictou 1ocks. 

The actual contact relati,Jnships 

-2-

between the Windsor group and 
younger rocks are quite varied 
among tl1e different exposures. At 
p laces along the Claremont anti
cline, which extends from near 
Springhill to :Malagash point (Fig
ure 2), the \ Vindsor beds are found 
to lie conformabl v beneath the 
..'ll iddlehorough fo~mation. "\fo re 
often . however, the areas of \Vind
sor rocks are in fault contact with 
rocks as young as the Pictou ~eries. 
In the case of the exposure south 
of Pugwa h, the ·windsor group is 
apparently bounded on all ~ides by 
overlap of the Pictou strata and 
the relationships with forma tions 
older than the Pictou are not known. 

+ 
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Figure 2. (For caption, see page opposite) 

For th e interpretation of the 
gravity anomalies, a knowleJge of 
the densities of the rocks involved 
is of prime importance. The data 
available, which include values 
measured by liller ( 6) and by the 
writer, are summarized in Tabl e I. 

Although th e range in dens ity be
tween lithological units of a forma
tion may a ppear to be greater than 
th e difference between form ations, 
certain generalities may be noted. 
The Boss Point formation, which is 
fai rly thi ck (2,000 to ,1,000 feet ) 
thr0ughout th e area, is on th e whole 
probably Jess dense than th e o,·er
lying Pi ctou se ri e . Th e Windso r 
group on th e average is le s dense 
than the majority of the yo unger 

formations , as th e dense limestone 
member it con tains is q uite thin. It 
is apparent that local concentrations 
of gypsum, and es pecially of salt. 
will largely control the exact den
s ity of th e Windsor. These relation
ships suggest that the gravity ob
servations may be applied to the 
probl em of outlining the varions 
\Vindso r exposures, and, on a more 
detail ed scale, to the detection of 
sa it concentrati ons within these 
areas. 

T1rn ÜBSE R\'ATION S 

Quite diffe rent field procedures 
were employed on th e regional and 
deta iled surveys. For th e fo rmer, 

-3-

-_.....,.. 
stations were spaced at interval of 
about half a mile along the avail 
able roads through the area. The 
gravity readings were taken with a 
~ orth Ameri can instrument, whose 
scalc constant was 0 .23 15 rnilligals 
per di vision. AU observations were 
made relative to bases at Tata.nia 
gouche, Pugwash, or Oxford , ll'hi ~h 
were in turn connected to a pre,·i
ously es tablished main base ,it Am 
herst ( :1). The elevations of the ma-
j ority of th e stations were obt.'.l ined 
by readings with two aneroid buro
meters. As control points in th e 
form of bench marks and map ele
Yations were plentiful thro11 ghout 
the area. th e station ele,·at ions are 
probably r eliable to about five feet , 
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TABLE l.- DENSIT!ES OF CARBON!-
FERO S ROCKS OF THE CUMBERLAND 

BASIN 

ROCK TYPE DE ITY OBSERVER 
Gm. per cc. 

PICTOU: 
Sandstone ..... 2 .48 G.D.G. 
Sandstone ..... 2.45 A.H.M. 
Conglomerate .. 2 .36 A.H.M. 

Boss POINT: 
Sandstone ..... 2.35 G. D.G. 
Sandstone ..... 2.33 A.H.M. 
Red shale ...... 2 .56 A.H.M. 

CLAREMONT: 
Conglomerate .. 2 .42 G.D.G. 

MIDDLEBOROUGH: 
Shale .... . ..... 2 .44 G. D.G. 
Sandstone . ... . 2.47 G.D.G. 

'\' INDSOR: 
Red shale ...... 2 .42 G. D.G. 
Red shale ...... 2.50 A.H.M. 
Yellow shale ... 2. 17-2.30 A.H.M. 
Anhydrite ..... G. D.G. 
Gypsum ... .... 2.3 (Smithson-

ian Tables) 
Salt ........... 2.16 A.H.M. 
Limestone ..... 2 .69 G.D.H. 

and the error from t his cause in the 
Bouguer 'anomalies' is about 0. 5 
milligals ( i.e., 5 parts in the last 
figure of the quantit ies p lotted on 
the map, F igure 3). In computing 
these anomalies, a density of 2.67 
was adop ted for the rocks above 
sea-level, so that t he values would 
be directly comparable t o those on 
the gravity map of the Maritime 
Provinces (3). I t is apparent that 
this density is rather high for the 
particular region, but very few of 
the sta tions are as much as 200 feet 
a bove sea-level, and the r esulting 
uncertain ty for these highest st a
tions is not greater than 0.5 milli
gals. T he Bouger anomalies are 
plotted on the map in unit s of 0. 1 
milligal ( 0.0001 cm. per sec.2

), and 
a re contoured at in tervals of twenty 
of these units. 

In the case of t he detailed survey 
of the Malagash area, a rectangular 
grid of 300 feet was used (Figure 
3) . Gravity observations were taken 
with a W orden gravimeter, scale 

~ 0.--...---.-----.---,---,---,,,,....,....~ 
t 
"

l-501---+---+---+--+---J'---+--j 
;.., 
] 
g-100 
« 

constant 0.1114 milligals per divi -
ion. 'The oh erni.tions were made on 
. hort loops out from base station 
di tributed along the main east-west 
road. They are believed, on the basis 
of repeat observation at certain 
stations, to be accurate to about 
0.02 milligals. Elevations for all sta
tion were obtained by spirit le,·el
l ing with a Zeiss auto-le,·el. The 
mean closuœ enor on levelliug cir 
cui ts was about 0.05 foot. The Bou
guer anomalies were computed for 
a ùensity of the surface material 
of 2.0 grams per cubic centimeter. 
T his figure was adopted as ·1 mean 
between the soil density of l. 7 and 
the rock densities of 2.3 to 2.4. 
T he land surface is fairly level over 
much of the area, except for minor 
undulations in the glacial drift. To
ward t he southern limit of the sur
vey, however, it rises gradually to 
about 150 fee t above the sea. Since 
a rise in the bed-rock s ur face is 
ass umed beneath this higher ground, 
a density intermediate between that 
of rock and soil was adopted. 

The topography, as mentioned 
above, is flat or gently rolling over 
mos t of the area. However, the west
ern section of the coastline is in the 
form of an almost vertical cliff, ris
ing fo r ty to fifty feet above the sea. 
Terrain corrections were applied to 
s ta tions in the vicinity of this fea
ture by calculating t he effect, at 
various dis tances, of a vertical, 50-
foot scarp of infinite strike length. 
These corrections became quite neg
ligible at a distance of 200 feet from 
the cliff, and only at about ten sta
t ions did the corrections significant
ly change the contouring. This 
method of treating terrain features 
was suggested by Hubbert (6). The 
final Bouguer anomalies are plotted 
on the map in units of 0 .01 milligal 
(0.00001 cm. per sec.2), and are 
contoured at intervals of tw,~nty of 
these units. 

D1scuss10N OF THE REsULT oF THE 

REGION AL STUDY 

The accompanying map (Figure 
2) indicates that the Bouguer ano-

malies range from + ua units at 
the ex treme south of the a1·ea to 
- 143 in the Yicinity of Oxford. 
The positÏl'e values along the south
ern border a re due to the dense pre
Carboniferous rocks of the Cobequid 
complex. There is a fairly rapid de
crease in anomaly near the edge of 
the Carboniferous basin, but from a 
few miles north of the basin edge 
to the shores of Northumberland 
Strait any effect of tl1 e pre-Car
boniferous basement rocks must be 
Yery small and slowly varying in 
corn paris on with the sharper ef 
fects of near-surface density varia
tions. The most striking feature of 
this region is the series of nega
tive anomalies along the axis of 
the Claremont anticline and over 
the Windsor exposures near Roslin 
and Pugwash. This correlation of 
negative anomalies with the uplifted 
areas confirms the hypothesis that 
the Windsor and possibly other pre
Pictou formations are less dense than 
the o,·erlying Pictou series. 

The different Windsor areas will 
110w be examined in detail, in order 
to suggest what may be denuced 
from the gravity field regarding the 
structural relations and internai com
position of these areas. 

Oxford Area 

The largest single exposure of 
Windsor strata within the region 
studied is that which occupies the 
axial portion of the Claremont anti
cline from near Springhill to the 
transverse fault about five miles 
east of Oxford. Traverses across 
the western section of the arca in
dicate a rather broad area of lower 
anomaly, conforming to the bound
aries of the Windsor series with the 
overlying, denser formations . East 
of Oxford, however, there is a nar
rower, more intense negative ano
maly, suggestive of a concentration 
of low-density material within the 
Windsor rocks. The nature of the 
anomaly, as indicated by the profile 
along the line AB, Figure 4, sug
gests that the effect of a local, near-

GEOLDGICAL LEGEND: 
Penn.sylvonlon: 

1 Pictou Series 
Cumberland Series 
Boss Point F"ormolion 
Claremont Formation 
Mississippion.

[i]ill]] Windsor Group 11:[lit ltl 
D ~ C 

GEOLOGICAL LEGEND: 
Pennsylvanion .-

~ Pictou Series 
Q Cumberland Series 

Mississipp/on · 
U1IT1J]J Windsor Group 

"',. Fouit 

r~î::f nVn¼Vn~n¼¼~VnVnr =~i~~r----j 
6 5 4 3 2 1 0 

Miles 

Figure 4.--Gravity anomaly profile and geological aection 
along the line A B, Figure 2 . 

Figure 5.-Gravity anomaly profile and geological section 
along the line CD, Figure 2. 

(Regional su.rvey) (Regional survey) 
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Figure 6.-Gravity anomaly profile and geological section 
along the line EF, Figure 2. 

(Regional survey) 

surface structure is superimposed 
on the broader negative an0maly 
caused by the general anticlinal 
structure. For comparison, the il
lustration includes the calcu]ated 
anomalv due to a shallow, horizontal 
cvlinde~. with a radius of 2,500 feet, 
a~d a density deficiency of 0.2 
grams per cubic centimeter. One in
terpretation would be that a con
centration of low-density material, 
including salt strata, could be pres
ent along the axis of the anticline 
between Phillip river and the fault 
mentioned abo,·e. 

However. the results of recent 
drilling suggest that any body of 
commercial salt must be rather re
stricted in size. The log of borehole 
43 (Figure 2) of the :'.\Ialagash Salt 
Company indicated steeply dipping 
red clav or soft shale from the sur
face to· a depth of about 250 feet. 
From there to about 380 feet, both 
red and green shale containing 
stringers and crystals of coloured 
salt, with a few bands of clea1· 
salt, were encountered. Below 380 
feet, to the end of the hole at 412 
feet, the salt content was found to 
decrease. Similar conditions were 
found in borehole 45 at the op
posite side of the anomaly peak. 
These findings do not entirely rule 
out the possibility of there being a 
dome-like concentration of ~alt in 
the area between the drill hales. 

The negative anomaly ends 
abruptly at the transverse fanlt east 
of Oxford, a:lthough Windsor or 
Middleborough rocks continue to 
occupy the axial region of the anti
cline. Only near Wallace river, some 
eight miles to the east, does a pro
nounced negative reappear over the 
anticline. It appears safe to con
clude that th e intervening area 
holds little promise of important 
near-surface salt accumulations. 

Roslin Area 

The black of ,vindsor rocks near 
Roslin forms an interesting r-truc
ture, as it is apparently boun:led on 
three sicles bv fau lts and on the 
fourth s ide h~; an overlap of Pictou 
strata (Bell 1944 and G.S.C. Map 

Figure 7.-Gravity anomaly pro file and geological sect ion 
alon g the line GH , F igure 2. 

842A). The Windsor group is high
ly distorted and steeply dipping, 
and is known to contain gypsum at 
several localities. Its gravitational 
effect is clearly seen on the ano
maly map as a closed negative 
anomaly decreasing to about - 100 
units. An oblique profile acrnss t he 
black is shown in Figure fi. Al
though the negative anomaly is 
quite pronounced, it is less intense 
than that considered above, and it 
appears to result from the black 
as a whole, rather than from any 
concentration within it. 

A more detailed network of sta
tions over the area might give quite 
a different picture, but for the pres
ent no specific deposit eau be point
ed out. One interesting feature that 
may be seen from the anomaly map 
is the steep gradient northwest of 
the black, just inside the overlapping 
Pictou strata. This suggests that the 
contact between the Windsor group 
and younger pre-Pictou strata, pre
sumably along a fourth fault, is 
not far northwest of the actual ex
posure. 

W entworth-Pugwash Profile 

In Figure 6 is shown a profile ex
tending from near W entworth Sta
tion, on the pre-Carboniferous rocks, 
to tl1e coast of Northumberland 
strait, near Pugwash. The profile 
indicates that, apart from the rise 
toward the southern edge of the 
basin, the anomaly level over areas 
of Pictou rocks is quite uniform. 
Three areas of Windsor strata pro
duce negative anomalies, although 
none of these is very intense. How
ever, it should be pointed out that 
the distribution of stations over the 
two northern areas is rather sparse, 
as they are difficult of access. The 
Winds~r exposures near Pugwash 
are largely covered by an inlet of 
Northumberland strait, while the 
centra l area on the profile, known 
as the Canfield Creek area, is low
lying and traversed by few ~oads. 
In the three cases, the ,Vindsor 
rocks are exposed on the axes of 
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anticlinal structures in the Pictou 
series, but the Mississippian forma
tions are characteristically more 
severely folded than the Pictou. 

On the basis of magnitude of ano
maly only, none of the Windsor 
areas on this profile would appear 
as favourable as those near Oxford 
or East Wallace. However, this 
criterion alone is hardly satisfac
tory, as the most intense negative 
anomalies may indicate arcas of 
extreme crumpling and piling up 
of the light Mississippian strata . in 
which bands of relatively pure salt 
cannot be satisfactorily traced. In 
any case, preliminary drilling of the 
more moderate anomaly near Pug
wash suggests that it is underlain 
by a somewhat less distorted black 
of Windsor strata, containing defi
n ite salt horizons. Borehole 48 is 
apparently located near the axis of 
the structure, for it passed immedi
ately into gypsum and anhydrite, in
tersecting salt between about 360 
and 540 feet. The northern limit 
of the vVinsdor rocks is either a 
fault or a steeply dipping uncon
formity passing between borcholes 
46 and 47. In the former hole, the 
salt was found at a depth of some
what over 600 feet, while the total 
depth of the latter hole, almost one 
thousand feet, lay in Pictou strata. 
The steep nature of tl1is northern 
boundary is indicated also bv the 
gravity gradient over it. · 

TV allace A rea 

In the vicinity of East Wallace, 
the axis of the Claremont anticline 
changes rather abruptly from north
easterly to east-west. Here, also, the 
north limb of the anticline is more 
gently dipping, in contrast to the 
overturned north limb, which may 
be observed a few miles to the east. 
near l\Ialagash. Over this section 
of the structure, which is evidenced 
on the map by the wide exposure 
of the Boss Point formation , there 
is a broad area of low gra,·ity. ex
tending roughly as far west 1ts W al
lace rfrer. Superimposed 011 this 
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Figure 8.-Torsion balance survey of the Malagash mine area. 

broad effect is a sharp circular nega
ti ye anomal y near East " ' allace. 
The general low area may be a re
flection of the wider exposure of 
pre-Pictou ( less dense) formations 
( e.g., the Boss Point) on the north 
sicle of th e anticline, or it may indi
ca te a <leep concentration of eva
porite. In any case, the local anom
aly near East \Vallacc must be due 
to· a relatively shallow body, and is 
therefore of importance. The gen
eral relation between the anomaly 
profile and the geological section is 
5hown in Figure 7. Comparisons with 
calculatecl profiles suggest that the 
anomaly coul<l be caused by a struc
ture in the form of a vertical cyl
incler with upper surface near the 
earth's surface, if the radius of the 
cylinder is taken as 1,000 foet and 
the density contrast with the sur
roundings as 0.2 grams per cubic 
centimeter. Actually, the rocks ex
posed along the axis of the anticline 
within the area of the anomaly are 
Claremont strata (Bell 1944, p. 38), 
the 1warest \Vindsor exposures ly
ing about 1,200 feet to the north
east. 

However, the \Vindsor group, ac
cordi ng to Bell (1944), is there con
tained hetween two thrust faults, 
and, if the more southerlv of these 
is of low angle, the Windsor irroup 
could he expected at a moderate 
<lepth beneath the centre of the 
anomal_y. Gussow ( 4) lias d-:!~cribecl 
several cases of salt accumulation 
in ew Brunswick, some of which 

apparently are relatecl to thru t 
faulting. This fact, together with 
the intensity of tlie East W allacc 
anomaly, and its location over a 
possible cleep accumulation of salt, 
suggestecl that the area was worthy 
of further investigation. 

A drill hole, number 42 as shown 
on Figure 2, was put clown ncar the 
centre of the anomaly by the ::VIala
gash Salt Company. This hole 
passecl through steeply dipping, 
soft, red slrnle, with many zones of 
gouge-like material, suggestive of 
faulting. Sorne gypsum was en
countered between 591 and 614 feet. 
From 614 feet to the bottom of the 
hole at 655 feet the strata consisted 
of shale containing numerous small 
cubical cavities from which salt had 
been leached, together with larger 
cavities which caused the drill stem 
to drop several feet at a time. It was 
concluded that most of the salt orig
inally present had been leached by 
water circulating through the fault 
zone. The effect of the cavities 
would, of course, be to decrease the 
dcnsitv of the rocks, and this may 
contrihute to the pronounced loc~l 
anomal y. The single drill hole does 
not conclusively indicate that salt 
is not present within tl1e anomalous 
zone, but it does suggest that much 
of the area would be unsuitable for 
mining opcrations in any case, be
cause of the broken, faulted strata. 

To the east of the feature de
scribed above, the course of the 
Claremont anticline is marked only 
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by a rather weak gravity mm1mum, 
except in the immediate vicinity of 
l\Ialagash. The detailecl examination 
of the conditions there will form the 
subject of the following section. 

DETAILED STUDY OF THE l\IALAGMU 

AREA 

The l\lalagash salt deposit has 
been described in detail by Hayes 
(5), Norman (8), and othcrs. In 
1934, a torsion-balance survey of 
the area was conclucted bv A. H. 
Miller of the Dominion Ob;en·atory 
( 7 and 8), the results of his suney 
being reproduced in Figure 8. J,, 
comparison between this map ancl 
the results of the present survey 
(Figure 3) shows a remarkable simi
larity. Even though the terrain cor
rection for the torsion balance av
eraged 25 per cent of the measured 
gradients, that in. trument appears 
to have outlined the main cleposit as 
faithfully as the gravimeter. 

As the rock exposures in the area 
ar<> limited to the shore of North
umberlancl strait and to the mine 
workings, the prccise boundari es of 
tl1<> Windsor block containin ,1 th e 
deposit were not known beforc th e 
grnvity survey. A fault, with rlown
throw to the west, was known to 
exist at the shore west of the mine, 
an,l its extension was believcd to 
form the western limit of tl1e \Vind 
sor group. The northerly boundary 
wa~ believcd to be formed by fault 
contact with younger strata (BeU 
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Figure 3. 

Figure 10.-Gravity anomaly profile a long the line CD, 
Figure 3. 
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1944, p. 36), along the line indi
cated on Figure 3. The southern and 
eastern boundaries were also thought 
to be faults. 

The gravity roap indicates a broad 
area of low gra,·ity, bounded on the 
northwest by a steep gradient near 
the presumed fault and on the south
west by a similar gradient. Thi~ area 
of low gravity extends almost to the 
eastcrn limit of the surveyed area. 
The eastern boundary of the low
density rocks would appear, from 
the gravity contours, to be along a 
north-south line, about 4,500 feet 
east of the main shaft. Within these 
limits, the broad area of low grav
ity is assumed to indicate the pres
ence of the salt-bearing ,vindsor 
member, that is, interbedded salt, 
gypsum, anhydrite, and low-density 
shales. Concentrations of salt within 
this member shoulcl be indicated by 
more local gravity minima within the 
general low area. 

The profile shown in Figure 9, 
taken along the line AB on the map, 
extends from the region of the main 
deposit northwesterly to the shore, 
crossing the northern bounclary of 
the ,vindsor block. The main con
tact would appear to be indicated 
by the steepest portion of the curve, 
which coïncides with the line vf the 
assumed fault sl10wn on the map. 
North of this line, the strata pre
sumably belong to the Claremont, 
and, nearer the shore, to Boss Point 
formations. The major fault, which 
trends southeasterly from the shore, 
would appear to be evidenced on the 
gra,·ity map in two ways. Near the 
shore, rocks of the Pictou series to 
the west are down-faulted :igainst 
the Boss Point formation. The pro
file of Figure 10, along the line ('D, 
shows th e anomaly produrecl hv this 
relationsllip. For comparison·, the 
calculated effect of a vertical fau lt 
at 500 feet clisplacement, and rlen
sity contrast 0.1 grams per cubic 
çentimeter1 is a lso shown, The goocl 
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Figure 11.-Gravity anomaly profile along the line EF, 
Figure 3. 

to be displaced 
southward along 
the line of the same fault. This 
woulcl suggest that the horizontal 
displacement on the fault is to the 
south on the west side, a hypothesis 
consistent with Hayes' ( 5) observa
tions at the shore line. 

Turning to the examination of 
local minima within the favourable 
area, it is seen that the anomalv 
over the known cleposit is much th·e 
most prominent. However, the ap
pearance of this feature, which 
might seem to suggest the presence 
of a circular salt dome, is probably 
rnisleacling. T ·he anomaly undoubted
ly owes much of its form and prom
inence to its location near the be
ginning of the steep gradients due 
to the boundaries of the Windsor 
block, and to the mass cleficiency 
caused by the removal of material 
from the upper levels of the mine 
workings. Actually, the salt beds at 
the mine occur as steeply dipping 
strata, striking generally east-west. 
but contorted into a number of 
cross-folds. The dip of the beds is 
toward the south, and becomes more 
gentle with depth. A total thickness 
of about 300 feet of salt strnta is 
present, but salt of commercial qual
ity i limited to a relatively few 
seams, whic'h are thickest along the 
axes of the cross-folds . The mine 
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(Detailed survey) 

workings extend for about 1,000 
feet clown the clip of the beds, and 
for about the same distance along 
the strike, between the two shafts 
(Figure 3). 

The torsion balance survey ex
tended about 2,500 feet east of the 
main shaft, and indicated the ex
tension of the broacl area of low 
gravity in tllis direction. The graYi
meter obsen"ations show two par
tially merged minima within this 
area, one on strike with the known 
deposit, and a similar one ahout 
nine hunclred feet north of the first. 
These local minima are rather weak 
but, as the entire area is believt>d to 
be underlain by low-density strata, 
any lowering of the general .1nom
aly level must be considered sig
nifican t. A profile across the two 
features is shown in Figure 11. The 
fact that the effects along the line 
of the profile a re quite distinct puts 
a definite upper limit on the depth 
of t•he source, for any structures 
deeper than about 800 feet wonld 
not lrnve produced resolvable anom
alies (Elkins and Hammer ]!)38) . 
Actuall3' , the bodies responsible for 
the minima are probably much ~hal
lower, judging from the form of 
the curves. T hese two anomalies, 
apart from the known deposit, 



would appear to be the only prom
ising area within the block of 
Wind or rock . 

CONCLUSION 

The regional gravity surv,:y has 
been found to indicate the presence 
-0f lower-density Mississippian rocks 
upfolded or upthrust into the over-
1ying P ennsylvanian formations. ln 
particular, the Claremont or Mala
gas·h anticline has been traced from 
near Springhill to Malagash point. 
Alono- the axis of the anticline, in
tense° negative anomalies were îndi
cated near Oxford and East Wal
lace. but the latter of these occurs 
over a fault zone where the Windsor 
strata are badly broken and icached 
qf salt. By contrast, a more regu
lar structure, with better possibili
ties for development, has been în
dicated by drilling beneath the mod
erate anomaly near Pugwash. 

The detailed investigation of the 
Malagash area has shown that the 
.anomaly over the main deposit, as 
measured with the gravirneter, 
.agrees very closely with the results 
of the torsion balance survey of 
1934. The area covered by the 
gravirneter was extended to include 
the presumed boundaries of the up
faulted Windsor block in which the 
.salt occurs ( except the northern 
boundary, concealed beneath North
urnberland strait), and these limits 
have been confirrned by the gravity 
anomalies. Two possible arcas of 
salt-bearing strata have been indi
cated to the east of the known de
posit. However, in view of the find
ings at the Malagash mine that salt 

of commercial grade forms onl.y a 
small percentage of the total de
posit, it must be remembered that 
gravimetric surveys can only be ex
pected to suggest favourable areas 
for more detailed, sub-surface in
vestigation. There is a good 1_)ossi
bility that orne, at least, of the 
anomalies discussed are due to ac
cumulations of salt-bearing rocks, 
but of the detaîled chemical and 
physical nature of the salt nothing 
can be told. 
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Gravity in the Sudbury Basin and Vicinity 

A. H. MILLER AND M. J . S. I NNES 

ABSTRACT 

The rèsults of some 500 measurements of gravity over an area of about 2,000 square miles in the Sudbury 
district are presented. Although a more complete network of stations is desirable, the principal trends and major 
features of the gravity field are believed to have been established. 

It has been shown that most of these features are largely controllcd by surface densities of the rock formations. 
The anomalies, for instance, are quite variable over the Killarney granites and gneisses and were found to be directly 
related to density changes within these masses. 

A gravity high that persists along the southern boundary of the basin is the most prominent feature of the 
anomaly pattern and is largely due to the noritic phase of the irruptive and to the Stobie formation. The steep 
gradient over the Mississagi quartzites is interpreted as reflecting a thinning of this formation to the north. 

Evaluation of the gravity data over the basin suggests that the structure of the Sudbw-y irruptive and overlying 
Whitewater sediments is similar to one deduced by Collins and Kindle from geological considerations. The measure
ments deny the existence of large underground channels near the centre of the basin, but provide some support to 
the theory that the rise of the magma was controlled by faulting along the south side of the basin. 

INTRODUCTION 

The shape of the Sudbury Nickel irruptive has long been the subject of considerable 
debate and enquiry, because some of the world's richest nickel-copper ore deposits are 
located near its margins and are believed to be genetically related to it. The irruptive 
outcrops as an oval ring (see Figure 1) approximately 37 miles long and 17 miles across. 
Norite, the basic phase of the irruptive, forms the outer part of the ring while micropegma
tite, the granitic phase, forms the inner portion; a comparatively narrow transition zone 
lies between the two. The outcrop of the intrusive varies in width from about 1 mile on 
the north to a maximum of 3 · 6 miles to the sou th. Diamond drilling and mining opera
tions1 have shown that the lower contact of the norite dips toward the centre of the 
structure at angles* varying from 30 to 50 degrees. 

Overlying the irruptive and wholly within its ring is a comformable series of sedi
mentary rocks and volcanic tuffs known as the Whitewater series. Its formations outcrop 
concentrically with the irruptive and are disposed in a broad synclinal structure with 
gentle dips prevailing throughout the central parts. In a general way the series is con
sidered to be conformable with the underlying irruptive. 

From these facts it has been inferred, and accepted by most geologists, that the nickel 
irruptive is a thick basin-shaped sheet or sillt that lies between the contact of the White
water series and the older rocks below. Not so certain, however, is the configuration of 
the intrusive at ·depth, and in 1947 Dr. H. J. Fraser of Falconbridge Mines, Limited, 

1 Knight, C. W., Report of Royal Ontario Nickel Commission, Ontario D cpt. Mines, 1917. 
* In some places the norite contact with the underlying formations is ncarly vertical or dips outward, but such 

instances are believed due to faulting. See: Cooke H.C., "Structural Geology of Canadian Ore Deposits", Bull. 
Can. Inst. Min. Met., 1948. 

tit is still open to question whether the irruptive was folded into a syncline, along with the Whitcwater series, 
or was intruded after the syncline had formed. 

See: Cooke, H. C., "Structural Geology of Canadian Ore Deposits", Bull. Can. I nst. Min. Met., p. 588, 1948. 
Yates, A. B., "Structural Geology of Canadian Ore Deposits" , Bull. Can. lnst. Min. Met., p. 601, 1948. 
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GRAVITY IN THE SUDBURY BASIN AND VICINITY 17 

suggested to the newly established committee on Research in the Geological Sciencest 
that geophysical surveys, gravimetric and seismic, might profitably be employed to throw 
some light on the problem. 

In agreement with this proposa! the Dominion Observatory made some 340 gravity 
measurements in the area during the summer of 1948. Since then, in connection with 
other gravimeter programs, other observations were taken to increase the total number 
of stations to about 500. The stations are distributed over an area of about 2,000 square 
miles. The greatest density of stations is in the vicinity of the basin; here automobile 
transport was used and measurements were taken at ½-mile intervals along most of the 
passable roads. About 20 gravimeter stations were established in the outlying regions 
using aircraft transportation. Through the courtesy of the superintendents of the Cana
dian Pacifie and Canadian National railways, measurements were taken at sites along all 
railway lines radiating from Sudbury. Transportation was by train and "way" freights 
which stopped for three to five minutes at various railway stations along the way. Com
plete coverage of the area so far has not been possible and a much denser network is 
required to outline with certainty the smaller features of the gravitational field. N ever
theless, the existing distribution provides a general knowledge of the major trends and 
will serve as a basis for more detailed study in the future. 

In the following section the results of the gravity measurements are presented and 
the more pronounced anomalies examined in relation to the larger geological formations. 
The gravity anomalies for certain hypothetical geological sections of the basin are given 
and compared with the observed anomalies. 

COMPUTATION OF THE GRAVITY ANOMALIES 

The principal facts for the gravity stations are tabulated in the Appendix. Although 
both Bouguer and Free Air anomalies are listed, only the former have been used in the 
geological interpretation which follows. The Free Air anomalies have been included for 
their use in geoidal and isostatic investigations. The Bouguer anomalies shown on the 
accompanying maps and profiles are based upon an adopted value* of 980 · 684 cm. per sec2 

for gravity at the Sudbury pendulum station and for the gravimeter station just outside 
the building (the Technical High School). In the Table of Principal Facts, however, the 
observed values of gravity and the anomalies have been adjusted to agree with recent 
gravimeter comparisonst which give 980 · 6860 cm. per sec2 for Sudbury. Accordingly the 
anomalies in the Table are all 2 milligals greater than those shown on the gravity maps, 
but such systematic differences will have no bearing on the geological interpretation of the 
results. 

The anomalies are based upon the International Formula of 1930 for normal gravity, 
'Yo, at sea level. 

'Yo = 978-049 (1 + 0-0052884 sin2 cf> 

- 0 · 0000059 sin2 2 cf> 

where cf> is the latitude. The Bouguer correction for the height of the station is given by 
(0-09406 - 0-0128 <r) H.mgls., 

t Bull. Can. Inst. Min. M et., 1948. 
• Miller, A. H., Publications of the Dominion Observatory, Vol. XI, No. 4, p. 96. 1936. 
t Innes, M. J. S., and Thompson, L. G. D., Publications of the Dominion Observatory, Vol. XVI, No. 8, 1953. 
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where u is the mean density of the rock in gms per cm3 and His the height of the station 
in feet above mean sea level. Consistent with other regional investigations a constant 
average value of 2 · 67 gms per c.c. has been assumed for the rock density for the en tire 
area. It is shown in the next section that there is considerable variation in density among 
the rock types present and that the mean density may be closer to 2. 74 gros per c.c. If 
so, the resulting error in the Bouguer anomalies would be about O · 8 milligals. The greater 
part of such an error, however, is systematic, as the heights of stations vary from about 
600 to 1,300 feet with a mean height of 850 feet. 

The accuracy of the anomalies also depends upon the accuracy of the gravity measure
ments and how well the position and heights of stations have been determined. Repeated 
measurements have shown that the observed gravity values are reliable to one-tenth of a 
milligal. The elevations were obtained whenever possible from bench marks and railway 
elevations. For most of the stations, however, aneroid altimeters were employed. Repeated 
observations have indicated that errors in elevation are not likely to exceed 8 feet, which 
is equivalent to an error of about O · 5 milligals. The position of the gravity stations were, 
for the most part, scaled from maps with scales of one mile and two miles to an inch, and 
errors from this source are estimated to be less than O · 1 milligal. Apart from possible 
systematic errors mentioned above it is believed that the maximum error from ail sources 
does not exceed O · 7 milligals. 

The map enclosed at end of paper shows the gravity stations and Bouguer anomalies 
in units of 1 X 10-4 C.G.S., or tenths of milligals. Contours are drawn at intervals of 25 
of these units, or 2 · 5 milligals, where the gravity stations are more dense, otherwise a 
contour interval of 10 milligals has been chosen. 

DENSITY OF ROCK FORMATIONS 

To interpret the variations of the Bouguer anomaly the densities of the underlying 
rock formations must be known with fair accuracy. During the course of the gravity 
measurements 160 rock samples were gathered from outcrops near the sites of the gravity 
stations. Their densities, which were later measured in the laboratory, are summarized 
in Table 1. 

Although much care was taken to obtain a representative selection of unweath
ered samples from each formation, there is considerable variation among the densities 
within each group. The standard deviation of the mean value for each formation is 
included in the table and provides a measure of the uncertainty in applying these measure
ments of density. The sedimentary formations provide the most consistent sets with 
deviations ranging from O · 03 to O · 06 gms/ cm3

• Although not altogether unexpected, the 
volcanic rocks, basic intrusives and the Killarney granites and gneisses show quite large 
variations in density, with deviations ranging from O • 07 to O • 12 gms/cm3• The large 
variations in the density of the granites (from 2 • 54 to 3 • 15 gros per c.c.) from this district 
have previously been reported by Garland*. 

Examination of the table shows that the mean densities of the formations fall roughly 
into three density ranges. The lowest density group, 2 · 60 to 2-70 gros per c.c., consists 
of the Chelmsford and Onwatin formations of the Whitewater series, the Cobalt and 

* Garland, G. D., Publications of the Dominion Observatory, Vol. XVI, No. 1, p. 48. 
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Bruce sediments with the exception of the McKim formation and some of the sediments 
of the Stobie group. Included also in this group of low density rocks are specimens of 
the early Precambrian granites (Birch Lake and Levack granite) which lie to the north 
and northwest of the basin. 

TABLE 1 

SUMMARY OF DENSITY MEASUREMENTS 

Standard Number 
Formation Mean Density Deviation of 

of Mean Determinations 

gm/cm3 gm/cm3 

Quartz Diorite ....................................... 2·83 - 1 

Granite and Granite Gneiss (Killarney, Creighton) ........ 2·74 0·12 42 

Norite Irruptive (a) Micropegmatite ................ 2·72 0·04 7 
(b) Transition zone ................ 2·92 0-03 3 
(c) Norite ........................ 2·87 0·09 10 

Whitewater Series (a) Chelmsford formation ........... 2·65 0·05 5 
(b) Onwatin formation ............. 2·61 0·03 5 
(c) Onaping formation ............. 2·74 0·08 11 

Nipissing Diabase .................................... 2·84 0·09 9 

Cobalt Series (a) Lorraine Quartzite .............. 2·83 - 1 
(b) Gowganda formation ............ 2·68 0·06 5 

Bruce Series (a) Serpent Quartzite .............. 2·62 - 1 
(b) Espano la formation ............. 2·65 - 1 
(c) Mississagi Quartzite ............ 2·62 0·04 17 
{d) McKim formation .............. 2·74 0·03 6 
(e) Copper Cliff Rhyolite ........... 2·61 0·07 4 

Granite and Granite Gneiss (Levack, Birch Lake) .... . .. . 2·66 0·04 10 

Stobie Group (a) Greywacke and Quartzite ........ 2·68 0·06 3 
(b) Basic lavas .................... 2·90 0·11 17 

The next density range, 2 · 70 to 2 · 80 gms. per c.c. includes the Onaping and McKim 
formations, the micropegmatite member of the Sudbury irruptive and the granitic rocks 
(Creighton granite, Killarney granite and gneisses) found to the southeast of the basin. 
The highest density range, 2 · 8 gms. per c.c. and greater, includes the norite and transition 
zone rocks of the Nickel irruptive, the Nipissing diabase and the basic lavas of the Stobie 
group lying along the south side of the basin. 

A graphical representation of the data in Table 1 is given in Figure 2. The mean 
density of each formation is plotted along with the corresponding mean Bouguer anomaly, 
and clearly shows that the anomalies are largely due to the rocks which outcrop. 
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GENERAL FEATURES OF THE GRAVITY FIELD 

Figure 3 is a geological sketch map of the surveyed area, and on it contours of the 
Bouguer anomalies are drawn at 10 mgl. intervals (100 gravity units of 1 X 10-4 C.G.S.). 
The anomalies have a range of about 53 mgls. over the area and if the variable density 
distribution of stations is considered the mean anomaly is not very different from -32 mgls. 
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The whole area can be roughly divided into four sections corresponding to different 
anomaly ranges that for the most part are directly related to the surface densities. The 
largest variations in the anomalies from their general average are for stations outside of 
the basin. To the northwest the anomalies are all generally low ranging from -40 near 
the northern sicle of the basin to - 57 mgls. farther north. The prevailing rocks are the 
Birch Lake and Levack granites and gneissest which are found to have densities lower 
than the average for the whole district (see Table 1). The slightly greater anomalies for 
two stations in the area near Stralak are believed due to a narrow belt of underlying basic 
volcanic rocks. 

Killarney granite and granite gneiss form a large body south and southeast of the 
fault which limits the southeastern boundary of the Huronian rocks. In this region the 
gravity anomalies are qui te variable and range from - 50 mgls. in the west to a maximum 
amplitude of -5 mgls. about four miles north of the village of Markstay. This high was 
previously reported by Garland* and, on the assumption of a uniform density for Pre
cambrian granites and gneisses, was interpreted as the gravitational effect of a deep
seated anticline at the base of the granitic layer. However, some forty specimens of 
granite rocks from this area (see Table 1) showed wide variations in density ranging from 
2 • 59 to 3 • 15 gms. per c.c. which can be directly correlated with the variation of the Bouguer 
anomaly. Analysis shows that about 70 per cent of the variance in the anomalies can be 
accounted for by differences in the densities within these granite masses. 

The Bouguer anomalies to the southwest near Lake Panache have amplitudes of about 
-50 mgls. These, as can better be seen from the closely spaced contours on the gravity 
map, increase uniformly over a distance of about 10 miles towards the southern edge of 
the basin. In this region the surface exposures are chiefly Mississagi quartzite of low 
(2 · 63 gms. per c.c.) density and scattered sill-like masses of Nipissing diabase. The latter, 
although of comparatively high density (2 · 87 gms. per c.c.) appears to have little control 
over the general trend of the anomalies and the steep gradient of gravity persists to the 
north regardless of its distribution. 

The mean Bouguer anomaly for the basin and proximity is about -30 mgls., not 
much different from the mean anomaly for the whole survey. Probably the most signif
icant feature of the anomaly pattern is that the contours tend to parallel the general 
strike of the geological formations with higher values of gravity to the south due to the 
greater thickness of the norite and to the basic volcanics of the Stobie group which form 
a band about 2 miles wide along the south sicle of the basin. These and other relation
ships are discussed in more detail in the following sections. 

CALCULATED ANOMALIES ACROSS THE BASIN 

To help in the analysis of the observed anomalies, the attraction was calculated for a 
hypothetical northwest-southeast section of the basin, corresponding to its minor axis. 
The structure assumed was according to Collins'** conception, which is the one generally 

t Geol. Surv., Canada, Map Sheet 871A. 
* Garland, G. D., Publications of the Dominion Observatory, Vol. XVI, No. 1, pp. 1-58, 1950. 

** Collins, W. H., and Kindle, E, D., "The Life History of the Sudbury Nickel Irruptive II", Trans. Roy. Soc, 
Can., pp. 27-38, 1935. 
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accepted by most geologists*. Along with his section (line A-B, location map Figure 1) 
which is reproduced in Figure 4, the calculated values of gravity are given for each phase 
of the irruptive, for each formation of the Whitewater series, and for the structure as a 
whole. 

The densities employed in the calculations are indicated for each formation and are 
relative to an assumed value of 2 · 67 gms. per c.c. for the rocks underlying and surrounding 
the basin. This value was estimated from the densities in Table 1 and corresponds to the 
mean density found for the Huronian rocks (the Cobalt and Bruce series) and the Levack 
and Birch Lake granites, roughly weighted according to their distribution. 

Inspection of the curves shows that the norite largely controls the amplitude and 
general trend of the resultant calculated anomalies. The highs due to its emergence at 
each end of the section are apparent, as well as the gradual increase in amplitude due to 
a thickening of the norite from north to south. 

The Onaping volcanics produce nearly twice the gravitational effect that the micro
pegmatite does, not only because of its slightly greater density, but chiefly because the 
formation as a whole is not as deep. The near surface effects of the Onaping formation 
are conspicuous in the resultant curve between Miles 4 and 5 and at Mile 11; here the 
gravity anomalies reach peak values, while the general decrease in gravity over the central 
portion of the basin is due to the near surface Chelmsford and Onwatin formations, both 
having densities lower than the other formations. 

DISCUSSION OF RESULTS 

(a) Comparison of Observed and Calculated Anomalies 
The observed and calculated gravity anomalies, and geological sectiont for the profile 

C-D-E are shown in Figure 5. This profile lies about 2 miles to the east and is nearly 
parallel to Collins' section shown in Figure 4. The zero or normal value of the computed 
anomaly curve has been assumed equivalent to a normal value of -40 mgls. on the observed 
anomaly curve, since the latter reaches this value for stations over the granite masses at 
both the north and south ends of the profile. The curve I-II-III is the anomaly profile 
calculated for the irruptive and overlying Whitewater series while I-II-IV includes an 
estimate of the attraction of the series of formations lying south of the norite between 
Miles 19 and 23. 

There is a striking similarity in the form and amplitude of the computed and observed 
anomaly profiles, which strongly suggests that the anomaly producing body is similar in 
form and dimensions to that deduced by Collins from geological considerations. To the 
north (Mile 3) both observed and calculated curves rise sharply to equal heights over the 
norite. They diverge over the next few miles and merge again at Mile 10 near the centre 
of the basin. This departure (a maximum of 4 mgls.) may be due partially to the displace
ment of the formations by the Sandcherry Creek fault that parallels the gravity profile 
between Miles 3 and 7 and intersects it near Mile 5. Over the central portion of the 

* Cooke, H. C., "Structural Geology of Canadian Ore Deposits", Bull. Can. Inst. Min. Met., p. 585, 1948. 
tThe geological sections shown in Figures 5, 6, 7 and 8, are somewhat generalized. Although the formations to 

the south of the norite may have dips somewhat different than shown, they arc all steeply dipping. Contacts of the 
formations were takcn from Geol. Surv., Canada, Maps 292A, 871A, 872A, and from Collins, W. H., Bull. Geol. Soc. 
Am., Vol. 47, 1936. 
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basin the curves have the same general trend and amplitude and both reach peak values 
coincident with the Onaping formation between Miles 14 and 15. Continuing to the south 
the anomaly curves both decrease over the micropegmatite (Mile 16) and both rise again 
over the norite at Mile 17. 

Here the similarity between the observed anomalies and those calculated for the 
irruptive and overlying formation ends. The latter decreases to zero amplitude while the 
former continues to rise to a maximum over the Stobie group of sediments and basic 
volcanics between Miles 19 and 20. The profile I, II, IV shows the anomalies calculated 
for the whole geological section south to Mile 23, assuming the dips as illustrated and 
densities from Table 1. To bring the calculated profile into near coincidence with the 
observed anomalies, as shown, it was necessary to assume depths of 12,000 feet for the 
Stobie formation and the Nipissing diabase, and 7,000 feet for the McKim and Copper 
Cliff formation. 

(b) The Shape of the Irruptive at Depth 
These calculations show that the peak observed anomaly over the Stobie formation 

can be fully accounted for by what may be reasonable assumptions for the depth of the 
Stobie and for other formations to the south. The calculations, however, do not deny 
other possible interpretations. While there is little doubt that the greater part of the 
peak anomaly is due to the Stobie formation, part of the eff ect may be due to a greater 
thickness of the intrusive than has been assumed, or the expression of large underground 
channels through which the irruptive rose. 

Indeed there is much to be said for the latter possibility. Cooke* concludes that 
faulting along the whole southern boundary has brought the Stobie rocks from depth 
into their present position. Although this faulting post-dates the intrusion of the norite, 
it may be that an earlier break along this zone played a major role in controlling the rise 
of the irruptive. 

There is little evidence from the gravity measurements to support Coleman's con
ception of the configuration of the nickel irruptive at depth. He suggested that the 
irruptive was intruded as a large laccolithic sheet and that its present form resulted from 
collapse following the intrusion. He supposed that "the source of the magma was imme
diately beneath the longer axis of the area ... " and that "the fissure from which the 
molten rock came was probably somewhat curved, being concave to the northwest ... " 
(see coloured frontispiece, Colemant, 1905). In the frontispiece referred to, this fissure is 
only vaguely defined and of indefinite dimensions, but appears to be a few miles in width. 
Assuming that below the main norite mass as shown in Figure 4, the channel through which 
the irruptive rose is a wedge-shaped fissure extending along the main axis, and tapers to 
a width of a fraction of a mile at great depth, such a configuration for the irruptive would 
produce about twice the anomaly over the basin than has been observed. Alternatively 
a funnel-shaped body 5 miles in diameter at the base of the main norite body and tapering 
to a stock or neck 1 mile in diameter at a depth of 7 miles would produce an additional 
anomaly of about 5 mgls. The gravity measurements would reveal either of these possi
bilities if they existed. 

*Cookc, A. II.1.-."Structural Gcology of Canadian Ore Deposits", Bull. Can. Inst. Min. Met., p. 587, 1948. 
tColcrnan, A. r., Ont. Bur. Mines, vol. XIV, Pt. III, p. 12 ,1905, and J. Geol., vol. XV, p. 763, 1907. 
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On the other hand if the magma rose through a single channel in the form of a cylindri
cal neck or plug 1 mile in diameter, and extending to great depth below the main body of 
the intrusive, the eff ect of such a body at the surface would be less than one-half a milligal 
and indistinguishable from other eff ects. 

It may therefore be concluded, that although gravity measurements are incapable of 
outlining conduits below the main body of the irruptive should they have diameters of 1 
mile or less, they deny the existence of a fissure or neck having the dimensions suggested 
by Coleman and others. The most probable location of the channel through which the 
irruptive rose would seem to be along the southern boundary. 

Finally it should be emphasized that good agreement between observed and computed 
effects is not always conclusive evidence for the reality of the structure assumed for the 
calculations. Uniqueness of gravity interpretation depends upon the number of auxiliary 
aids available. In this investigation, we have a fair knowledge of the surface densities, 
the position of the geological contacts and the dips of the formations. While these all 
provide some measure of control and limit the number of possible solutions, they are 
insufficient to permit unique interpretation. 

It is clear from Figure 4 that within the limits imposed by the controls just mentioned, 
an overall change in the magnitude of the resultant anomaly curve could result from 
variations in the thicknesses of any one of the formations. It is therefore impossible from 
the existing data to refine the estimate already given for the configuration of the irruptive 
at depth. On the other hand, a seismic profile across the basin, if sufficient velocity 
contrast between the formations is found to exist, might provide the necessary control to 
remove some of the ambiguity from this interpretation of the gravity measurements. 

OTHER RELATIONSHIPS 
No further quantitative analysis of the anomalies has been attempted. Referring 

again to Figure 5, to the south of the Stobie, the observed values drop sharply over the 
less dense Copper Cliff formation and rise to a secondary peak near Mile 23, presumably 
due to the Nipissing diabase. From here to the fault separating the Huronian rocks from 
the Coniston group and the Killarney granites and gneisses, the anomalies decrease; sou th 
of the fault the gradient is somewhat steeper and the anomalies reach their minimum value 
in a distance of 2 miles. 

As mentioned in a previous section the magnitude of the anomalies over the Mississagi 
formation is greater than one would expect considering its lower than average density. 
However, the steep gradient to the north over the Mississagi, persists the full length of 
the basin; this is clearly demonstrated by the closely spaced contours in Map 1, and by 
Figure 6 which is a north-south profile to the west, over nearly the same succession of 
rocks as shown in Figure 5. Although the gradient could be the reflection of heavy masses 
at great depths to the south of the norite, it can be fully accounted for by the McKim and 
Ramsay Lake conglomerate formations, should they be underlying and dipping to the 
south at a somewhat smaller angle than illustrated. This interpretation which is synony
mous with the statement that the Mississagi formation thins to the north is in agreement 
with Collins'* description of the Mississagi and with Cooke** who described the general 

*Collins, W. H., Geol. Surv., Canada Mem. 143, p. 44, 1925. 
**Cooke, H. C., Geol. Surv., Canada Bull. 3, p. 37, 1945. 
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structure of the McKim formation as that of a homocline facing to the south or southeast. 
From Lake Panache, to the north, the average change in gravity o,·er the Mississagi is 
about 15 mgls. and for a density contrast of O · 1 gms. per c.c. could represent a thinning 
to the north of about 10,000 feet. 

Figure 7 shows the observed gravity anomalies from observations along the highway 
between Milnet to the northeast of the basin and Sudbury and along the road south of 
Sudbury to Horseshoe Lake. The general trend of the anomalies is much the same as 
before with maximum values to the south. More conspicuous, however, is the low over 
the centre of the basin near Mile 24 where the anomalies are about four mgls. lower than 
over the corresponding position along the section on Figure 5. It may also be observed 
froni Map 1 that about 3 miles north of this location the anomalies are smaller still with 
a minimum amplitude of about -38 mgls. Wnile a general decrease in the anomalies 
could be the expression of an overall thinning of the irruptive, these variations occur over 
relatively short distances which suggests a more shallow origin. 

The structure of the Whitewater sediments, usually referred to as a basin-shaped 
syncline, is more aptly described as a complex synclinorium.t Colemantt describes the 
Chelmsford sandstonet as forming a succession of anticlines parallel to the principal axis 
of the main structure, and that "the synclines between the anticlinal hills are always 
buried so that a complete fold is never seen". For one location he estima tes the total 
height of the fold (from trough to crest) to measure 400 to 500 feet, which implies a depth 
of over 200 feet of drift* between the anticlinal ridges. The gravity minima referred to 
in the previous paragraph are in a drift covered area partly underlain by Chelmsford 
sandstones and partly by Onwatin slates. They may reasonably be interpreted as reflecting 
the combined eff ect of the folding described above and the varying thicknesses of over
burden, since 200 feet of drift, suitably distributed, can produce an anomaly of more than 
2 mgls. 

Finally, it will be noticed that the gravity maximum over the norite to the north is 
both higher and broader than over the corresponding portion of the section shown in 
Figure 5. These differences are believed due to the greater thickness of the norite on this 
section (seven-tenths of a mile compared to three-tenths of a mile in the section of Figure 5) 
and to the variation in density within the granite masses to the north of the norite. These 
granites have variable densities (see Figure 7) which increase all the way from Milnet, south 
to the norite contact. 

Figure 8 is an east-west profile over the basin between Skead to the east through 
Hanmer, Chelmsford and Larchwood to Levack to the west. The variation in the gravity 
anomalies are for the most part what one would expect from the relationships developed 
in the previous sections. The anomaly curve rises sharply from a minimum over the 
granite to the west of Levack with peak values over the norite and Onaping formations. 
With minor variations higher values occur across the full length of the basin. Since this 
profile follows the highway, the variations from the general trend are largely due to the 

tYates, A. B., "Structure of Canadian Ore Deposits", Bull. Can. lnst. Jlin .. '\Jet., pp. 596-617, 1948. 
ttColeman, A. P ., Ont. Bur .• Vines, vol. XIV, pp. 96-99, 1905. 
tBurrows, A. G. and Rickaby, H. C., Ont. Dept. Jlines, vol. XXXVIII, Pt. III, 1929. 

*Interpretation of geophysical results showed that the depth of glacial drift at Falconbridge ranges from 80 to 
180 feet.-Slichter, L. B., Geophysical Prospecting, 1929. 
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relative proximity of the Stobie-norite masses to the sou th. The high to the east is believed 
to be controlled by large inclusions of metamorphosed Stobie rocks within the Wanapitei 
granite* which forms a large body to the east of the norite. 

MAGNETIC MEASUREMENTS 

Observations of the vertical magnetic intensity over the basin were limited to the two 
profiles illustrated in Figures 7 and 8. The observations were made in 1948 by G. D. 
Garland, with an Askania magnetometer and are referred to the Dominion Observatory 
magnetic station at Sudbury. The maximum anomalies on both profiles occur over out
crops of the irruptive, the greatest peak occurring near Levack (see Figure 8) and having 
an amplitude of nearly 2,200 gammas. Lesser anomalies occur over the Onaping forma
tion. Still smaller anomalies but amounting to as much as 500 gammas, a considerable 
anomaly, occur over the Onwatin and Chelmsford formations. Apart from these varia
tions, whose steep gradients suggest a surface, or near surface origin for the anomaly 
producing bodies, there is little or no evidence from the magnetic results to indicate the 
kind of structure one would expect from geological considerations of the area. 

*Cooke, H. C., Geol. Surv., Canada, Bull. 3, p. 51, 1946. 
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APPENDIX 
PRINCIPAL FACTS FOR GRAVITY STATIONS 

Station Observed Gravity Anomalies 
Longitude Latitude Elevation Gravity 

No. Name Free Air Bouguer 

0 I 0 I Ft. 

1 Hagar ................. . ........ 80 25·0 46 27-3 691 980-7028 0-0071 - 0-0164 
2 Sudbury .. ...................... 81 00-0 46 29-8 881 -6860 ·0044 - -0256 
3 ...... . ................... .. .... 80 59-1 46 29·6 874 ·6893 -0074 - ·0224 
4 ...... . ....... . ........ .. ....... 80 59.3 46 30-7 845 ·6893 ·0030 - -0258 
5 ............................... . 80 59·0 46 31 ·3 876 -6897 -0054 - -0245 
6 . ............................... 80 59-2 46 31-7 910 -6881 -0064 - ·0246 
7 ................................ 80 58·8 46 32·3 913 -6875 -0052 - ·0259 
8 . .............. .... ........ . .... 80 58-9 46 32-5 948 -6866 -0072 - -0251 
9 . .. ........ .. ... ... ............. 80 58·9 46 33·0 967 -6900 ·0117 - ·0212 

10 .. ..... ....... . ................. 80 59-0 46 33·4 978 -6892 -0113 - -0220 

11 .... ... ..... . ............... . ... 80 59·1 46 33-8 965 980-6891 0-0094 -0-0235 
12 ..... . .......................... 80 59.3 46 34-2 969 ·6886 ·0087 - -0243 
13 ................................ 80 59-6 46 34.7 993 -6864 ·0080 - -0259 
14 ... .. ......................... .. 81 00-3 46 34.9 982 -6872 -0075 - -0260 
15 .................... ' ........... 81 00-6 46 35.4 976 -6889 -0079 - -0254 
16 ........... . ............ . ....... 81 00·4 46 35.7 1,005 -6876 -0089 - -0254 
17 .. .... . .. .. ............... ' . . ... 81 00·5 46 36-1 940 -6918 -0063 - -0258 
18 Val Caron .. ......... ... .. . ..... 81 00-5 46 36·6 931 -6927 -0056 - -0262 
19 ................................ 81 00-5 46 37-1 927 ·6919 -0037 - -0279 
20 ............ . ... . ........ . ...... 81 00 -5 46 37.3 925 -6916 ·0029 - -0286 

21 ............. .. ........... ' ..... 81 00-5 46 37-8 930 980-6922 0-0032 -0 -0285 
22 ................................ 81 00-5 46 38-2 939 ·6909 -0021 - -0299 
23 ... .... ......................... 81 00-5 46 38·6 940 -6901 -0008 - -0312 
24 . ................... . ... . ....... 81 00-5 46 39-2 955 -6891 -0003 - -0322 
25 ............................. .. . 80 59.9 46 39-2 957 -6897 ·0011 - -0315 
26 ..... . ............. .. ........... 80 59·2 46 39-2 960 -6894 ·0011 - ·0316 
27 .......................... . ..... 80 58·5 46 39-2 955 -6894 -0007 - -0319 
28 . . ... ... ........ .. . '' . .... . ..... 80 57.9 46 39·2 957 -6903 -0017 - -0309 
29 . ................. ' ......... . ... 80 57.3 46 39-2 985 ·6895 -0035 - -0300 
30 .. . . .. .......... . ......... . ..... 80 58-9 46 31 ·3 863 ·6906 -0051 - -0243 

31 . ...... .... ............ . .... .. .. 80 58-4 46 31-3 866 980-6896 0·0043 -0·0252 
32 ........................ .... .... 80 57·8 46 31 ·3 868 -6996 -0046 - -0250 
33 . ....................... .... .... 80 57-1 46 31-3 872 ·6889 -0043 - -0254 
34 .. ... ...................... .. ... 80 56-5 46 31 ·3 875 -6883 -0039 - -0259 
35 ................................ 80 56-7 46 39·2 973 -6906 -0036 - -0296 
36 .............................. . . 80 56-1 46 39-0 971 -6902 -0033 - -0298 
37 Hanmer Station ................ . 80 55.5 46 39·1 969 ·6919 -0046 - -0284 
38 .......................... .... . . 80 55.5 46 39·6 975 -6891 -0016 - ·0316 
39 ... .... ......... . ............ ' .. 80 55.3 46 39.9 976 -6895 ·0017 - -0316 
40 ....... . ................ .. ' ..... 80 55·2 46 40 ·3 975 ·6903 -0018 - -0314 

41 ..... .. .. .. ' .... .. .............. 80 55·0 46 40·9 985 980-6903 0-0018 -0-0318 
42 Capreol ......................... 80 55-8 46 42·6 1,004 ·6932 -0040 - -0302 
43 ................................ 80 55-1 46 41 ·3 992 -6918 -0034 - ·0304 
44 ... . .................. . ......... 80 55·1 46 41 ·8 1,004 -6922 -0041 - -0301 
45 .................... . ........... 80 55·2 46 42-1 1,013 ·6924 -0048 - ·0297 
46 ..... . ... . ' ..... .. .............. 80 55 ·8 46 43·1 1,020 -6930 -0045 - ·0302 
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95 
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PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity Name 

0 , 0 , 
Ft. 

..... . .......................... 80 55.5 46 43.7 1,039 ·6932 

............... ..... .... .. .... .. 80 55·6 46 44·1 1,046 ·6935 

...... ... ........... .. .. . ....... 80 55·8 46 44.4 1,022 ·6959 

.............................. '. 80 55 ·8 46 44·8 1,021 ·6968 

................................ 80 55·8 46 45·1 1,036 980-6957 

... ..... .. ...... ............. ... 80 55·8 46 45.3 1,037 ·6977 

................................ 80 55.7 46 46-2 1,018 ·7015 

................................ 80 55.4 46 46·6 1,040 -7016 

........ .. ....... ... . .. ......... 80 55·6 46 47.3 1,061 ·7008 

... ... ... ............. . .... .. . .. 80 55·8 46 45.7 1,019 ·6996 

.. . ... .. ........ .. .............. 80 55·6 46 46·9 1,058 •7005 

................................ 80 55·8 46 47.7 1,063 •7010 

................. .. ............. 80 56·1 46 47.9 1,059 ·7006 
' .. .............. . . .... .. ....... 80 56·8 46 48·2 1,049 •7009 

................................ 80 57·1 46 48·7 1,070 980-6994 

................................ 80 57·2 46 49·0 1,080 -6999 

................................ 80 57·6 46 49·1 1,081 ·6986 
Milnet .......................... 80 57•8 46 49·8 1,082 ·6988 

.................... . .... .. . .... 80 55.5 46 39.3 971 -6912 

............... ... .. ...... ... ... 81 01·1 46 36·6 937 ·6922 

... . ... ... . ... . ... ... ' .. . ..... .. 81 01·7 46 36·6 934 -6920 

............................... . 81 02·3 46 36 ·5 932 ·6919 
Blezard Valley .. ............ . . ... 81 03·0 46 36·5 932 ·6916 

... ... .......................... 81 03·7 46 36-5 927 ·6920 

................................ 81 04·3 46 36·5 922 980 -6916 

........... ' .. ' . . ............. .. 81 04·9 46 36·5 923 -6912 

................................ 81 05·6 46 36·5 926 ·6909 

................................ 81 05·6 46 36·0 905 ·6927 
Boninville .. . ..... ......... ...... 81 05·6 46 35-6 908 ·6926 

... ............................. 81 06·2 46 35·6 911 ·6925 

...... ' .. ' ..... ' ................ 81 06·8 46 35·6 902 ·6924 

........................... . .... 81 07·5 46 35·6 906 ·6923 

................................ 81 08 ·1 46 35·6 902 ·6914 

. ........ ................ ' ...... 81 08·5 46 35·6 903 ·6910 

...... .. . . ...................... 81 09·2 46 35·6 905 980-6920 

......... ' ................ ..... ' 81 09·8 46 35·6 898 ·6929 
Chelmsford ..................... 81 12·0 46 35·0 885 -6920 

....... ' ........................ 81 10 ·4 46 35·6 900 ·6926 

... . .... . .... ' .... .. ............ 81 11·0 46 35·6 902 ·6922 

................. ... .. ..... ..... 81 11·0 46 34·9 898 ·6916 

.................. ' ............. 81 11·9 46 34.4 885 ·6924 

............... .. ............... 81 11·9 46 34·1 888 ·6924 

.......... . .......... ' ... . ...... 81 12·6 46 34·1 880 ·6929 

. ' .......... .. ... .... . .. . . ' ' .... 81 13·3 46 34·1 885 ·6918 

.......... ' .. ... ..... ' .......... 81 14·1 46 34·1 890 980-6916 

................................ 81 14·7 46 34·1 889 ·6916 

....... ' ...... ' ................. 81 15·4 46 34·2 885 ·6914 

................................ 81 16-0 46 34·2 885 ·6910 

......... ' ..... ........ ' ........ 81 16·9 46 34·2 923 ·6885 

Gravity Anomalies 

Free Air 

·0056 
·0059 
·0057 
·0059 

0-0057 
·0075 
·0081 
·0097 
-0099 
·0062 
·0099 
-0096 
·0085 
-0074 

0·0071 
·0082 
·0068 
·0060 
·0038 
·0056 
-0052 
·0050 
-0047 
·0046 

0·0038 
-0035 
·0035 
-0041 
·0049 
-0051 
·0041 
·0044 
-0030 
·0027 

0-0040 
·0042 
-0030 
·0040 
·0038 
·0039 
·0043 
·0050 
-0047 
·0041 

0-0044 
·0044 
·0036 
·0032 
·0043 

Bouguer 

- ·0298 
- -0297 
- ·0292 
- ·0289 

-0 -0296 
- ·0279 
- ·0266 
- ·0257 
- ·0263 
- ·0276 
- ·0261 
- -0266 
- ·0276 
- -0283 

-0·0293 
-
-
-
-
-
-
-
-
-

·028 6 
·03 
·030 

00 
8 
3 
3 
6 
7 
0 
9 

·029 
·026 
·026 
·026 
·027 
·026 

-0-027 6 
9 
0 
8 
1 

-
-
-
-
-
-
-
-
-

·027 
-028 
·026 
·026 
·02 
-026 

60 
7 
5 
7 
0 

·026 
·027 
·028 

-0·026 8 
4 
1 
6 
9 
7 
8 
2 
3 

- ·026 
- ·027 
- ·026 
- ·026 
- ·026 
- -025 
- ·025 
- ·025 
- ·0261 

-0-025 9 
9 
6 

- ·025 
- ·026 
- ·02ï0 
- ·027 2 



o. 

96 
97 
98 
99 

100 

101 
102 
103 
104 
105 
106 
107 
108 
109 
110 

111 
112 
113 
114 
115 
116 
117 
118 
119 
120 

121 
122 
123 
124 
125 
126 
127 
128 
129 
130 

131 
132 
133 
134 
135 
136 
137 
138 
139 
140 

141 
142 
143 
144 

GRAVITY IN THE SUDBURY BASIN AND VICINITY 

PRINCIPAL FACTS FOR GRAVITY STATIONS- Continued 

Station Observed Longitude Latitude Elcvation Gravity 
Name 

0 I 0 I Ft. 

...... ... .......... .... .. ' . ... .. 81 17 -2 46 34.3 880 ·6905 

..... . ..... ..... ' ....... ' ....... 81 17·8 46 34·8 879 -6904 

....... . ..... ' . . ........ . ....... 81 18·2 46 35·2 879 ·6910 

..... .... ... ... ...... .. ' ... .. ... 81 18·8 46 35·2 889 ·6905 

.... .. .. .. .. .................... 81 19·5 46 35·2 892 -6903 

.......................... . . . ' .. 81 20·1 46 35·2 887 980-6898 

... . ........ . ................... 81 21 ·0 46 35·2 889 ·6875 
Phelans ...... ..... . . ..... . ...... 81 21·1 46 34·6 905 ·6882 
....... .. ............ ' . . ' ....... 81 22-0 46 34·6 954 -6821 
.... ...... .. ..... .... ..... ..... . 81 22·6 46 34.9 966 ·6843 
. ...... .. . ..... . . . .............. 81 23-0 46 35.4 1,001 ·6833 
............... . ................ 81 22·9 46 36·1 1,015 ·6828 
................................ 81 23·3 46 36·4 1,047 ·6806 
Levack (Railway Station) ......... 81 24·4 46 36·1 1,088 -6783 
................. . .............. 81 24·4 46 36·6 1,174 •6741 

. . ...... . ....................... 81 24·7 46 37·0 1,218 980-6735 

........ ' ....................... 81 24·8 46 37.3 1,164 •6759 

..... ...... ... ' ....... .. . ....... 81 27 ·1 46 37.5 1,199 ·6691 

.. ...... ' .. ' .. ' .. .. .. . .......... 81 26·4 46 37.3 1,170 ·6723 

..... . .... .. ..... ..... .... ...... 81 26·0 46 37·1 1,113 ·6763 

................................ 81 25·3 46 37·2 1,198 •6721 

..... ..... . ...... ........... .. .. 80 55.5 46 38·5 956 ·6901 

.. ....... ................... . ... 80 55.5 46 38-1 952 ·6899 

.... ... .... ....... .............. 80 54.9 46 38-1 967 -6895 

.... ................. ... .... .... 80 54·1 46 38-1 966 ·6896 

...... . .. ..... . . . .. ' ... . ..... . .. 80 53·0 46 38 ·1 968 980-6898 

............. . .. ' . . ............. 80 52·0 46 38·1 969 ·6905 

..... .. ..... ..... .. .. ... .... . ... 80 52·1 46 38·1 971 ·6906 

........ . ........ . .... . . ... ... .. 80 50·8 46 37.9 988 ·6891 

......... ........... . ........... 80 50·2 46 37·8 998 ·6882 

....... .... ... .................. 80 49.7 46 37.4 1,006 ·6875 

......................... ' ...... 80 49.5 46 37-0 992 ·6867 

. .... .. .. ............. . ..... ' ... 80 49·2 46 36-7 1,005 -6865 

................................ 80 48·5 46 36•7 1,107 ·6902 

. ... . .. .... . ......... . . ......... 80 48·1 46 37·0 1,112 •6796 

.................. . ............. 80 47.5 46 37 .3 1,118 980-6800 

... ....... ................ . ..... 80 46·9 46 37·2 1,121 ·6833 

... ..................... . . ...... 80 46·6 46 37.4 1,130 ·6832 

.. . .. .. ......................... 80 46·2 46 37-8 1,083 ·6861 

.. . . .. .. . .. ' ........ .... ........ 80 45·6 46 38-0 1,056 -6903 
Skead Station ................... 80 45.4 46 39.3 956 ·6952 

. ..... ...... . ................... 80 55.7 46 31-3 862 ·6887 

.. ..... ....... ' ...... ...... .... . 80 54·8 46 31 ·3 872 ·6904 

..... . .. . . . ..... ... ..... .. .. .... 80 54·1 46 31 ·4 875 -6897 

............. .. ..... ' ........... 80 52·9 46 30·9 877 ·6894 

.. .... . .. ........... .... ....... . 80 52·3 46 31-0 866 980-6866 

............... ......... ....... . 80 50 ·4 46 30·7 841 ·6864 

... . ....... .... . ...... .. . ' ...... 80 50·4 46 29·5 822 ·6874 
Coniston .. . .. . .................. 80 51·0 46 29·1 817 ·6831 

35 

Gravity Anomalies 

Free Air Bouguer 

·0021 - ·0279 
·0011 - ·0289 
-0011 - ·0289 
·0015 - ·0288 
·0016 - ·0288 

0-0007 -0 -0295 
- ·0015 - ·0318 

·0016 - ·0292 
·0002 - ·0323 
·0031 - ·0299 
·0046 - ·0295 
·0043 - ·0303 
·0048 - ·0309 
·0067 - ·0303 
·0099 - ·0301 

0·0128 -0·0287 
·0096 - ·0300 
·0059 - ·0349 
·0066 - -0332 
·0056 - ·0323 
·0092 - ·0316 
·0025 - ·0301 
·0025 - ·0299 
·0035 - ·0294 
·0035 - ·0294 

0-0040 -0 -0290 
·0047 - ·0283 
·0050 - ·0281 
-0054 - ·0283 
·0056 - ·0284 
-0113 - ·0281 
·0048 - ·0290 
·0062 - ·0281 
·0095 - ·0282 
·0090 - ·0289 

0-0095 -0-0286 
·0131 - ·0251 
·0136 - -0249 
-0115 - ·0254 
·0128 - ·0231 
·0064 - -0261 
-0030 - ·0263 
·0057 - ·0240 
·0051 - ·0247 
-0058 - ·0241 

0-0018 -0 -0277 
- ·0003 - ·0289 

·0007 - -0273 
- ·0035 - ·0313 
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145 
146 
147 
148 
149 
150 

151 
152 
153 
154 
155 
156 
157 
158 
159 
160 

161 
162 
163 
164 
165 
166 
167 
168 
169 
170 

171 
172 
173 
174 
175 
176 
177 
178 
179 
180 

181 
182 
183 
184 
185 
186 
187 
188 
189 
190 

191 
192 
193 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity Name 

0 I 0 I Ft. 

........ . ........ . .............. 80 58·0 46 30·0 897 ·6888 

. . . .............. . ...... .. .. . . . . 80 56·2 46 29·4 852 ·6850 

................................ 80 54 ·2 46 29·1 908 •6777 

............... . .. .. ............ 80 54·2 46 28·2 912 ·6749 

... . ... ' . . ....... .. ... . . .... . ... 80 54·2 46 29·6 885 ·6827 

. . . . . . . . . . . ... .. ................ 80 52·4 46 29·1 845 ·6820 

..... . ........ . ................. 80 56·3 46 30·3 899 980-6881 
Garson Junction .............. . .. 80 54.9 46 31 ·9 888 ·6885 
......... . .... . .... . ... . ... . .. . . 80 54·8 46 32·2 901 ·6893 
...... ' ..... . ... . ............ .. . 80 54·2 46 32 ·5 918 ·6882 
...... ........ . ........ ' ........ 80 52·5 46 33·0 954 ·6851 
... ... ............. .... ......... 80 51·7 46 33·0 958 ·6835 
. .... . ........ . ............. . ... 80 51·7 46 33·1 970 ·6842 
... ' .... ' .. .. ................... 80 51 ·7 46 33 .3 975 ·6870 
..... .. .... . .......... . . .... . . .. 80 50·9 46 34.3 974 ·6899 
.......... ' . .. . . ................ 80 50·9 46 34 .7 961 ·6906 

. .. .. ....... .. ....... . .... .... .. 80 50·9 46 35 ·1 954 980·6871 

..... . ............... . .......... 80 50·5 46 35 .5 965 ·6867 

.......... . ..................... 80 49·8 46 35.9 1,017 ·6850 
Garson .... . . . .. . .. . ...... . ..... 80 51·7 46 33 ·8 953 ·6908 
................. . ....... .. ..... 80 51·2 46 32 ·1 905 ·6881 
.............. . ....... . ......... 80 50·4 46 31·5 861 ·6864 
. . . . . . . . . . . . . . . . . ..... . ........ . 80 50·2 46 30·2 821 ·6837 
Wanapitei Station ............... 80 46·9 46 29·2 797 -6908 
Sudbury . .. ........ . .. .. ........ 81 00·9 46 29·5 902 ·6827 

. . .. . .............. .. . . .... .. ... 81 01·7 46 29·5 893 ·6837 

.. ' .... . .. ' .. ' ........... ' .. ' ... 81 03·0 46 30·1 925 980·6895 

...... .. .. ' ... .. ............... ' 81 03·5 46 30·8 967 ·6897 

. ' ........... ' ..... . . ' ... ' ..... . 81 03·8 46 31 ·1 982 ·6871 

... ' .. .. ' .. ' ..... ' .. ' .. ' ........ 81 04·1 46 31·7 970 ·6867 

. .... .. . .. ' .... . ........ .. . .. ... 81 05·3 46 32·5 885 ·6915 
Azilda Station ...... ... ........ .. 81 06·2 46 33·1 890 ·6924 
..... . . ' .... ' ...... . ........... . 81 02·5 46 29-5 900 ·6835 
...... .......... ' ............... 81 03·4 46 30 ·4 944 ·6920 
........ . .............. ' ....... 81 03·7 46 31 ·0 991 ·6884 
. ..... ' ....... ' '' . ... ' .......... 81 04-8 46 32·2 916 ·6908 

.... .. . .. ... .. . . ... . . ' .......... 81 05·5 46 33·1 889 980·6931 

.... . '' ................. ' .. ' .... 81 05-5 46 33.7 881 ·6936 

. . ... . ... . ......... . . .. ....... . . 81 05-5 46 34 ·1 900 ·6936 

................. . ......... . ... . 81 05 ·5 46 34.9 902 ·6950 

. . ........ .. .... . .. . . . .......... 81 05·5 46 37.7 914 ·6907 

..... . .. .. ...... . ........ . ...... 81 01·7 46 35.7 1,012 ·6873 

. . . . . . . . . . . . . .. . .. . . . .. . . . ...... 81 03·0 46 35.7 929 ·6927 

... '' .............. .. ........... 81 04·2 46 35.7 902 ·6933 

.. .. .. . .. ' ............ . . . . . . . . . . 81 06-8 46 37.7 919 ·6902 

. ' . . ..... . ............ ... ....... 81 06·8 46 38·6 931 ·6900 

...... .... .... . ................. 81 06·7 46 36·6 911 980 ·6901 

. ........... .. . . . . ... . .......... 81 08-0 46 36·5 907 ·6920 

...... . . ... . .. . ............... . . 81 08-0 4fi ~4.7 905 -6933 

Gravity Anomalies 

Free Air 

·0084 
·0012 

- ·0003 
- ·0014 

·0018 
- ·0019 

0·0074 
·0044 
·0060 
·0061 
·0056 
·0044 
·0060 
·0090 
·0103 
·0091 

0 ·0044 
·0044 
·0070 
·0100 
·0053 
·0037 

- ·0041 
·0022 
·0035 
·0037 

0·0116 
·0148 
·0131 
·0106 
·0062 
·0067 
·0042 
·0154 
·0153 
·0089 

0·0073 
·0061 
·0074 
·0077 
·0003 
·0091 
·0067 
·0049 
·0003 

- ·0001 

0·0011 
·0028 
·0066 

Bouguer 

- ·0222 
- ·0278 
- ·0312 
- ·0325 
- ·0284 
- ·0307 

-0 ·0232 
-
-
-
-
-
-
-
-
-

·0259 
·0247 
·0252 
·0269 
·0283 
·0270 
·024 
·0229 

2 

6 ·023 

-0 ·0281 
-
-
-
-
-
-
-
-
-

·028" i) 

6 
5 
5 
0 
1 
9 
2 
7 

·027 
·022 
·025 
·029 
·032 
·024 
·027 
·026 

-0 ·019 9 
2 
3 
4 
0 
7 
5 
8 
4 
3 

- ·018 
- ·020 
- ·022 
- ·024 
- ·023 
- ·026 
- ·016 
- ·018 
- ·022 

-0 ·023 0 
9 
3 
0 
8 
4 
9 
9 
0 
8 

- ·023 
- ·023 
- ·023 
- ·030 
- ·025 
- ·024 
- ·025 
- ·031 
- ·031 

-0·0299 
- ·0281 
- 2 ·024 
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196 
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199 
200 

201 
202 
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204 
205 
206 
207 
208 
209 
210 

211 
212 
213 
214 
215 
216 
217 
218 
219 
220 

221 
222 
223 
224 
225 
226 
227 
228 
229 
230 

231 
232 
233 
234 
235 
236 
237 
238 
239 
240 

241 
242 

GRAVITY IN THE SUDBURY BASIN AND VICINITY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity 
Name 

0 ' 0 I Ft. 

. .. ... .. .... ........ . ..... ' ..... 81 08·0 46 33.9 894 ·6941 

...... ............... .. .. . .... .. 81 08-0 46 33-1 889 -6941 

................................ 81 07 ·0 46 33.9 905 -6949 

............... ..... .. .......... 81 06·9 46 34·8 909 ·6933 

................................ 81 09·0 46 34.7 903 ·6933 

.. .... ........... . ... ' .......... 81 10·1 46 34·7 904 ·6926 

................................ 81 00·1 46 31·8 977 ·6836 

................................ 81 00·4 46 31 ·4 989 980-6825 

... . .... ............ ...... ...... 81 00-4 46 30-9 1,004 •6794 

................................ 81 00·5 46 30·3 915 ·6837 
Clarabelle Station ................ 81 03·3 46 29-9 945 ·6892 
...... ... ...... . ...... .. ...... .. 81 03 ·8 46 29·6 940 ·6897 
................................ 81 04-2 46 29·3 962 -6836 
Copper Cliff ..................... 81 04·2 46 28·6 857 ·6887 
Copper Cliff Station ..... ...... ... 81 04-5 46 27-7 860 ·6869 
.................. ' ....... ...... 81 05·9 46 26-7 862 ·6861 
...... ......... .... .. .... .... .. . 81 07-2 46 25·8 864 ·6865 

.... ....... ..... . ............... 81 08-5 46 25-2 820 980-6860 

. ............................... 81 08-9 46 26·3 909 ·6894 
Creighton .. ........ .. ........ ... 81 10·8 46 27-5 999 ·6815 
Creighton Shaft ... .. .. ..... ... .. 81 11·2 46 27-8 1,008 ·6824 
................................ 81 09·1 46 26·8 946 -6840 
................................ 81 09·9 46 27·2 973 -6814 
................................ 80 59·0 46 36 ·5 935 -6932 
................................ 80 58·0 46 36·5 1,001 ·6885 
................................ 80 58·0 46 37.3 938 -6910 
...... ..... ........... .. ........ 80 56-7 46 37.4 941 ·6911 

...................... . ......... 80 55.5 46 37.3 947 980-6902 

... ....... ............... .. ..... 80 56-7 46 38-2 963 ·6898 

..... . .......................... 80 57.9 46 38-2 960 ·6899 

................................ 80 59-2 46 38·2 956 ·6894 

....... ...... ........... . . . .. ... 81 07-7 46 33.4 890 ·6940 

............. .. ............... . . 81 09·6 46 33.9 888 -6939 

.... .. .. ... ................... . . 81 11 ·0 46 33.9 889 -6931 

................................ 81 08·9 46 33·9 893 -6940 

..... ...... ..................... 81 11·0 46 33·0 887 -6948 

................................ 81 11·0 46 32 ·3 970 ·6884 

............................... . 81 12·2 46 33-1 879 980-6942 

................................ 81 13·5 46 33·2 883 •6()35 

........ .... .. ...... .. . ...... . .. 81 15·0 46 33.3 890 •6()24 

................................ 81 16·0 46 33.4 885 ·6919 

.. ... ....... .. . ................. 81 16·0 46 32-5 881 ·6915 

..... .... ........ ... . ........... 81 17-2 46 32-5 866 ·6910 

................................ 81 18·8 46 32-5 863 -6903 

.................... ....... ..... 81 01·8 46 39·1 948 ·6882 

.. .... ......... .. ... ... . .. ...... 81 01 ·8 46 38·2 940 ·6896 

.................. . .. ... ........ 81 03·1 46 38·2 941 ·6900 

.. .... .......................... 81 04·1 46 38-2 938 980-6900 

.......... . ..................... 81 03·1 46 37.3 940 ·6905 

37 

Gravity Anomalies 

Free Air Bouguer 

·0076 - ·0229 
·0083 - ·0220 
·0094 - ·0214 
·0069 - ·0241 
·0064 - ·0243 
·0058 - ·0250 
·0081 - ·0252 

0-0087 -0·0250 
-0077 - ·0265 
-0046 - ·0266 
·0135 - ·0187 
·0140 - ·0181 
·0104 - ·0223 
·0067 - ·0225 
-0065 - ·0228 
·0074 - ·0219 
·0094 - ·0201 

0·0056 -0·0224 
-0157 - ·0152 
·0145 - ·0195 
-0157 - ·0186 
-0131 - ·0192 
·0124 - -0208 
-0066 - -0252 
·0081 - ·0260 
·0036 - ·0284 
·0037 - ·0283 

0-0036 -0-0287 
·0033 - ·0295 
·0031 - ·0296 
·0022 - -0303 
·0079 - -0225 
·0068 - ·0234 
·0061 - ·0242 
·0074 - ·0230 
-0089 - -0213 
·0114 - -0217 

0-0075 -0-0225 
-0070 - -0231 
-0064 - -0239 
·0053 - ·0249 
·0058 - ·0242 
·0039 - ·0256 
·0029 - ·0265 
-0051 - ·0334 
-0009 - ·0311 
·0014 - ·0306 

0-0011 -0-0308 
·0033 - ·0288 
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243 
244 
245 
246 
247 
248 
249 
250 

251 
252 
253 
254 
255 
256 
257 
258 
259 
260 

261 
262 
263 
264 
265 
266 
267 
268 
269 
270 

271 
272 
273 
274 
275 
276 
277 
278 
279 
280 

281 
282 
283 
284 
285 
286 
287 
288 
289 
290 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity 
Name 

0 ' 0 ' Ft. 

. . .. ' . .... .. .... . ... . ... .. .. .. .. 81 04·3 46 37 .3 938 ·6901 

. .... . ... .. ... . ... . .... .. ....... 80 53 ·0 46 38·9 970 ·6904 

... . . . . . .... . ........ . . ... . .. . . . 80 53·0 46 39 ·8 972 ·6915 

. .... ... ' . . . .. .. . . .. ... ... .. . . . . 80 51·5 46 39·0 973 ·6916 

. .. ..... . ..... . .. . .......... . .. . 80 54 ·2 46 39·0 964 ·6910 

..... . ..... ' ............ . . . .. . .. 80 56·8 46 39-8 972 ·6890 

.... .. ... . ..... . ........ . ...... . 80 56·7 46 41·1 964 ·6913 

... . . . .. ... ....... ... .. ... ...... 81 00-5 46 40 ·0 969 ·6892 

. .. . .. . ... . .......... ' .. . . .. . . . ' 81 00·6 46 41·2 963 980-6923 

. . .. . . .. . . . ...... . . . ..... . .. . ... 81 00·6 46 41·8 930 ·6906 

.. .. ...... . ... . .... .... . .. .... .. 80 59·2 46 40 ·1 964 ·6888 

.. . . . .......... . ....... . .... ... . 80 59·2 46 40·8 959 ·6890 

. ..... ......... . . . .. .. .... . . ... . 80 54·2 46 39·8 971 ·6908 

.. .. .. . .............. . . . . . ...... 80 58·1 46 40·0 966 ·6892 

.. .. . .. . .. . . . . . ....... ' ... ...... 81 01 ·8 46 37.3 945 ·6905 

. . ..... .. .. .. . . . . . ...... . .... .. . 81 10·0 46 36·4 906 ·6911 

. . ... ... . .. . . . ................ . . 80 56-7 46 32·1 891 ·6894 

. .. . .. .... ... .... . . . ... . . . . . . . . . 80 55.5 46 33·0 903 ·6902 

. . .... . .. .... . ... . ..... .. . . ... . . 80 54·2 46 33 ·0 927 980-6887 

..... . . . ........... . .... . . . . . ... 80 53.5 46 33 ·0 922 ·6892 
Falconbridge . .......... . ........ 80 49 ·1 46 34-6 1,088 ·6840 
............ .... .. . . . .. .. . .. . . .. 81 12·3 46 35.9 897 ·6917 
. ..... .. . ...... . ... . .... . .. .. .. . 81 12 ·8 46 37·0 916 ·6911 
... . ' . . . . ..... . .. .... .. ...... . .. 81 13·4 46 37 .7 903 ·6917 
... . ... .... . ... . ...... . ' . .. . .... 81 14-7 46 38 ·6 908 ·6920 
. . .. . ............ . .. . ... . ... . .. . 81 13 ·5 46 39 ·1 934 ·6904 
.. .. ... . .. ... .. ' . ... .. ... . ...... 81 14·7 46 37.7 888 ·6911 
Rut ter . . . ........... . ... . ....... 80 39·6 46 06 ·2 679 ·6593 

........ . ..... ' . . . . .. . . .. . ... ... 81 16·0 46 37.7 896 980·6901 

. . ................ . . . ... .... ... . 81 17·2 46 36 ·9 882 ·6901 

.... . ......... ... ...... ... .. .. .. 81 18·5 46 36 ·9 884 ·6915 

. ' .. . .... . ....... . .. . ..... . . . ... 81 18 ·5 46 36·0 883 ·6896 

. . . . ..... . . . ' .......... .... . . .. ' 81 18 ·8 46 33.5 902 ·6884 
Larrhwood Station . ... .. ... . ... . . 81 17•7 46 34.3 890 ·6902 

. . .... . ... . .... ... .......... . . . . 81 19 · 1 46 34 .3 865 -6905 

. . ....... . . .. ....... . . . .. . . . .. . . 81 20·4 46 34.3 883 ·6903 

.. . . .. . . ....... . ..... . .......... 81 22·3 46 33 .4 863 ·6905 

.. .... .......... . ... . .. . . . . .. ... 81 23· 6 46 33. 4 865 ·6867 

..... . .. . . . . ...... . . . . .. ..... .. . 81 24· 6 46 33 .4 867 980·6886 

. ... . ..... . . . ...... . ... . .. . ..... 81 13 ·0 46 39. 7 927 ·6916 

........ . . . . . . . . . . . . . . . . . . . . . . . . 81 15-2 46 42 .9 1,078 ·6824 

... . ... . ................ .. .... . . 81 15 ·0 46 42·2 1,082 ·6842 

... . .... . ... .. .... . . ....... . .... 81 15· 1 46 42·0 1,181 ·6789 

. . . . ........... . . ..... . . . ...... . 81 15·1 46 41· 8 1,164 •6792 

...... . . . ....... ... . . . .. ..... ... 81 15·0 46 41·6 1,151 ·6905 

. . .. . . ...... .. .... . .... . ... . . . .. 81 14 ·9 46 41 ·4 1,122 ·6828 

.. .. . ... ..... . ..... . . . . . . . . . . . . . 81 14 ·6 46 40·8 1,035 ·6858 

.... .. ...... . ........ . .. . . . ..... 81 14· 8 46 41 ·2 1,051 ·6848 

Gravity Anomalies 

Free Air Bouguer 

·0026 - ·0294 
·0035 - ·0295 
·0034 - ·0297 
·0049 - ·0283 
·0034 - ·0295 
·0030 - ·0322 
·0005 - ·0323 
·0005 - ·0325 

0·0013 -0 ·0315 
- ·0044 - ·0361 
- ·0005 - ·0333 
- ·0018 - ·0344 

·0026 - ·0305 
·0003 - ·0326 
·0037 - ·0285 
·0019 - ·0289 
·0053 - ·0250 
·0059 - ·0249 

0 ·0066 -0·0250 
·0067 - -0247 
·0146 - ·0224 
·0025 - ·0281 
·0020 - ·0292 
-0004 - ·0304 

- ·0003 - ·0312 
- ·0002 - ·0320 
- -0017 - -0319 
- ·0058 - ·0289 

-0 ·0020 -0 ·0325 
- ·0021 - ·0321 
- ·0005 - ·0306 
- -0010 - -0311 
- ·0032 - ·0275 

·0027 - ·0276 
·0007 - ·0288 
·0021 - ·0280 
·0018 - ·0276 

- ·0018 - ·0313 

+ 0-0003 -0 ·0293 
- ·0005 - ·0321 
- -0003 - ·0370 
+ ·0029 - ·0339 
+ ·0072 - ·0330 
+ ·0062 - ·0334 
+ ·0066 - ·0326 

·0064 - ·0318 
·0022 - ·0331 
·0021 - ·0337 
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293 
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295 
296 
297 
298 
299 
300 

301 
302 
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307 
308 
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311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
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323 
324 
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326 
327 
328 
329 
330 

331 
332 
333 
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337 
338 

GRA VITY IN THE SUDBURY BASIN AND VICINITY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity Name 

0 , 0 , 
Ft. 

..... ..... . ...... .... ... ' . .... . . 81 14 -6 46 41·0 1,043 980-6852 

................................ 81 13·4 46 40·0 969 ·6895 

................................ 81 14·2 46 40 ·4 1,022 ·6855 
Kirk ......... .. .. . ............. 80 12·6 46 26·0 678 ·6927 
....................... . ... . ... . 80 25·0 46 25·7 766 ·6929 
Appelby Corner ...... . .... . . .... 80 25·0 46 24·4 750 ·6911 

.......... . ......... . ........... 80 25·0 46 22-7 745 ·6892 

............. . ....... ........... 80 26·0 46 19·8 687 ·6922 

....................... ' ........ 80 26·3 46 18·4 657 ·6880 

.......... ..... . ........ ..... . .. 80 26·0 46 15·0 673 ·6780 

.................... . ........... 80 26-0 46 13 ·2 686 980-6726 

................................ 80 26·0 46 11 ·5 682 ·6654 

..................... . . . ... ... .. 80 26·0 46 09·7 658 ·6592 
Noelville ......... . ...... ...... .. 80 26·0 46 08·5 70!) ·6521 

..... .... . .. .... ..... ' . ... .... .. 80 26·0 46 06·3 723 ·6463 

........................... . .... 80 28·2 46 06·3 717 ·6483 

....... ....... ... . . ..... .... .... 80 29 ·5 46 06·3 724 ·6491 

......................... . . . ... . 80 32·3 46 06·3 717 ·6501 

.... . ... .. ........ ..... . .. ..... . 80 33.3 46 06·3 634 ·6548 

.. .............. .... . ...... ..... 80 34.7 46 06·1 609 ·6542 

............ ' .................. ' 80 36·6 46 06·3 694 980-6524 

. .......... . ' .. . ................ 80 38·3 46 06·3 609 ·6608 
Bigwood . ......... ..... ... ...... 80 35·8 46 02·2 634 ·6484 
French River .................... 80 34·2 46 01 ·3 630 -6464 
........................... ' ... . 80 35·8 46 04·2 661 -6498 
........... ........ ..... ... ' ... . 80 22·8 46 06·3 680 ·6471 
' .............. '' ' .. ' .... ' .. .. . . 81 00·2 46 27·0 871 ·6802 
' . .... ... ' ........... ' ......... . 80 59·6 46 26·1 902 •6744 
' .................... . ......... . 80 55·1 46 25·9 756 ·6801 
Wanup .............. . .......... 80 48·8 46 23·6 7-15 ·G889 

Burwash . .. ........ ...... ....... 80 47-8 46 18-6 727 980-6816 
McVitties ..... . . ................ 80 50·9 46 16·9 695 •6784 
............ . ..... .... . ... .... .. 80 52·7 46 24·7 792 ·G838 
Whitefish ... . ... ......... . . .. . .. 81 19·2 46 22·7 809 ·6830 
Worthington ................ . . .. 81 27•1 46 22-9 775 ·6862 
Turbine ....... .. .. .......... . .. 81 30·8 46 22·3 710 -6866 
Cartier ...... ..... .... . . ........ 81 33.7 46 42·2 1,378 ·6472 
Benny ...... . ...... . . . . . .... .... 81 37·8 46 47·0 1,267 •6719 
................................ 81 30·4 46 36·5 1,363 ·6577 
........... . .. . . ... . ... .. . .. . . .. 81 34.9 46 37·6 1,259 ·G4!J9 

Levack Mine . ................. . . 81 22·2 46 39-2 1,110 980·6820 
Levack . . . ..... . . . . ............. 81 23·6 46 38·1 1,058 ·68U 
Warren ....... .. .... ....... ... .. 80 18·6 46 26·5 690 •6!)60 
River Valley . ........ . . . .. ..... 80 11·0 46 35·0 788 -713!) 
Desaulniers ..... .. .. . .... . ...... 80 06•7 46 33·0 787 ·6970 
Field .. .. . .... . ................. 80 01 •7 46 31 ·4 752 ·6885 
Sudbury . .. ..... . . .............. 80 5!J·l 46 28·9 810 ·6008 
Nepewassi Lake ... . .......... ... 80 41 ·5 46 20·3 656 ·6913 

39 

Gravity Anomalies 

Free Air 

0·0020 
·0009 
·0012 

- ·0023 
+ ·0067 

·0053 
·0055 
·0074 
·0025 

- ·0010 

-0·0024 
- -0074 
- ·0131 
- ·0137 
- ·0148 
- ·0134 
- ·0120 
- ·0116 
- ·0147 
- ·0173 

-0 ·0115 
- ·0111 
- ·0149 
- ·0160 
- ·0141 
- ·0181 
+ ·0018 

·0003 
- -0074 
+ ·0038 

0-0023 
- ·0013 
+ -0015 

·0053 
·0050 
·0002 

- ·0062 
+ ·0008 

·0113 
- ·007!) 

+0·0078 
·0067 
·0014 
·0158 
·0018 

- ·0076 
+ ·0039 

·0352 

Bouguer 

-0 ·0335 
- ·0322 
- ·0336 
- ·0254 
- ·0194 
- ·0202 
- ·0199 
- ·0161 
- ·0199 
- ·0239 

-0·0258 
- ·0306 
- ·0355 
- ·0378 
- ·0394 
- ·0378 
- ·0366 
- ·0361 
- ·0363 
- ·0381 

-0 ·0351 
-
-
-
-
-
-
-
-
-

·031 
·036 
·037 
·036 
·041 
·027 
·030 

8 
5 
4 
6 
2 
8 
4 

·0331 
·0216 

-0 -022 4 
0 
5 

-
-
-
-
-
-
-
-
-

-025 
·025 
·0221 
·021 
·024 
·053 
·042 

4 
0 
2 
4 

·0351 
·050 8 

-0·0300 
- ·02!) 4 
- ·0221 
- ·0111 
- ·0250 
- ·0332 
- ·0237 
- ·0195 
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339 
340 

341 
342 
343 
344 
345 
346 
347 
348 
349 
350 

351 
352 
353 
354 
355 
356 
357 
358 
359 
360 

361 
362 
363 
364 
365 
366 
367 
368 
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370 
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373 
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381 
382 
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385 
386 
387 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity Name 

0 ' 0 ' Ft. 

West Bay ......... .............. 80 12·7 46 13·8 640 ·6767 
Wawiashkashi Lake. ......... . ... 80 17·6 46 48·8 851 •7111 

W anapitei Lake ............. . ... 80 45.3 46 39.9 880 980·6999 
Onaping Lake ................... 81 30·4 46 56·0 1,350 ·6726 
Shakwa Lake ...... ... ....... . ... 81 58·7 46 46·9 1,387 ·6508 
Acheson Lake ................... 81 54.9 46 35.3 1,070 ·6549 
Windy Lake ..................... 81 26·8 46 37·0 1,060 ·6794 
South East Bay .. ......... .... . . 80 40·7 46 54·0 1,034 •7102 
Bigwood Lake .... . ............ .. 81 05·7 46 51 ·0 1,211 ·6688 
Annie Lake ............. . . ...... 81 08·1 46 11·0 769 ·6367 
Lake Panache ................... 81 30 ·1 46 13·6 725 ·6488 
Gough Lake ........ . .. ... .. . .... 81 58·2 46 19·0 844 ·6620 

McGregor Lake ...... . ... .. ...... 81 43.3 46 03·8 582 980·6498 
Tyson Lake ....... . ....... .. .... 81 07·8 46 06·9 660 ·6389 

. . .......... . ... ..... ... ' ....... 81 21·4 46 16·9 792 ·6575 

.. .... ........................ .. 81 20·0 46 21 ·9 763 ·6823 

. . ............................ .. 81 20·0 46 21·4 790 ·6785 

. . ...... .. ..... . ................ 81 21·7 46 17·4 898 ·6548 

........................... . .... 81 21·5 46 17·8 807 ·6601 

....... . ..... ' .................. 81 21 ·3 46 18·6 736 ·6647 

................................ 81 21 ·0 46 19.4 776 ·6671 

.. ............................ .. 81 20·6 46 19·8 741 ·6715 

... .. . ........ . .. ............... 81 19·7 46 20·4 761 980·6737 

................................ 81 19·9 46 22·1 770 ·6843 

............. . . . .......... ... ... 81 19·8 46 22·2 803 ·6839 

...... ............... . ..... . .... 81 29·4 46 21·0 806 ·6741 
Nairn ............ . ............. 81 34.9 46 20·0 722 ·6804 

. . ' .. .................. ... ...... 81 28·6 46 22·7 748 ·6861 

....... . . . . . . . . . . . . . . . . . . . . . . . . . 81 29·0 46 20·3 763 ·6741 

... .. . .. ............ . ........... 81 28·1 46 19·5 791 •6704 

.......... . . . . . . . . . . . . . . . . . . . . . . 81 31 ·3 46 18·9 682 ·6750 

..... .... . . . . . . . . . . . . . . . . . . .. . . . 81 30·4 46 19·9 769 ·6736 

.. .. ...... .. . . . . . . . . . . . . . . . . . . . . 81 32·4 46 19.4 689 980·6709 

... . ............................ 81 33·4 46 19·8 690 ·6832 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 34.3 46 19.9 766 •6793 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 27·8 46 23·0 769 ·6865 

................... . ............ 81 28·0 46 23·9 736 ·6895 
....................... . ....... 81 28·1 46 24·6 790 ·6887 

. . . . . . . . . . . ......... . .......... 81 28·1 46 25·2 969 ·6824 

.................. . . . . ... . .... . . 81 27·9 46 26·0 941 ·6801 

. . . . . . . . . . . . . . . . . . . .... . ........ 81 27·7 46 26·3 1,000 ·6747 
(Fairbank Lake) ................ 81 27·6 46 27·3 970 ·6735 

Espanola ........... . ........... 81 46•1 46 15·9 672 980·6739 
Webbwood ... ....... . . . ......... 81 52·7 46 16·0 661 ·6759 
Verner ..... ... .. ......... . . . . . 80 07·6 46 24·7 670 ·6867 
Lavigne . . ...................... 80 10 ·2 46 19·6 641 ·6850 

. . . . . . .... ' ............ . . . . . . ... 80 14·0 46 21 ·8 677 ·6898 

....... . . . . . . . . . . . . . . . . . . . . . . . . . 80 21 ·3 4G 21 ·8 658 ·6919 
Hagar. ......... . .... .. . .... .... 80 25·0 46 27•3 691 ·7028 

Gravity Anomalies 

Free Air Bouguer 

- ·0035 - ·0253 
- ·0018 - ·0308 

+0·0031 -0·0269 
- ·0042 - ·0502 
- ·0088 - ·0561 
- ·0172 - ·0536 
+ ·0038 - ·0323 

·0067 - ·0286 
- ·0136 - ·0548 
- ·0272 - ·0534 
- ·0231 - ·0478 
- ·0068 - ·0356 

-0·0210 -0·0408 
- ·0290 - ·0515 
- ·0131 - ·0401 
+ ·0015 - ·0245 

·0010 - ·0259 
- ·0066 - ·0371 
- ·0104 - ·0379 
- ·0137 - ·0388 
- ·0087 - ·0352 
- ·0082 - ·0335 

-0·0051 -0·0310 
+ ·0038 - ·0224 

·0064 - ·0210 
- ·0013 - ·0288 
- ·0014 - ·0260 
+ ·0027 - ·0228 
- ·0049 - ·0309 
- ·0042 - ·0311 
- ·0089 - ·0322 
- ·0037 - ·0208 

-0 ·0041 -0·0276 
- ·0013 - ·0248 
+ ·0018 - ·0243 

·0046 - ·0216 
·0031 - ·0219 
·0064 - ·0205 
·0160 - ·0170 
·0099 - ·0222 
·0096 - ·0245 
·0040 - ·0200 

- 0·0065 -0 ·0293 
- ·0056 - ·0282 
- ·0071 - ·0299 
- ·0037 - ·0257 
+ ·0011 - ·0220 

·0015 - ·0211 
·0071 - ·0165 
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391 
392 
393 
394 
395 
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397 
398 
399 
400 
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402 
403 
404 
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410 

411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
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422 
423 
424 
425 
426 
427 
428 
429 
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433 
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435 
436 

GRA VITY IN THE SUDBURY BASIN AND VICINITY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station Observed Longitude Latitude Elevation Gravity 
Name 

0 I 0 I Ft. 

Hugel ... . .......... . . ..... . .. . . 80 17·5 46 29·6 728 -7035 
. ........ . . .. ............ . . . . ... 80 14·8 46 33·2 799 -7096 
R iver Valley . . .... . ............. 80 11 ·0 46 35.5 793 .7147 

Azen . ... . ... .. ...... . .......... 80 14 ·8 46 38·0 764 980-7252 
Glen Afton ......... . .. . ........ . 80 17·8 46 38·9 766 •7240 
.... .. . ....... . ..... .. ....... ' .. 80 17·0 46 42.7 849 -7042 
. .. . ..... . ........... . .. . . ... . . . 80 18·1 46 45·2 866 •7028 
Brightwater River . . .... . . . ... . . . 80 16·8 46 49·2 886 ·7095 

. . ....... . .. . .... . ..... . . ....... 80 17·1 46 53·2 962 ·7227 

. . ...... . ..... . ... . ...... . ...... 80 18·6 46 56·4 1,057 -7232 
Rivière Veuve .... . . ..... . ....... 80 25·2 46 32 ·2 756 .7147 
Markstay ................ . ...... 80 32·6 46 29·6 707 -7118 

... ... . .. . . . . ...... . ....... . .... 80 32·7 46 33·0 866 ·7146 

. .. . . . . . . ................... .. .. 80 32·6 46 35.4 875 980-7176 
Sudbury ....... . ........ . .. . .... 81 00·0 46 29·8 881 -6860 

. . ... . ............ . . . ........... 80 52 ·2 46 21·7 738 -6840 
Paddy Creek . . . .. ... . ........... 80 54·0 46 20·9 754 ·6744 
Horseshoe Lake .... . ...... . ...... 80 54·7 46 18·9 718 ·6692 

.. .. ........ . ........... . .. . .... 81 00·4 46 26·1 930 ·6759 

.... . . .. . .... . . . ... . ...... . .. . .. 81 00·6 46 24 ·8 862 ·6761 
Rheault .......... . ............. 80 59.5 46 24·4 766 ·6784 

.... . ... . .. . ... ... .. . ...... . . . .. 81 02 ·2 46 23·5 866 ·6723 

.. .. ....... . .... . ... .. ..... . .... 81 04·0 46 22·8 895 ·6690 

. . ... . ..... . . . . . ..... . .......... 80 57.9 46 22-2 827 980-6624 

.. . . . ..... . ... ... .. ' .. . . ..... ... 80 50·1 46 20·6 728 ·6831 

.. . ..... . . . .. . . . ... . ............ 80 48·9 46 15·7 700 ·6772 
Burwash C.N.R. ..... . ....... . ... 80 51·9 46 14·5 692 •6736 
Burwash . ................... . ... 80 54·0 46 13·3 663 ·6682 
Wanup C.P.R .. . ........... . ... . 80 48·8 46 23 ·6 745 ·6889 
..... . .... . ..... . . . . ....... . ... . 80 46·3 46 26·4 797 ·6945 
Worthington ....... . . ........... 81 27·4 46 23·1 775 ·6862 
Espanola . .. . ..... . ... . ...... . .. 81 45.9 46 15·7 672 ·6740 
... . . ........ . ... . ... . .. . . ...... 81 42•7 46 11·5 722 ·6447 

Whitefish Falls .............. . ... 81 43.7 46 06·7 597 980·6487 
Bireh Island ... . . .. . ....... . . ... . 81 46·6 46 04 ·1 590 ·6511 
McGregor Bay .. . ............... 81 46·8 46 01·1 592 ·6474 
Chelmsford ..................... 81 11·9 46 35·2 886 ·6918 
........... . ...... . ......... . .. . 81 13·4 46 39.3 935 ·6910 
. . . . .. . . . .................. . . . . . 81 14·3 46 43·8 1,184 ·6770 
Nickel Offset Mine .. . ..... . ...... 81 14·4 4.6 45.5 1,331 ·6627 
..... . . . . . .. . .......... . ... . .... 81 15·9 46 36 -9 871 ·6927 
....... . .... . ... . ............... 81 14·4 46 36·9 923 ·6913 
... . . . ......... . .. . . ........ . ... 81 12·9 46 37·0 911 .6910 

Chudleigh . . .. . ................ . . 80 23·2 46 38·5 792 980-7196 
Washagami ..... .. . . . ....... . ... 80 26·6 46 38·5 789 .7193 
Crerar . . . .. . ................. . .. 80 32 ·9 46 37·8 851 •7079 
Sudbury Junetion .. . . . .. . ... . . ... 80 54•1 46 31 ·4 875 ·6897 
Anstice . .. . . ...... . .... . ........ 81 03·0 46 54 ·2 1,185 ·6794 
Raphoe . .. . ... . ........ . ........ 81 07·5 46 59.4 1,241 ·6741 

41 

Gravity Anomalies 

Free Air Bouguer 

·0078 - ·0170 
·0152 - ·0120 
·0163 - ·0107 

+0 ·0203 -0·0057 
·0179 - ·0081 
·0002 - ·0287 

- ·0033 - ·0328 
- ·0008 - ·0309 
+ ·0136 - ·0192 

·0182 - ·0178 
·0178 - ·0080 
·0142 - ·0099 
·0268 - ·0027 

0·0270 - 0-0028 
·0044 - ·0256 
·0011 - ·0240 

- ·0058 - ·0314 
- ·0113 - ·0358 
+ ·0045 - ·0272 

·0002 - ·0291 
- ·0059 - ·0320 
- ·0012 - ·0307 
- ·0008 - ·0312 

-0 ·0128 -0·0410 
+ ·0010 - ·0238 
- ·0002 - ·0241 
- ·0028 - ·0264 
- ·0091 - ·0317 
+ ·0038 - ·0215 
+ ·0101 - ·0179 

·0047 - ·0217 
- ·0061 - ·0289 
- ·0243 - ·0489 

-0 ·024.8 -0·0452 
- ·0192 - ·0393 
- ·0182 - ·0384 
+ ·0026 - ·0276 

·0002 - ·0316 
·0029 - ·0375 

- -0001 - ·0454 
- ·0005 - ·0301 
+ ·0030 - ·0284 

.0014 - ·0296 

0-0166 -0-0105 
·0160 - ·0109 
·0115 - ·0175 
·0051 - ·0247 

- ·0102 - ·0506 
- ·0181 - -0604 
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PUBLICATIONS OF THE DOMINION OBSERVATORY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Continued 

Station 
Longitude Latitude Elevation Observed 

Name Gravity 

0 I 0 I Ft. 

St. Cloud ........ .... .... . ...... 80 48·0 46 24·0 749 ·6916 
Waterfall ... . ................... 80 50·1 46 19·3 709 ·6901 
Romford ......... .. ............. 80 52·4 46 29·1 845 ·6820 
Geneva .. . ...................... 81 33.5 46 45·1 1,381 ·6521 

Stralak ...... ...... ........... . . 81 42·4 46 48·5 1,351 980-6677 
Pogamising .... . ...... . ....... . . 81 46·5 46 54.7 1,158 ·6836 
Fluorite ......................... 81 49·0 46 58·6 1,195 ·6876 
Bayswater Station .. ..... .. .... .. 80 45·2 46 05·2 647 ·6637 
Hartley Bay Station .. .. . ........ 80 45 ·5 46 01 ·9 619 ·6568 
Pickerel River Station ............ 80 43·6 46 00·3 638 ·6508 
Delamere ....................... 80 42.4 46 10·1 655 ·6725 
Paget .. .... .... ............... • 80 44.4 46 13 ·9 689 •6766 
Porlock ......................... 80 49·1 46 11 ·5 593 ·6715 
...... . .................. .. ..... 81 00·4 46 30·5 955 ·6824 

................................ 80 50·1 46 34-2 1,013 980-6901 

...................... .... ...... 80 45·0 46 39·6 949 ·6997 

. . ............. .... ..... .. . . .... 81 08·4 46 25·2 817 ·6860 

..... .. .... ' . ... .. ......... ..... 81 08·2 46 26 ·7 944 ·6882 

...... . . . .. . .................. . . 81 06·7 46 27·2 884 ·6903 

.... .. ... .. . .......... ..... ..... 81 08·4 46 26·3 920 ·6870 

.. ... .. ........... . ..... .. ...... 81 09· 0 46 26·3 895 ·6899 

........... . .. . . .. .... . ......... 81 09·0 46 25·6 884 ·6867 

... .. ........ ' ......... ......... 81 09·6 46 25 ·6 883 ·6888 

. ... .......... . . ... ............. 81 08·8 46 25·4 816 ·6892 

...... ............ ...... ' ... . ... 81 08·4 46 25·4 815 980-6876 

...... . .. ... .. .. ... .. . .. .... .... 81 10·0 46 23·0 778 ·6902 
' ...... ... ...... .. ' .. ' .. ........ 81 11·2 46 21 ·5 774 •6757 
. .. ' ....... . .................... 81 11·5 46 20·5 757 •6746 
... .. .... ... . . ... .. .. . .......... 81 07 •8 46 24·5 830 ·6818 
...... ... ............. . ......... 81 07·0 46 23·2 780 ·6773 
... . .... ... . .... ..... .. ......... 81 11•7 46 27·3 997 ·6833 
... .... .............. ........... 81 12·4 46 26·9 944 ·6868 
.............. .............. .... 81 13·5 46 26 ·5 915 ·6859 
. ... . .. . . ............... . ....... 81 14·7 46 26·1 859 ·6849 

. . ............ .. ............. . .. 81 05·2 46 25·4 828 980-6824 

. . .. ' . ... ....................... 81 04·7 46 24·1 853 •6747 

................................ 81 05·3 46 23·2 813 •6727 

...... . ......... . .. . ....... . .... 81 03·5 46 26·4 834 ·6842 

.... . ............... . . .......... 81 02·9 46 25·6 854 ·6811 
' ................. . ... . ... . ..... 81 02·6 46 25·2 859 -6759 
. ................... ............ 81 02·5 46 24·4 751 ·6802 
................ ................ 81 22·7 46 23·4 824 ·6864 
.................. .............. 81 22·6 46 24 ·5 886 ·6879 
..... .. ... ...................... 81 23·3 46 25·3 977 ·6832 

................................ 81 23·7 46 25·9 1,024 980·6748 

... .... .............. ' ... . ...... 81 23·7 46 26·2 1,024 ·6907 

............... . ................ 81 23·4 46 26·9 968 ·6738 
Mond Station ............. . ... . . 81 23·3 46 24·9 905 ·6870 

..... .. ................... .. .... 81 22·3 46 21 ·9 840 ·6790 

Gravity Anomalies 

Free Air 

+ ·0063 
- ·0019 
- ·0019 
- ·0050 

+0·0023 
- ·0094 
- ·0077 
- ·0029 
- ·0075 
- ·0093 
- ·0007 
+ ·0008 
- ·0097 
+ ·0067 

+0·0143 
·0097 
·0053 
·0172 
·0129 
·0144 
·0149 
·0117 
-0137 
·0081 

0·0064 
- ·0009 
- ·0035 
- ·0047 
+ ·0033 
- ·0039 
+ ·0163 

·0155 
·0124 
·0068 

0·0025 
- ·0010 
- ·0054 
+ ·0033 

·0033 
- ·0008 
+ ·0040 

·0091 
·0147 
·0174 

+0·0126 
·0080 
·0047 
·0150 
·0054 

Bouguer 

- ·0192 
- ·0260 
- ·0307 
- ·0524 

-0 ·0438 
- ·0488 
- ·0484 
- ·0250 
- ·0286 
- ·0311 
- ·0230 
- ·0226 
- ·0299 
- ·025 

-0·020 

8 

2 
6 
6 
9 
3 
0 
6 

-
-
-
-
-
-
-
-
-

·022 
·022 
·014 
·017 
·017 
·015 
·01 84 

3 
7 

·016 
·019 

-0·021 3 
4 
8 
5 
9 
5 
6 
7 
7 
5 

- ·027 
- ·029 
- ·030 
- ·024 
- ·030 
- ·017 
- ·016 
- ·018 
- ·022 

-0 ·025 7 
0 
0 
1 
8 
1 
0 
0 
5 
9 

- ·030 
- ·033 
- ·025 
- ·025 
- ·030 
- ·031 
- ·019 
- ·015 
- ·015 

-0·022 3 
9 
3 
8 
2 

- ·026 
- ·028 
- ·015 
- ·023 
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492 
493 
494 

GRAVITY IN THE SUDBURY BASIN AND VICINITY 

PRINCIPAL FACTS FOR GRAVITY STATIONS-Concluded 

Station Observed Longitude Latitude Elevation Gravity Name 

0 ' 0 ' Ft. 

. ... .. ........ . ................. 81 23·5 46 21·2 752 ·6821 

. ..... . .. .... .. . .. . ........ ..... 81 22·8 46 20·8 749 ·6800 
McKerrow Station . . ............ . 81 45.4 46 17•1 685 ·6804 

.... ........... ... ' . .... .. ...... 81 44·8 46 18·6 828 ·6807 

............... . ............ . ... 81 46·0 46 19·3 852 ·6795 

...... ....... ........ .. ... .... .. 81 45.9 46 20·2 960 980-6744 

................................ 81 54·0 46 17·1 663 •6728 

............. ..... ...... ... . .. .. 81 52·6 46 17·5 668 •6755 

..... . ' ............. ............ 81 48•7 46 18·4 764 •6793 
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Gravity Anomalies 

Free Air Bouguer 

·0013 - -0244 
- ·0005 - ·0260 
- ·0006 - ·0239 
+ ·0110 - ·0173 

·0110 - ·0181 

0·0148 -0·0180 
- ·0103 - ·0328 
- ·0077 - ·0304 
+ ·0039 - ·0222 
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Canadian West Coast Earthquakes, 1954 
BY 

W. G. Milne 

ABSTRACT 
This report continues a series, already published, dealing with earthquakes on the west coast of Canada. During 

1954 there were 178 earthquakes recorded on the network of seismograph stations in southwestern British Columbia, 
and of these epicentral determinations were possible for 67. The earthquakes located are plotted on an accompanying 
map of the area. A list of the few earthquakes recorded on the Crowsnest Pass seismographs is included. 

Instrumental changes at the Horseshoe Bay station late in 1954 are described. 

INTRODUCTION 

The seismological network set up in southwestern British Columbia in 1951 has 
continued to operate during 1954. The Victoria station, which dates back to 1899, is 
the central station. The records of the Alberni and Horseshoe Bay stations are combined 
with those of Victoria for the purpose of locating many of the small local earthquakes 
occurring in the immediate area. Three temporary units in the southeastern Rocky 
Mountain region were added at Fernie, Coleman, and Turner Valley. A discussion of 
the seismograph records obtained during 1954 at the six stations, is presented in this 
paper as a continuation of the series of reports on seismic activity in British Columbia 
given for 19511, 19522, and 19533• 

DESCRIPTION OF STATIONS 

At the Dominion Astrophysical Observatory near Victoria, the new seismological 
station continues to be the centre of the network. The three-component short-period 
Benioff seismographs, of variable reluctance type, record the local earthquakes. In 
addition the Victoria station is equipped with Milne-Shaw seismographs for recording 
teleseisms. A standard chronometer is used to place time marks on the record, and accurate 
time control is obtained from automatically recorded NPG (San Francisco) time signais 
whenever available. A more detailed description of this station is given in the report for 
1953. 

The Alberni station, which is serviced by a local operator, is equipped with short
period Willmore-Sharpe seismometers. These drive Turner galvanometers, which in turn 
record on a Sprengnether microseismic recorder at the paper speed of 60 mm/min. Time 
control is supplied once a day by automatically recorded Dominion Observatory time 
signals. 

Until December 1st, 1954, the Horseshoe Bay seismographs were identical with those 
at Alberni. During 1953 a new ferry service was inaugurated between Horseshoe Bay 
and Nanaimo to add to the two services already operating from the dock, a few hundred 
yards from the seismograph. Because of the very short-period design of the Willmore
Sharpe seismometers, the record was disturbed for a period of two to five minutes when 

1 W. G. Milne and F. Lombardo, "Canadian West Coast Earthquakes, 1951", Publications of the Dominion 
Observatory, Vol. XVI, No. 3, 1952. 

2 W. G. Milne, "Canadian West Coast Earthquakes, 1952", Publications of the Dominion Observatory, Vol. XVI, 
No. 9, 1953. 

3 W. G. Milne, "Canadian West Coast Earthquakes, 1953", Publications of the Dominion Observatory, Vol. XVI, 
No. 13, 1955. 
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the ferry docked and departed. The Willmore-Watt seismometers, with periods of the 
order of one second, were substituted for the Willmore-Sharpe units. One galvanometer 
was installed with a period of 0 · 25 sec., and the other galvanometers with periods approxi
mately O • 03 sec. The longer period unit eliminates most of the ferry and traffic noise, 
but brings the system into the frequency range of microseisms. Many teleseisms as well 
as all the local tremors appear on the records from the 0-25 sec. galvanometer. On the 
system with the O · 03 sec. galvanometers, traffic noise still persists, but the record is much 
less disturbed by microseisms and the earthquakes are more clearly seen. The new galvano
meters have a very short focal length so the Sprengnether method of placing time marks 
on the records was changed. Instead of using chronometer contacts to move a prism in 
the light path and so shift the light spot, the contacts now close a circuit which supplies 
a small voltage directly to the galvanometer. The spot is thus moved with a minimum 
of relay stages in the system. As in the past, time corrections are obtained daily from 
automatically recorded Dominion Observatory time signais. 

Seismograph stations established late in 1953 in the Rocky Mountain area along the 
southern British Columbia-Alberta border, have been used to investigate the rockburst 
activity in the coal mines of the Crowsnest Pass. These stations have recorded a few 
local tremors although their sensitivity is not high. At Fernie and Coleman the recorders 
are in the mine offices. Willmore-Watt seismometers and recorders are used. T. is 
approximately 1 sec. and Tg is O · 25 sec. Standard chronometers are used and CBC 
radio time signals are recorded when available. The Turner Valley station in Alberta is 
equipped with similar seismographs. 

The co-ordinates of the stations are given in Table I. 

TABLE I 

Station Latitude Longitude 

0 Il N 0 "W 

Victoria 48 31 09·9 123 24 55·1 
Alberni 49 16 14 124 49 18 
Horseshoe Bay 49 22 39 123 16 33 
Fernie 49 29·0 114 58·6 
Coleman 49 38·1 114 31·2 
Turner Valley 50 39 52 114 16 44 

METHOD OF LOCATING EPICENTRES 

When an earthquake is of sufficient strength to record on three seismographs, an 
epicentre can be determined. Preliminary co-ordinates are obtained by using di:fferences 
in arriva! times of P waves at pairs of stations. This position is adjusted to obtain the 
best possible fit for the three stations, again using only the P phase. The distance to each 
station, scaled from a map, is checked against the S-P distance to eliminate any major 
error in the position of the epicentre. For all this work the travel-time curves for the 
Canadian Shield4 are used; curves more appropriate to the area have not yet been deter
mined. Epicentres a considerable distance out of the triangle, and epicentres out of the 

4 John H. Hodgson, "A Seismic Survey in the Canadian Shield", Publications of the Dominion Observatory, Vol. 
XVI, Ko. 5, 1953. 
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triangle but close to any one station are not precisely located, and in these cases the 
epicentral co-ordinates are given only to O · 1 minute of arc. Epicentres termed "off the 
west coast" fall into this category as well. 

In a few cases, co-ordinates have been given for epicentres where only two stations 
have recorded the disturbance and no trace of the earthquake can be found on the record 
of the third station. From the records of two seismograph stations only, there are two 
possible epicentres for one event. Of the two, that epicentre more distant from the third 
station, at which no disturbance was recorded, is listed as the true origin. 

Seattle readings, supplied by Professor Neumann in his regular bulletin, are often 
combined with data from the stations of the southwest British Columbia network to 
obtain an epicentre. Hungry Horse readings, supplied directly through the co-operation 
of the United States Coast and Geodetic Survey and the Bureau of Reclamation, are used 
to supplement the readings of the Crowsnest Pass stations. Dr. Nile at Butte frequently 
contributes his readings for stronger tremors. Provision of these data, which make epi
central determinations possible, is greatly appreciated. 

Table II lists all the earthquakes recorded on the southwestern British Columbia 
network during 1954. The co-ordinates of the epicentres that have been located are shown 
in detail on a map of the area. Table III lists those few tremors recorded at the Crowsnest 
Pass stations. In no instance were the stations well enough placed with respect to the 
tremors to permit epicentral determinations. 

The values of intensity given in Table II are only approximate. They are intended 
to follow as closely as possible the Modified Mercalli Intensity Scale of 1931, given here 
as Table III. For the earthquakes that are felt, the value of intensity given is reliable. 
For those earthquakes that have a magnitude listed on the epicentre card, the intensity 
at the origin can be determined. For all other earthquakes, the intensities are estimated 
by comparing the amplitudes recorded on the Benioff seismograms with those recorded for 
earthquakes that have been felt. Personal observation indicates that such estimated 
intensities tend to be too low. 

TABLE III 

MODIFIED MERCALLI INTENSITY SCALE5 

(Abridged) 

I Not felt except by a very few under especially favorable circumstances. (I Rossi
Forel Scale) 

II Felt only by a few persons at rest, especially on upper floors of buildings. Delicately 
suspended objects may swing. (I to II Rossi-Forel Scale) 

III Felt quite noticeably indoors, especially on upper floors of buildings, but many 
people do not recognize it as an earthquake. Standing motor cars may rock 
slightly. Vibration like passing truck. Duration estimated. (III Rossi-Forel 
Scale) 

IV During the day felt indoors by many, outdoors by few. At night some awakened. 
Dishes, windows, doors disturbed; walls make creaking sound. Sensation like 
heavy truck striking building. Standing motor cars rocked noticeably. (IV 
to V Rossi-Forel Scale) 
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V Felt by nearly everyone; many awakened. Sorne dishes, windows, etc. broken; 
a few instances of cracked plaster; unstable objects overturned. Disturbances 
of trees, poles, and other tall objects sometimes noticed. Pendulum clocks 
may stop. (V to VI Rossi-Fore! Scale) 

VI Felt by all; many frightened and run outdoors. Sorne heavy furniture moved; a 
few instances of fallen plaster or damaged chimneys. Damage slight. (VI to 
VII Rossi-Fore! Scale) 

VII Everybody runs outdoors. Damage negligible in buildings of good design and 
construction; slight to moderate in well-built ordinary structures; considerable 
in poorly built or badly designed structures; some chimneys broken. Noticed 
by persons driving motor cars. (VIII Rossi-Forel Scale) 

VIII Damage slight in specially designed structures; considerable in ordinary substantial 
buildings with partial collapse; great in poorly built structures. Panel walls 
thrown out of frame structures. Fall of chimneys, factory stacks, columns, 
monuments, walls. Heavy furniture overturned. Sand and mud ejected in 
small amounts. Changes in well water. Disturbs persons driving motor cars. 
(VIII+ to IX Rossi-Forel Scale) 

IX Damage considerable in specially designed structures; well designed frame structures 
thrown out of plumb: great in substantial buildings, with partial collapse. 
Buildings shifted off foundations. Ground cracked conspicuously. Under
ground pipes broken. (IX+ Rossi-Forel Scale) 

X Sorne well-built wooden structures destroyed; most masonry and frame structures 
destroyed with foundations; ground badly cracked. Rails bent. Landslides 
considerable from river banks and steep slopes. Shifted sand and mud. Water 
splashed (slopped) over banks. (X Rossi-Forel Scale) 

XI Few, if any, (masonry) structures remain standing. Bridges destroyed. Broad 
fissures in ground. Underground pipe lines completely out of service. Earth 
slumps and land slips in soft ground. Rails bent greatly. 

XII Damage total. Waves seen on ground surfaces. Lines of sight and level distorted. 
Objects thrown upward into the air. 

DETAILS OF PARTICULAR EARTHQUAKES 

Princeton, April 15, 1954 
An earthquake, strong enough to have been recorded as far distant as Butte, Montana, 

was centred south of Princeton, British Columbia, on April 15. There were no reports 
that the earthquake was felt, probably because the area is sparsely settled. The epicentre 
reported in Table II has been computed from the Butte, Hungry Horse, and Seattle readings 
together with those of the Canadian stations. Its intensity is listed as IV. 

Victoria, May 15, 1954 
A few residents of Victoria and surrounding municipalities felt an earthquake at 5 :02 

a.m. PST on May 15th. The maximum intensity felt at Victoria was estimated at II. 
No damage was reported. There is no indication that the tremor was felt on the mainland 

6 H. O. Wood and F. Neumann, "Modified MercaJli Intensity Scale of 1931", Biûl. Seism. Soc. Am., 21, 277-283. 
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south of Vancouver. Professor Frank Neumann, of the University of Washington, in a 
letter places the epicentre in the Vashon Island area southwest of Seattle. His estimate 
of the focal depth is 50 to 60 km. 

Victoria, September 24, 1954 
One person in Victoria felt a very slight earthquake in the city at 12 :50 p.m. PST on 

September 24th. It is likely that this corresponds to earthquake number 588 of Table II. 
The epicentre is probably under the Strait of Juan de Fuca, southwest of Victoria. On 
the following day, one very slight shock was felt at Alberni at 14:02 p.m. PST. 

Crowsnest 

The local earthquakes recorded at Coleman and Fernie for the last few months of 
1954 are listed in Table IV. Prior to September the instruments were running at a reduced 
sensitivity, and part of the time they were not operating due to mechanical di:fficulties. 
The few earthquakes that occurred during the period are all very small, probably of the 
order of II or III on the intensity scale. The epicentres lie a few miles either northwest 
or southeast of Coleman; quite close to the high ridge of the Rocky Mountain range. A 
few were strong enough to have been recorded on the Benioff seismographs at Hungry 
Horse. 

TABLE IV 

CROWSNEST EARTHQUAKES 

Date Tirne (GMT) Station Distance Remarks 

h m s kms 

Sept. 9 18 07 Coleman 220 Possibly northwest of Coleman 
Sept. 10 20 28·8 Coleman 40 
Sept. 24 07 30 35 Coleman 27 Hungry Horse 07:30:54; epicentre north 

of Coleman 
Sept. 24 23 02 13 Coleman 15 Hungry Horse 23 :02 :40; epicentre south 

of Coleman 
Sept. 28 20 19 49 Coleman 31 Epicentre near Fernie? 
Oct. 20 13 41 16 Coleman 9 
Oct. 21 00 16 54 Coleman 8 
Oct. 29 05 22 52 Coleman 31 Hungry Horse 05:23:16; epicentre north 

of Coleman 
Nov. 4 21 38 34 Coleman 31 Fernie, distance 40 km; epicentre north-

west of Coleman 
Nov. 20 2?. Hl 17 Coleman 19 Hungry Horse, distance 106 km. 

Off the West Coast 

In reports on earthquakes in British Columbia many of the epicentres are placed "off 
the west coast". Sorne of these epicentres are just a few kilometers west of Vancouver 
Island at approximately 126°W and 49°N. There are also many more, and apparently 
stronger tremors around the area at 130°W and 49°N. Many of these are reported on the 
United States Coast and Geodetic Survey epicentre cards. For the years these reports 
have been published the general trend of such epicentres is along a line striking some 40° 
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west of north. It appears that this line of epicentres is in itself a zone of activity quite 
separate from those epicentres near Vancouver Island. Projected to the south this line 
passes near the many epicentres off the coast of northern California, and projected to the 
north it passes through the origin of many of the strong tremors associated with the Queen 
Charlotte Islands. 

DISCUSSION OF EPICENTRES 

The earthquake epicentres for 1954 seem to fall within the regions where activity has 
been reported for the previous three years. One of the most striking features appears on 
the map on which the epicentres for the four years have been plotted. A line of origins 
extends from Nanaimo slightly southeast to the Strait of Juan de Fuca. Although this 
line is well defined, it is not in agreement with the direction of faulting in the area, as 
indicated on the diagram. 

Again the Gulf Islands area is very active, but for small shocks only, during 1954. 
A few of the epicentres are scattered into the Gulf of Georgia whereas in the past they 
were all very near the Islands. These two regions make up the area into which the majority 
of epicentres listed in this report fall. 

The three seismographs have recorded several shocks whose origins are under the 
Olympie Mountain range, an area of very rugged peaks some 40 miles south of the Victoria 
station. 

Off the west coast of Vancouver Island, two lines of epicentres seem well marked. 
Three tremors were recorded off Barkley Sound, in an area which was the epicentre of a 
strong tremor in 1918. Two epicentres lie in the general area of the June 23, 1946 tremor 
in the north Gulf of Georgia, the first to be recorded in that area since that date. The 
absence of shocks for the years 1951-1953 is surprising for the 1946 tremor was very strong 
and its af tershocks could be expected to continue for man y years. 

The Powell River-Jervis Inlet area again has been the origin of a number of small 
tremors. Several small earthquakes have origins in the mountains lying north of the 
Fraser River and extending from the coast to the Fraser Canyon. The Abbotsford
Huntington area was active in 1954, but the tremors are smaller than in the past. One 
shock south of Princeton, although the first recorded from that region since this network 
of seismographs was installed in 1951, is in an area which was believed to have been active 
early in the century. 

The number of earthquakes recorded during 1954 is consistent with the results of 
the previous three years. The intensities seem to be less for those tremors based within 
the populated area of the province. Again, the strongest earthquakes are those some 
distance off the west coast. No tremors were felt generally over any considerable area, 
although the one earthquake of May 15th was reported as being felt by many persons in 
Victoria. 

Dominion Astrophysical Observatory, 
Victoria, B.C., 
May 26, 1955. 
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A Profile Study of the New Quebec Crater 
BY 

Peter M. Millman 

INTRODUCTION 

The New Quebec Crater*, located in the Ungava peninsula in northern Quebec, is 
one of the most interesting topographical features of the Canadian north. Thanks to 
two expeditions (1,2), led by Dr. V. Ben Meen in 1950 and 1951 respectively, general 
information concerning this crater has now been made available both to interested 
scientific institutions and to the general public. 

Since no complete history concerning the recognition of the crater has yet appeared 
it seems appropriate to record this briefly here. Apart from the occasional visits of 
Eskimos, whose old camp sites have been found on the crater rim, the crater seems first 
to have been noted on the trimetrogbn survey photographs of the U.S. Army Air Forces, 
taken on their operations over the Ungava peninsula during the summer of 1943 (see 
Figure 1). Because of its striking appearance the crater was a useful navigation land
mark in a wilderness of irregular lakes and rocky barrens. It was first plotted on the 
Wakeham Bay Sheet (111D), AAF Preliminary Base, scale 1:500,000, an AAF Aeronau
tical Chart printed in February 1945 for restricted use. The feature appeared on this map 
as a circular lake about 2 miles in width, with a fine-stipple ruling, surrounded by closely 
spaced radiating hachures and designated with the word "Crater". Since then it has 
appeared on all large-scale topographical maps of this area published in both Canada 
and the United States (see Appendix A). 

In the summer of 1946 the Geodetic Survey of Canada had several field parties in 
northern Ungava for the purpose of establishing astronomie control points. The Royal 
Canadian Air Force transported these parties and in the course of these flights the crater 
became a well-known landmark. F / L (now S/ L) Jake F. Drake mentions sighting the 
crater on July 20, 1946, and taking pictures, but ice conditions prevented a landing on 
that date. Later, on July 28, F / L (now W / C) William K. Carr landed in the crater to 
avoid a line squall and tied up to the northeast shore (3). It was on this occasion that 
some empty tin cans were left on the shores of Crater Lake. One of these was later found 
by Dr. Meen's first expedition. 

As far as can be ascertained the first published reference to a possible origin for the 
crater appears in a book by Nicholas Polunin (4). The author, in describing the Ungava 
operations of 1946, makes the following reference to the crater:-

"The next morning, 14th August, we were up at daybreak for the start, 
but the weather on this occasion (and it was by no means the first) 
prevented us from moving-at least for the time being. There was a 
thick wet mist and at the same time not a little wind. As we rather 

* Previously referred to elsewhere as the Ungava Crater and the Chubb Crater. 
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miserably and disgustedly went back to bed, Jake told me of a 'crater' 
he had flown over and photographed a few days previously in north
eastern Ungava, near the headwaters of the Povungnituk River. It 
was the better part of three miles across, had a considerable lake in 
the centre, and looked as though it had been caused by some vast 
explosion or at least impact." 

G3 

In July, 1948, the crater was again photographed in the course of the trimetrogon 
survey of Ungava carried out by the R.C.A.F. As a result of these photographs 
C. B. Bassett of Legal Surveys, Ottawa, wrote the Geological Survey of Canada on June 
2, 1949, asking for an interpretation of the feature. The following memorandum from 
Dr. Fortier appears on the files of the Geological Survey:-

"To Chief Geologist Date June 6, 1949. 

Subject-Letter from Mr. Bassett re interpretation of Air Photographs 

One of the pictures submitted by Mr. Bassett had already been 
chosen for our collection as an example of a meteorite crater. Com
parison of these pictures with those shown in the chapter on meteorite 
craters, especially in Arizona, in Lobeck's textbook on 'Geomorphology' 
will convince anyone of the similarities of the features at the two local
ities. Such a crater to be of volcanic origin would have to be of recent 
formation, which is not likely in the Canadian Shield. 

Y. O. Fortier, 
Bureau of Geology and Topography." 

In 1949 Professor G. V. Douglas and Mary C.V. Douglas prepared a comprehensive 
report on Ungava for the Arctic Institute of North America. This has not been published 
but it may be of interest to quote here from page 442 of Volume III of this report:-

"The Crater, (61 ° 18' N. Lat., 73° 40' W. Long.) (Fig. 187) is thought 
to be meteoric in origin. However, this crater has never been examined 
on the ground and the theory is based on a study of aerial photographs. 
If the cr a ter is meteoric in origin it f ell nearly vertically, for the eleva-
tions on all sides are about the same. It is thought to be post glacial 
but that it fell at least 10,000 years ago, as the material on the rim has 
been smoothed out or the rim welt has been susceptible to frost action. 
The smoothing out can be seen clearly on the right hand of the rim. The 
circular section and the very steep internal slopes also indicate a meteoric 
origin." 

The photograph included in the above report is R.C.A.F. Photo REA 470-14, taken 
on July 20, 1948. A copy of this appeared on the front cover of Sky and Telescope for 
November, 1951 (5). 

Early in 1950 the prospector, F. W. Chubb, approached Dr. V. B. Meen, Director 
of the Royal Ontario Museum of Geology and Mineralogy, and called his attention to 
this crater, thinking possibly it might contain diamonds as do some extinct volcanoes in 
South Africa (1). Because of the commercial possibilities plans for investigating the 
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crater were not announced to the public and the "Chubb Crater Exploration Syndicate" 
was formed and accepted for filing by the Ontario Securities Commission on July 13, 
1950 (6). An expedition was jointly financed by the Globe and Mail newspaper in 
Toronto and a group of interested businessmen. As a result of this exploration of the 
crater, July 21-26, 1950, Dr. Meen became convinced of its meteoritic origin. A second 
more extensive expedition under the auspices of the Royal Ontario Museum and the 
National Geographic Society, Washington, was organized by Dr. Meen in 1951 and from 
July 25 to August 21 detailed studies were made in and around the crater, including a 
measurement of the depth of the almost circular lake (2). The details of the scientific 
results secured on this last expedition have not yet been published. 

In spite of the early history of the crater outlined above, the staff at the Dominion 
Observatory were unaware of its existence until the account of Dr. Meen's first expedition 
appeared in the columns of the Globe and Mail on the morning of August 7, 1950. Dr. 
B. R. MacKay of the Geological Survey of Canada, and the author of this paper visited 
Dr. Meen on August 15, 1950, and received a first-hand account of his findings. The 
weight of evidence in favour of this being a genuine meteor crater seemed strong. It 
was considered that one of the most urgent needs in connection with further scientific 
study was a detailed air survey of the area in and around the crater. At the request of 
the Dominion Observatory the R.C.A.F. issued an Operation Ortler for the necessary 
photography on August 25, 1950. However, the season available for satisfactory photo
graphie coverage in northern Ungava is short and various circumstances prevented com
pletion of the vertical air photography until the summer of 1953. 

In July and August of 1953 Dr. J. M. Harrison of the Geological Survey of Canada 
spent some time at the crater (7). He supports the meteoritic origin but disagrees with 
Meen's statement that there is no sign of glaciation in and around the crater. Harrison 
considers the evidence for the crater being pre-glacial as "overwhelming". Harrison 
also disagrees with Hoffieit's suggestion (8) that "fossil glacial ice" might have been a 
major factor in forming the crater. 

Dr. Meen recommended that the crater be named "Chubb" in honour of the man 
who instigated the 1950 investigation. This has not been done, however, since Mr. 
Chubb did not discover the crater nor did he suggest its meteoritic origin. On June 3, 
1954, the Canadian Board on Geographical Names, meeting in Ottawa, accepted the 
names adopted earlier by the Quebec Geographic Board. These are:-

N ew Quebec Crater 
Crater Lake 
Lac Laflamme 

The last name is that given to the lake which served as a base of operations for the two 
expeditions led by Dr. Meen and which was earlier called Museum Lake. 

NEW QUEBEC CRATER MAP 

During August 1953, a complete air photo coverage of an area 11½ by 10 miles centred 
on the crater was secured by the Royal Canadian Air Force. The vertical line overlap 
photography was carried out at a height of 9,400 ft. above sea level, giving a scale on the 
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original negatives of approximately 1,280 ft. to the inch. A portion of the uncorrected 
photo mosaic resulting from this survey is reproduced as Figure 4. Severa! lines across 
the crater were also flown at a height of 5,540 f t. above sea level, giving photographs of 
approximately twice the above scale, or 640 ft. to the inch. 

Unfortunately the ground control points required for producing an accurate topo
graphical map were not available. Since there might be some years' delay in securing 
these, and because of the very general scientific interest in the crater, it was decided to 
produce a map (see map pocket) on which the relative positions of the topographical 
features were correctly shown but where there was an unavoidable uncertainty as to 
the exact values of both the horizontal and the vertical scales. 

The elevations above sea level of 1,700 ft. for both Crater Lake and Lac Laflamme 
were adopted, as determined by Harrison in 1953 from barometer readings. These 
values are very close to those found by Meen in 1950 (1). 

As a guide to the horizontal scale we have the lake diameter, 9,100 ft., and the rim 
diameter, 11,500 ft., given by Meen as a result of the 1951 expedition (2). The latter 
value seemed to agree with the trimetrogon survey material better than the other and 
the scale (1 :25,000) of the printed map accompanying this paper was set on the basis of 
Meen's rim diameter. It now remains to check this approximate value by any indepen
dent methods available in the hope of arriving at a more exact estimate of the true scale 
of the map. 

The results of this procedure, carried out by actual measures on the map after it 
was printed, are given in Table 1. The first column lists the method used, the second 
the resulting scale determined, and the third an estimate of the expected percentage 
probable error. The mile-to-the-inch acetate master used in producing the eight-miles
to-the-inch topographie map (Povungnituk River Sheet) was loaned to the author by the 
Surveys and Mapping Branch and proved to be the most reliable material available for 
scale determination. The last three values of scale listed in Table 1 were determined by 
the two most satisfactory methods and agree reasonably well among themselves. They 

TABLE 1 

SCALE DETERMINATION FOR PRINTED ÜRATER MAP 

Method Scale 

Assuming rim diameter of 11,500 ft ... . .. . .. . . .. . . . . .... . .. .... . . . . .. . . . . . . . .. . .. , . . 1 24 ,900 

Assuming lake diameter of 9,100 ft.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 23 ,700 

Assuming coordinates of magnetic stations as given on map . · ················· · 1 w,wo 
Comparison with topographie 8 miles/ inch series, Povungnituk River sheet. . . . . . . . . . . . . . 1 24 ,260 

Using listed height for air survey flights and measures on original air photos .... .. . .. . .. . . 1 24 ,470 

Comparison with 1 mile/ inch acetate master drawn from trimetrogon survey:-

10 comparison lines .. .... . . . . . . . .. . . . . ..... . . . ........... . . .. 1 : 24 ,450 

20 comparison lines . . ..... ... . . . . . . .. . . . .. . . . . ........... . 1 24 ,520 

p.e. 

>5 % 

1 % 

< 1 % 

0· 3 % 

0 -2 % 

Adopted true scale of printed map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 24,500 ± 0 • 5 % 

70120-2½ 



66 PUBLICATIONS OF THE DOMINION OBSERVATORY 

were the only ones used in arriving at a final average. It is considered that a scale of 
1 :24,500 for the printed map is the best that can be adopted, pending the establishment 
of accurate ground control points near the crater. The probable error of O · 5 per cent 
is, if anything, estimated on the large side. 

The orientation of the printed map must also be considered. Here again, the acetate 
master map can be used. The bearings of various features visible both on the acetate 
master and the printed map were compared. From this investigation it has been con
cluded that the true bearing of the side of the printed map is 354 ?0 with an uncertainty 
of half a degree or less. The geographical position of the centre of Crater Lake, as 
measured on the acetate master, is Lat. 61° 17!0 N, Long. 73° 40!2 W. This position 
agrees well with that determined from the mean of the magnetic station coordinates. 

Since no ground control was available the vertical scale for the contour intervals on 
the map may have an error independent of the horizontal scale. The establishment of 
this scale depends on a knowledge of the true height of the aircraft carrying out the 
survey. The absolute error in measures over a range of 500 ft. above the adopted lake 
level of 1,700 ft. is probably not more than 3 per cent and may be considerably less. In 
Table 1 the horizontal scale determined from the recorded height of the aircraft agrees 
well with that found independently, and this indicates that the listed height of the air
craft cannot be very much in error. 

THE PROFILE STUDY OF THE CRATER 

This material, in preliminary form, was presented at the meeting of the Royal 
Society of Canada, June, 1954(9). On the basis of the adopted horizontal scale of 1 :24,500 
the mean lake diameter is 9,430 ft. and the mean rim diameter 11,290 ft., giving a rim 
to lake ratio of 1 · 197. The above figures were found by taking 16 uniformly spaced 
diameters for both lake and rim and averaging them. Since neither rim nor lake is a 
perfect circle the individual values of diameter scatter about the mean. The average 
deviation from the mean in the diameter for a single measure is ± 100 ft. for the lake and 
± 140 ft. for the rim. The centre of the rim is offset from the centre of the lake by 280 
ft. in a direction 61 ° true bearing. This is directly toward the highest point on the rim. 

For a study of details of the crater contours the master map used in the production 
of the printed map was available and was kindly loaned to the author by the Topographical 
Survey. This is metal backed and is drawn on a scale 1-58 times the printed map. It 
is hence more suitable for the measurement of fine detail. All measurements of the 
crater reported below were made on this large scale master map and reduced to feet or 
degrees by the appropriate scale factors. The unavoidable limitations of the air survey 
of this area, mentioned earlier, must be born in mind here. Undoubtedly a certain 
amount of revision in the crater measurements will be necessary when accurate ground 
surveys become a vailable. 

To record the general profile of the crater, unbiased by small local irregularities in 
the topography, detailed measurements were made along 16 equally spaced radii originating 
from a point adopted as the best mean position for the centre of Crater Lake. These 
radii were spaced at intervals of 22 • 5 degrees from the highest point on the rim, located 
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in a direction 61 ° true bearing from the lake centre. It is evident, from a casual examina
tion of the map contours, that one side of the rim is considerably higher on the average 
than the other. This was reported by Meen (1) as a result of his first expedition to the 
crater. The measured radii were divided into two groups, those on the high side and 
those on the low side of the crater, and for identification were lettered from a to p (see 
Figme 8). Since the lowest point on the rim was not exactly opposite the highest point, 
measures were also made along an additional radius passing through this lowest point. 
This radius was designated as x. Measurements along it were not averaged in with those 
along the other equally spaced radii. 

The results of these detailed profile measurements are listed in Table 2. The first 
column gives the radius identification, the eight radii on the high side being listed first. 
Radius d passes through the highest point on the rim. In addition to general averages, 

TABLE 2 

PROFILE STUDIES ALONG STANDARD RADII 

Distances from Adopted Inclination Height Above 

Lake Centre (in feet) to Horizontal Lake Level 
"C (in feet) 
Q) _.., 
o. s 0 >, tg] '--0 _.., 

0~ ·s Q) al ~~ .ss t s .9 §< s bllc:I 
c:I ...... t;~ 

c:I Q) > Q) Q) 

~ ·s~ ·ê] t .S1 
_..,_ 

0 i:,.<D o. ... 0""' 0 c:1u.i o. _.., al ... c:I 
Q) 1l c:I 0 ... 

_.., OH 0 0 .9 ... :il ·ai °d Q) ..... Q) .9@ ~ @ ~§ al 
/J:)~Ü 

01) 01)0 "' Q) @ _.., Q) P:i~8 c:: "C 
~°d 

,!!3+:i c:I..., 
.!:P ~ Q) A<5 

0 ... al ... ... Q)..., 0 :::1 
Q) :a Q) p. .25....:l Q) Q) "t1i.9 "'O §ss ., 
:::1 al "'1 0~ o·o c:: ..., 

QJ 

~~~ ~ -9 
0 :::1..., c:I :::1 

~~ 
.?, S,..j,,-1 ..... 

A f-,...:l E-, p. E-, 0 al ...... 0 A.S E-,~~ 

a 353?5 4,660 5,780 7,180 13,600 34?3 10?4 420 175 351 ?O 
b 16·0 4,700 5,830 7,580 16 ,200 30·8 7.3 370 175 14·0 
C 38·5 4,770 5,950 7,810 16 ,700 31·4 7.9 395 175 37.5 
d 61·0 4,760 5,950 9,190 13 ,800 31 ·9 9.4 530 70 61·0 
e 83·5 4,940 5,820 6,840 19,600 27·2 8·4 370 230 84·5 
f 106·0 4,860 6,060 7,810 (30,000) 33 .3 6·8 435 245 108·0 
g 128·5 4,690 5,770 6,840 >37 ,000 30·4 9.5 455 295 131 ·0 
h 151 ·0 4,570 5,990 6,950 (30,000) 30·1 9-0 400 255 154·0 

Means for 
High Side 4,740 5,890 7,530 21 ,500 31 ·2 8·6 420 200 

i 173·5 4,650 5,570 7,010 16 ,700 32-8 7-0 345 190 176·0 
j 196·0 4,740 5,450 6,490 11,900 36·7 10-9 285 120 198·0 
k 218·5 4,990 5,420 6 ,780 12 ,800 30-9 7·1 220 90 219·5 
l 241·0 4,660 5,530 6,430 25,400 32·4 7.5 330 200 241 ·0 
m 263·5 4,620 5,380 5,860 (28,000) 30·9 15 ·3 295 175 262·5 
Il 286 ·0 4,560 5,460 6,430 (31,000) 30-0 5.9 260 135 284 ·0 
0 308·5 4,800 5,670 7,470 31,200 24·8 6·3 290 110 306·0 
p 331·0 4,770 5,720 7,240 14,700 29·7 8·2 385 160 328·0 

Means for 
Low Bide 4,720 5,530 6,710 21,500 31 ·0 8-5 300 150 

General 
Means 4,730 5,710 7,120 21,500 31·1 8-6 360 175 

X 268·5 4,620 5,030 32·2 170 267 ·0 
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separate averages for the high and low sides have been listed. The second column gives 
the true bearing of each radius from the adopted lake centre. These values were deter
mined by assuming the orientation of the printed map determined above. 

The next four columns give horizontal distances in feet from the lake centre to 
specified points along the radius; 1-the shore of the lake, 2- the highest point on the 
rim, 3-a point where the fairly steep and regular outer slope seems to break and alter 
to a much more gradua! and irregular descent, 4-a point where the topography seems 
to have reached the level of 1,700 ft. above sea level adopted as standard for Crater Lake 
and Lac Laflamme. It should be noted here that often the ground rises again from this 
1,700 ft. level as we move farther out from the crater. Hence, as pointed out later, the 
basic level of the topography around the crater may be some tens of feet higher than 1,700 
ft. above sea level. The seventh and eighth columns give measurements of the inclinations 
to the horizontal of the inner and outer rim slopes. These were determined graphically 
from profiles plotted on a large scale. The tabulated values correspond to the portions 
of the rim profiles which approximate straight lines, and not to the well-rounded portions 
near the top of the rim. The outer rim slope given is for the steeper part, that inside the 
discontinuity mentioned above. 

The ninth column lists the elevation of the top of the rim above the lake level and 
the tenth column gives the same value for the discontinuity on the outer slope. Finally, 
the last column gives the true bearings of the points where the standard radii eut the mean 
rim position, taken from the mean rim centre. Since, as noted above, this is displaced 
somewhat from the lake centre these bearings will differ from those in the second column. 

Let us now examine in turn these measured features of the crater profile. The lake 
radius shows no significant difference on the high and the low side, which is as it should 
be if the adopted centre is well chosen. On the other hand the mean rim radius on the 
high side is 360 ft. greater than on the low side, a natural result of the rim centre being 
offset from the lake centre. It will be noted that the general means for lake radius, 
4,730 ft., and rim radius, 5,710 ft., given in Table 2, are not exactly half the lake and rim 
diameters given earlier. The discrepancy results from the difference in the methods of 
finding the listed values. In the first case 16 diameters were measured, taken as straight 
lines across the features. In the second 16 radii were measured from a fixed point and 
this point, while centre for the lake, was not the centre of the rim. 

Along most of the radii it was not too difficult to select a point where the outer slope 
of the rim flattened markedly. There is far more variation in the position of this dis
continuity than in either the lake edge or the top of the rim. It is systematically further 
out on the high side by about 800 ft. when compared with the low side. 

The most irregular value of all is the position where the general level of the ground 
reaches the 1,700 ft. contour. Along some of the radii this had to be extrapolated and 
the figure is very uncertain and is included in brackets. In spite of this, however, it is 
felt that the tabulation of this quantity is of value and it is interesting to note that both 
the high and low sides give approximately the same average distance, i.e., 4½ times the 
lake radius. Allowing for the difference between the high and low sides the average 
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deviation of a single measured value from the mean is 2 percent for the lake and rim radii, 
7 percent for the radius of the discontinuity in the outer slope, and just over 30 per cent 
in the distance to lake level on the outer slope. 

In the case of the inner and outer rim slopes there is no indication of any systematic 
difference between the high and the low sicles. The average deviation of the individual 
values from the mean is 1 · 8 degrees for the inner slope and 1 · 6 degrees for the outer. 
Considering the inherent errors present in measuring these slopes this agreement is good. 
However, it is difficult to reconcile these values with the slopes published by Meen who 
in 1950 gave 45° inner slope, 25° outer slope (1)*, and in 1952 gave 40°-45° for the inner 
slope (2). Measurement of the inner slope from photographs on pages 6 and 29 of this 
latter paper, where a point with vision tangent to the lake edge can be chosen, gives 33° 
and 31 ° respectively, which seem to agree with those listed in Table 2. Meen does not 
indicate how his slopes were determined and they would appear to be only rough visual 
estimates. The eye normally exaggerates the angle of any slope, particularly if it is 
viewed from above. 

There is considerable variation of height around the rim, and the high side averages 
120 ft. higher than the low side. The average deviation of individual measurements 
from the means for the high and low sicles is 40 ft. The height of the discontinuity on the 
outer slope also varies by about this same amount. It is 50 ft. up on the high side as 
compared with the low. The highest portions of the rim average 200 to 300 ft. higher 
than those diametrically opposite to them and, since the inner slopes are roughly uniform 
all the way round the crater, this automatically offsets the rim centre from the lake centre 
by the measured amount. 

To give a picture of the variation in elevation around the top of the rim the height 
of the crest was measured in relation to true bearings taken from the rim centre. These 
values have been plotted in Figure 5, the vertical scale being expanded over the hori
zontal by a ratio of approximately 5 to 1. The positions where the 16 standard radii 
cross the rim crest have been indicated. 

The mean values for the high and the low sicles of the crater, taken from Table 2, 
are summarized schematically in Figure 6. 

The 16 individual profiles measured along the standard radii are plotted in Figure 7. 
The vertical scale has been expanded to 5 • 18 times the horizontal so that the various 
features of the profiles can be studied to better advantage. It is unfortunate that we 
have so little knowledge of the crater profile below the water line of the lake. Meen 
has published one value only, a depth of 825 ft. for the lake centre (2), and this has been 
plotted to scale in relation to profile d. The smooth inner slope of the rim has been con
tinued as a dotted line in the figure but its correct position must remain uncertain until 
additional lake depths have been published. 

The 16 profiles reproduced in Figure 7 have been averaged for the high sicle and for 
the low sicle and the final means given in Table 3. In taking these means the steepest 
portions of every profile, i.e. the slope from the water level up, were placed in coïncidence 

* In discussing this point with Dr. Meen he pointed out that their party had climbed over the rim at a location 
between radii "a" and "p" and in Figure 7 it is seen that these profiles are above average in steepness at the top 
of the outer slope. 
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as otherwise the process of taking means would give an artificially low slope. When 
these mean profiles are plotted to scale we find a tendency to flatness on the upper portion 
of the inner slope, before it rounds off for the crest. This gives a 10 to 12 degree incline 
above the 31-degree drop to the lake level. The feature can be seen on several of the 
individual profiles in Figure 7. The figures of Table 3 do not reproduce exactly the 
means of Table 2 because of the difference in the methods of reduction. For example, 
the crests of the mean profiles are lower in both cases than the means for the ninth column 
of Table 2. In Table 2 the highest points on each profile are brought together and 
averaged but when taking the mean profiles for Table 3 the highest points are not all at 
exactly the same distance from the lake shore and so do not fall over each other and are 
not averaged together. Other differences may be explained in a similar way. 

TABLE 3 

MEAN PROFILES FOR HIGH AND Low SrnEs 

High Side Low Side 

Distance Height Distance Height Distance Height Distance Height 
from Lake Above from Lake Above from Lake Above from Lake Above 

Centre 1700' Centre 1700' Centre 1700' Centre 1700' 

(ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) 

4,740 0 9,340 140 4 ,720 0 9,320 113 
4,855 68 9,900 129 4,835 68 9,900 96 
4,970 140 10 ,500 113 4,950 139 10 ,500 84 
5,085 206 11 ,600 94 5,065 206 11 ,600 68 
5,200 267 12 ,800 78 5, 180 244 12 ,800 54 
5,315 315 13 ,900 64 5,295 267 13 ,900 49 
5,430 353 15 , 100 49 5,410 287 15 , 100 40 
5,545 379 16 ,200 52 5,525 297 16 ,200 30 
5,660 400 17 ,400 50 5,640 293 17 ,400 29 
5,775 411 18 ,500 53 5,755 275 18 ,500 29 
5,890 415 19 ,700 49 5,870 254 19 ,700 27 
6,005 409 20 ,800 41 5,985 235 20 ,800 25 
6, 120 395 22 ,000 49 6, 100 223 22 ,000 23 
6,235 378 23 , 100 51 6,215 209 23 , 100 22 
6,350 358 24 ,300 51 6,330 196 24, 300 18 
6,465 340 25 ,400 66 6,445 185 25 ,400 7 
7,040 274 26 ,600 75 7,020 150 26, 600 9 
7 ,610 215 27 ,700 66 7,590 137 27 ,700 5 
8,190 193 28,900 51 8 , 170 132 28 ,900 8 
8 ,760 162 8 ,740 128 

Examination of the map shows little evidence of the concentric ridges surrounding 
the crater, mentioned by Meen on page 10 of (1). However, the contour interval of 25 
feet is too large to show very much detail of this nature. An examination of the mean 
profiles shows that there is no general tendency for concentric ridges at fixed distances 
outside the main rim. 
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As noted by Meen there are a number of rifts or valleys which cross the rim in a 
generally radial direction. Over 20 of these can be picked out from the map and their 
position has been plotted in Figure 8, together with the contours of the lake edge and the 
crest of the rim. For ease in reference the standard radii have also been plotted. Har
rison (7) has pointed out that these valleys have been considerably modified by the dir
ection of glacial drift. The glacial groovings and striae can be seen in the photomosaic 
of Figure 4, particularly on the northeast side of the crater. Evidence of their presence 
can also be seen in the water courses and valleys plotted in Figure 8. On the average 
the glacial striae lie along a bearing from 233°-53° true. The valleys intersect the crest 
of the rim at angles ranging all the way from 0° to 40° to the radial direction, with a mean 
angle of 15°. On the outer slope of the rim the valleys deviate still further from the 
radial line. 

The magnetic observations recorded on the map were made by W. L. W. Hannaford, 
Division of Geomagnetism, Dominion Observatory. A standard electrical magneto
meter, designed at the Observatory, was used, and the observations were taken as part 
of the regular magnetic coverage of the Canadian north. In this work no attempt was 
made to study in detail any magnetic features around the crater, nor to detect possible 
magnetic anomalies connected with the crater. __ The magnetic values found are normal 
for the region. The geographical coordinates listed were derived in the course of azimuth 
determinations and are not of the accuracy of those for precise geodetic control points. 

GENERAL DISCUSSION OF CRATER PROFILES 

It is of interest now to examine the mean profile of the New Quebec crater in the 
light of the general characteristics of explosion craters, both lunar and terrestrial. 
Baldwin (10) has found empirically two formulae giving relations among the three quanti
ties - rim diameter, rim height, and total depth - for explosion craters. These ai-e :-

where 

D = 0 · 1083d2 + 0·6917d + 0-75 
E= -0·097D2 + 1-542D -1-841 

D is log diameter (feet) 
d is log depth (feet) 
E is log rim height (feet) 

Froin Table 3 we may conclude that the general average elevation of the terrain 
outside the crater is approximately 30 ft. above the lake level, or 1,730 ft. above sea level. 
We can then adopt the following as the best averages for the measurements of the New 
Quebec crater :-

diameter 
depth 
rim height 

11,290 ft. 
1,185 ft. 

330 ft. 

Using the value D = log 11,290 = 4 -0526 in Baldwin's equations we find that for a typical 
explosion crater with this diameter the corresponding depth is 1,535 ft. and the rim height 
655 ft. The depth of the New Quebec crater does not agree exactly with Baldwin's 
curve as it is just 77 percent of the average 'l"alue. Still, this difference is only 0-11 in 



C
R

AT
ER

 
PR

O
FI

LE
S 

B
A

R
R

IN
G

E
R

 
(D

io
m

et
er

 0
.8

 m
ile

s)
 

N
E

W
 

Q
U

EB
EC

 
( D

io
m

et
er

 '
2.1

 m
ile

s)
 

V
E

R
TI

C
A

L 
SC

AL
E 

5 
H

O
R

IZ
O

N
TA

L 
S

C
A

LE
 

1 ,, , 
, 

---
---

·····
~\ 

--
--

---
---

~-
-.. -

--
--

"·,,
 .. 

,, , . 

__
__

__
 .. .

_ 
__

__
__

_ .
.,. 

,' 
', ..

 

I'
: 

-
=

'z
 

--
--

--
--

-
. I I I I I I 

r-
-.

...
...

. _
__

__
_ 

--
-

,' 
--

--
--

-
' / 

BE
SS

EL
 

~ 
' 

.. ,
,"

' ,,
,' 

(D
io

m
et

er
 1

'2 
m

ile
s)

 
',

 ... __
__

 _ 

-
--

-
-
-

--:
.:::

=:
=-

·.:.
·.:~

--
--

--
--

--
--

--
--

--
---

--
.. r

-·
.:

-:.
:=

-
P

O
S

ID
O

N
IU

S
 

(D
io

m
et

er
 6

2 
m

ile
s)

 

F
IG

U
R

E
 

9.
 

C
om

pa
ri

so
n 

of
 t

h
e 

p
ro

fil
es

 o
f 

tw
o 

te
rr

es
tr

ia
l 

cr
at

er
s 

an
d 

tw
o 

Ju
na

r 
cr

at
er

s.
 

T
he

 m
ea

su
re

d 
po

rt
io

ns
 o

f 
th

e 
pr

of
ile

s 
ar

e 
in

di
ca

te
d 

b
y 

th
e 

so
lid

 l
in

es
. 

!!
! 

"'
1 

0
, 

"d
 

d t;:J
 

t'"
 

H
 

(
)
 ~ H

 0 z 00
 

0 'z
j 

>-3
 

t:I1
 

t_z
j 

t1
 

0 s;::
 z H

 0 z 0 t;:
J 

00
 

t_z
j ~ ~ 0 ~ 



A PROFILE STUDY OF THE NEW QUEBEC CRATER 77 

the log and is well within the general scatter in Baldwin's Figure 12 on page 132, loc. cit. 
The observed rim height shows a greater divergence from the standard, being barely 
50 percent of the computed value. 

However, a more basic figure than the above is the true depth of the crater below 
average ground level. This is found by subtracting rim height from the depth and is 
1,535-655=880 ft. for the standard crater profile. The measured quantities are 1,185 
-330=855 ft., a very good agreement with the predicted value. It is obvious then that 
the New Quebec crater differs from the average explosion crater of corresponding size 
chiefly in the rim height, which is about half the expected value. Reference has already 
been made to the evidence of glaciation which has taken place since this crater was formed. 
It is likely that the rim height has been considerably reduced by this agency. 

In Figure 9 the profiles of four craters are plotted for comparison purposes. The 
horizontal scales have been adjusted so that the craters as plotted have a uniform dia
meter. The vertical scales are in each case five times the horizontal scales. The Bar
ringer crater profile was measured from a contour map prepared by Roswell Miller, III, 
and N. C. Harding in 1951, and kindly forwarded to the author by D. Moreau Bàrringer, 
Jr. The New Quebec crater profile was plotted from the two mean profiles listed in 
Table 3 of this paper. The values for the two lunar craters were taken from MacDonald's 
lists (11). 

In comparing the New Quebec crater with the Barringer crater the well-rounded 
rim of the former is evident and leaves little doubt that it has been considerably ground 
down by glacial action. The tendency to flatness on the upper part of the inner slope, 
mentioned earlier, also supports this view. The rim height for the standard crater, taken 
from Baldwin's formula, has been plotted as a dotted line above the observed profile. 
The highest point on the rim is at true bearing 61 ° from the centre and the average of 
the high side is at true bearing 72°. The bearing of the glacial groovings is 53° true and 
Harrison (7) has given the direction of glacial drift as from the southwest towards the 
northeast quadrant. It is probably not coïncidence that the low side of the rim is in 
the direction from which the glacial drift has corne. Harrison suggests that as the glacial 
age developed the water in the crater would freeze and form a solid surface over and 
around which the glacial ice would flow. Relatively little in the form of glacial debris 
would then be trapped in the crater itself. The correctness of this view is supported by 
the close agreement between computed and measured depth of the crater below the general 
ground level. On the other hand the abnormally low and rounded rim would indicate 
that much of the original rim material was carried around and over the crater by glacial 
action and deposited to the northeast of the feature. In view of the above discussion it 
is felt that any connection between the high and low sides of the crater, and the direction 
of travel of the meteoric mass which may have formed the feature, is rather doubtful. 
The uniform inside slope around the rim and the nearly circular shape would also indicate 
that the crater-forming explosion acted symmetrically in all directions. The off set 
position of the rim with respect to the lake is a necessary consequence of the rim being 
higher on one side than on the other. 

If the crater rim ever did extend to a height corresponding to the average for explosion 
craters it means that a depth of several hundred feet of rim was carried away by glaciation. 
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This could only have been in the form of broken rock fragments as it is difficult to imagine 
the basic layers of granite being worn away to this extent. Since this crater was formed 
in ancient granitic gneisses and since most of the comparison craters were formed in softer 
and lighter material, it is possible that the original rim height for New Quebec differed 
from the average given by Baldwin's equation. 

The underwater profile for the New Quebec crater is drawn in Figure 9 for illustrative 
purposes and is very uncertain, as only the depth at the centre of the lake is known. 
Taking the entire crater profile as drawn, a very rough calculation gives a greater volume 
of material in the rim than is the total volume of the crater below the adopted ground 
level. This takes no account of the material removed by glaciation and if this is added to 
the rim volume the discrepancy becomes even greater. It is possible that the under
water profile, as drawn, is too shallow and that hence the calculation of the crater volume 
under the water is too small. What has a much greater effect is the choice of the average 
ground level which existed at the spot prior to the formation of the crater. Owing to the 
uneven nature of the surface in the neighbourhood, and to the uncertainties resulting from 
the absence of accurate geodetic ground control, it is difficult to make a good estimate. 
It seems evident that the average ground level chosen above is too low and that it should 
be raised, perhaps by as much as 50 ft. If this were done the discrepancy would disappear. 
It does not seem profitable to make detailed computations on this point or to pursue the 
matter further until geodetic ground control has been established and until more is known 
concerning the profile of the lake bottom. 

Let us now consider the question of the slopes on the inside and the outside of the 
crater rim. The theoretical study of the slope at which any given type of material may 
be expected to lie is a complicated one, as can be seen by reference to such works as 
Terzaghi's "Theoretical Soil Mechanics" (12). It is not proposed to discuss this phase 
of the subject here. We can, however, examine the information available concerning 
other explosion-type: craters. 

For 113 lunar craters, with diameters from 1 to 18 miles, Fauth (13) finds a mean 
inner slope of 33?5, with no tendency within this group for the average slope to vary with 
crater diameter. For larger lunar craters Fauth's mean slopes are considerably less. 
On the earth, where surface changes are continually taking place, the slopes found in a 
crater should vary more than on the moon, as they will be dependent upon the age and 
the type of weathering to which the crater has been exposed. In general these changes 
will tend to decrease the original slopes present when the crater was first formed. The 
steepest part of the inner slope for the Barringer crater, measured from the profile in 
Figure 9, is 49° for the high side, 36° for the low side. From pictures of the Wolf Creek 
crater, published by C. H. Holmes (14), the inner slope seems to average between 25° 
and 30°. For the two Odessa craters the slopes of the rock walls, apart from the sand 
fill, are 37° and 26° as measured on diagrams in an unpublished report by Sellards and 
Evans (15). The inner slopes of the Talemzane crater (16) vary from 22° to 30°, those 
of the Aouelloul crater attain 20° to 30° (17). Measurements of the plotted profiles of 
the largest Estonian crater at Osel (18) give an average inner slope of 28°. From the 
profiles published for four of the Campo del Cielo craters (19) mean inner slopes of 12°, 
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12°, 16° and 8° respectively are measured. From the above brief summary it will be seen 
that the 31° inner slope of the New Quebec crater lies between those found in the relatively 
recent and well-preserved Barringer crater and the slopes of other terrestrial craters 
which in general have been modified to a greater extent by weathering. The inner slope 
for New Quebec is close to but slightly less than the average for craters of similar size 
on the moon. 

A range of values from 1 ° to 8° has been given for the outer slopes of the lunar craters 
by Neison (20) and Schmidt (21). The Barringer crater profile has an average outer 
slope of about 15°, and 5° to 15° is the range given for the outer slope of the Aouelloul 
crater (17). Outer slopes for the large Estonian crater average about 12° (18). Little 
other quantitative information is readily available concerning the outer slopes of terrestrial 
craters. Sorne have no appreciable outer slopes but wherever one exists it is always 
described as considerably less than the inner slope. The mean slope of 8 ~ 5 measured 
for the top of the outer rim wall at the New Quebec crater is equal to the maximum of 
the outer slopes reported for the moon and is probably near the centre of the range for 
outer slopes of terrestrial craters. 

SUMMARY 

To summarize the above profile study we find that the New Quebec crater agrees 
well with the standard form of explosion craters of comparable size. It has a nearly 
circular outline, the depth of the crater below ground level is normal and the inner and 
outer slopes of the rim are what we might expect from a study of other craters. Only in 
the rim height is there very much divergence from the standard profile and the well
rounded rim crest, together with ample evidence of glaciation at the crater, will explain 
this. There has been nothing in the present investigation to negative the theory of 
meteoric origin for this feature. In fact, it is felt that the close agreement between the 
New Quebec crater and the normal series of explosion craters, considerably strengthens 
the meteoric theory and, in the absence of any other satisfactory suggestions, leaves a 
meteoritic origin as the best explanation for the presence of this large symmetrical de
pression in the Precambrian rocks of the Canadian north. 
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Date of 
Map 

1942 

1942 

1944, May 

1945, Feb. 

1945, Aug. 

1946 

1949 

1949 
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APPENDIX A 

NOTES ON THE APPEARANCE OF THE NEW QUEBEC CRATER ON MAPS 
OF THE UNGAVA PENINSULA 

Series and Sheet in Series Scale Source 

Regional Aeronautical Chart, 1:1,000,000 USAAF 
UNGAVA BAY 

National Topographie Series, 1:506,880 Mines and 
POVUNGNITUK RIVER (35 S.E.) Resources 

AAF Aeronautical Chart, 1:1,000,000 USAAF 
HUDSON STRAIT (111) 

AAF Preliminary Base, 1:500,000 USAAF 
WAKEHAM BAY (111D) 

AAF Aeronautical Chart 1:1,000,000 USAAF 
HUDSON STRAIT (111) Base No. 2 

National Topographie Series, 1:506,880 Mines and 
POVUNGNITUK RIVER (35 S.E.) Resources 

World Aeronautical Chart, IACO 1:1,000,000 Mines and 
KOVIK RIVER (2109) Tech. Sur. 

National Topographie Series, 1:506,880 Mines and 
POVUNGNITUK RIVER (35 S.E.) Tech. Sur. 

81 

Plotting of 
the Crater 

No crater 
plotted 

No crater 
plotted 

No crater 
plotted 

Plotted with 
word "crater" 

Plotted with 
word "crater" 

Plotted with 
word "crater" 

Plotted 

Plotted with 
word "crater" 
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Date 

1943, June 20 

1946 

1948, July 3 

1948, July 20 

1952, July 15 

1953, Aug. 9 

Aug. 25 

Aug. 25 
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APPENDIX B 
OFFICIAL Am PHOTOGRAPHS OF THE NEW QUEBEC CRATER 

Source Photo Reference N umbers Remarks 

AAF 1 - 2086 L - 8212 trimetrogon survey, first photos 
- 8213 of the crater 
- 8214 
- 8216 

RCAF REA 360 18 oblique, distant view 

RCAF T 193 R 85 trimetrogon survey, crater 
86 from east 
87 
88 
89 
90 

190 trimetrogon survey, crater 
191 from west 
192 
193 
194 
195 
196 
197 

RCAF REA 470 14 obliques, mostly close-up views 
15 of the crater 
16 
17 
18 
19 

RCAF REA 659 7 obliques, mostly close-up views 
8 of the crater 
9 

10 
11 
12 
13 

RCAF A 13842 - (1-39) 39 vertical photographs at 
9920' 

RCAF A 13841 - (1-124) 124 vertical photographs at 
5540' 

RCAF A 13780 - (47-191, 
327-349) 

168 vertical photographs at 
9400' 

NoTE:-Prints of the RCAF photographs listed above may be purchased from the National Air Photographie 
Library, Department of Mines and Technical Surveys, Ottawa, Ont. 
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TABLES OF EXTENDED DISTANCES FOR PPP, pPP, pPKP 
AND FOR P AT VERY SHORT DISTANCES 

BY 

J. H. HonGsoN, J. F. J. ALLEN AND J. IRMA CocK 

ABSTRACT 
The paper presents tables of extended distances for several secondary phases which are occasionally useful in 

fault-plane solutions, and extends earlier tables for P to very short distances. The tables are given for surface focus 
and for focal depths ranging from O ·OOR to O · 12R in steps of O ·OlR. They are consistent with earlier tables of 
extended distances so that the several phases can be used in a single solution. 

INTRODUCTION 

In recent years this Observatory has carried out a program to determine the direction 
of faulting in large earthquakes. The solutions are based on direction of motion data 
supplied by co-operating stations through the medium of questionnaires. Collaborators 
are urged to supply direction of motion data not only for the first phase but also for secon
dary P phases where the direction of motion can be read with confidence. Tables of 
extended distances for the secondary phases PcP, PP and pP have already been pub
lished1· 2. The present paper presents tables of extended distances for some other second
ary phases which have been reported frequently en_ough to suggest that the tables would 
be of value. 

Earlier tables of extended distances for P 3 were left incomplete at very short distances 
pending the completion of tables of extended distances for PKP. The missing entries 
are obtained automatically in the course of obtaining extended distances for pPKP and 
are presented in tabular form. 

DERIVATION OF THE TABLES 

There is one important basic principle underlying the derivation of these tables 
It has been discussed in earlier papers, but will bear repetition. In Figure 1, Fis supposed· 
to represent the focus of an earthquake. The technique of deriving tables of extended 

a 

FIGURE 1. 

1 J. H. Hodgson and J. F. J. Allen, "Tables of Extended Distances for~PKP and PcP", Publications of the 
Dominion Observatory, Vol. XVI, No. 10, 1954. 

2 J.H. Hodgson and J.F. J. Allen, "Tables of Extended Distances for PP and pP", Publications of the Dominion 
Observatory, Vol. XVI, No. 11, 1954. 

3 J.H. Hodgson and R. S. Storey, "Tables Extending Byerly's Fault-Plane Techniq1es to Earthquakes of Any 
Focal Depth", Bull. Seism. Soc. Am., 43, 49-61, 1953. 
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distances for deep-focus earthquakes has been to strip the earth to the depth of focus. 
Stations such as A, lying in the zone KK' and receiving their impulse from an upward 
rising ray, are thus lost to analysis. 

In an earlier paper3 it was shown that if AFB is a continuous ray, such that an earth
quake at A would give rise to the ray AFB, then the point A and the point B would re
ceive the same initial impulse, either both compressions, or both dilatations. Thus 
information obtained at a station A in the stripped zone need not be lost but may be used 
to infer the motion at F', the stripped earth equivalent of the point B. A and B are, of 
course, at exactly opposite azimuths, so that the extended distances of points such as A 
were given as equal to the extended distance of their related point F' but with a negative 
sign. 

The tables3 of extended distances for P may thus be used to obtain sets of related 
points, that is pairs of epicentral distances whose extended distances are equal in magni
tude but opposite in sign. For example the extended distance at O • 12R for 4 ° is -1 · 341. 
By interpolation, the extended distance for 76?1 is +1·341. 4° and 76?1 are related 
distances. 

N ow refer to Figure 2, in which A and B are related points, so that the extended 
distance of A is the negative of the extended distance of B. The ray FB gives rise, by 
reflection, to a PP ray emergent at C and to a PPP ray emergent at D. Since extended 
distance is a function only of the angle at which the generating ray leaves the focus, all 
these rays will have the same extended distance. Similarly a P phase recorded at A, a 
pP ray recorded at E and a pPP ray recorded at G will ail have the same value, but with 
a negative sign. 

FIGURE 2. 

By examination of the figure, and in the notation there defined, we have 

..0.PPP = 3 ..0.P + 2 .6p, 

.6pPP = 2 ..0.P + 3 .6p. 

(1) 

(2) 
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By putting a pair of related values .6.P and .6.p into these equations we will obtain values 
of .6.PPP and .6.pPP having numerically the same extended distance. For example, 
we have already seen that, for a focal depth of O.12R, 4° and 76?1 are related points 
with extended distance 1 · 341. Then 

.6.PPP = 3(76?1) + 2(4?0) = 236?3, 

.6.pPP = 2(76?1) + 3(4?0) 164?2, 

so that the extended distance of PPP at 236?3 is 1 ·341 while that of pPP at 164?2 is 
-1-341. 

By taking a number of pairs of related points, one rapidly obtains corresponding 
values of .6.PPP and .6.pPP. By plotting these against extended distance and reading 
off at even values of .6, the required tables are obtained. 

Table I (pages 89 to 92) gives extended distances for PPP, while Table II (pages 
93 to 96) gives those for pPP. 

In an earlier paper2 in which extended distances were given for PP and pP, it was 
found that the extended distances for pP did not approach zero smoothly. This was 
found to be due to a complicated cusp arrangement on pP. This cusp has since been 
demonstrated graphically by one of us4 and has been discussed analytically by Bullen5• 

An analagous cusp of course exists on pPP, and again prevents a smooth approach to zero. 
As an example, the ray diagram is shown in Figure 3 for a focal depth of O • 05R. The 
double cusp is clearly shown. The corresponding multiple values of extended distance 
have not been shown in the tables since the several sections of the cusp have not been 
observed in practice. Only the largest value of extended distance has been given in 
each case. 

Ray Paths for pPP waves 
Focal Depth O· os R 

FIGURE 3. 

We now turn our attention to obtaining extended distances for the phase pPKP. 
Consider Figure 4, which shows ray paths for PKP and for pPKP. Once again A and 
B are related points, and the extended distance of a P wave emergent at A and of a pPKP 

• P. L. Willmore and J . H . Hodgson, "Charts for Measuring Azimuth and Distance and for Tracing Seismic 
Rays through the Earth", Publications of the Dominion Observatory, Vol. XVI , No. 14, 1955. 

• K. E. Bullcn, "Features of Seismic pP and PP rays", M.N.R.A.S., Geoph. Suppl., in press. 

63255- 2½ 
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ray emergent at C are equal to each other and to the negative of the extended distance 
of a PKP wave emergent at B. In the notation of the figures: 

6pPKP = 6PKP + 2 6p. (3) 

Unfortunately the original tables of extended distances for P do not give values of 
6p corresponding to values of PKP, so that it is not possible to obtain sets of related 
points from those tables. However, values of 6p were obtained in deriving the tables 
of extended distances for PKP, although they were given a different symbol. If the 
reader will ref er to Figure 3 and the accompanying text of that earlier paper1 it will be 
seen that the angle which is here called 6p was there designated 0. Table II of that 
paper is typical of tables which were developed in that earlier work, in which values of 
id, the angle at which the ray leaves the focus of depth d, are related to values of 0,d, the 
angle corresponding to 6p. These original tables are still available in storage and were 
used in the present work. 

The method of procedure can probably best be illustrated by an example based on 
Table II of the earlier paper, although it happens to present a rather uninteresting case. 
That table gives values corresponding to a focal depth of 0 · 00R. For this focal depth 
and for an epicentral distance of 145°, the extended distance of PKP2 is 3-69. Then 
id(= io in this case) is cot-1 3-69, or 15?2. By the table, the corresponding value of 0.o 
is 0?08. Hence 6p = 0?08 and 6PKP2 = 145° are a pair of related points having the 
same numerical value of extended distance 3 · 69. By equation (3), this same value 
would apply to 

6pPKP2 = 145° + 2(0-08) = 145?2 

Hence, for a focal depth of 0-00R the extended distance of a P wave emergent at 0?08 
and that of a pPKP2 wave emergent at 145?2 are both -3-69. Selecting other values 
of 6PKP one computes the corresponding values of 6p and of 6pPKP and so builds 
up the required tables. 

Extended distances for pPKP1 are given in Table III (pages 97 and 98) of pPKP2 
in Table IV (page 99 ) and for Pat short distances in Table V (page 100). 
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TABLE I 

Extended Distances for PPP 

Depth h = 
t::,.• 

0·00 0·01 0 ·02 0-03 0·04 0·05 0·06 0·07 0·08 0-09 0·10 0·11 0·12 

9 0 ·041 

10 0·063 

11 0·084 
12 0·107 

13 0 ·130 
14 0·151 

15 0 · 173 
16 0·194 
17 0·216 

18 0·236 

19 0·256 0·032 

20 0 ·275 0·058 
21 0-294 0·079 
22 0·313 0·096 
23 0-332 0·112 
24 0 ·350 0· 124 

25 0·368 0· 138 
26 0·385 0·152 
27 0·403 0·165 
28 0·422 0·178 
29 0·440 0·192 

30 0·458 0·204 
31 0·476 0·216 0·035 
32 0·495 0 ·227 0·073 
33 0·504 0·239 0· 103 
34 0·532 0·251 0· 128 

35 0 ·549 0·263 0·149 
36 0·566 0·275 0 ·170 
37 0 ·583 0·286 0· 187 
38 0 -599 0·297 0 ·205 
39 0·615 0·309 0 ·220 

40 0·631 0·321 0·236 
41 0·657 0 ·333 0·250 0·095 
42 0·663 0·345 0·263 0 · 130 
43 0·679 0·358 0·276 0·157 
44 0·694 0· 372 0·288 0· 180 0·025 

45 0·711 0-387 0 ·293 0·202 0•074 
46 0·726 0·403 0·312 0·220 O·OJl 0· 114 
47 0 ·742 0 ·420 0-324 0 ·238 0 ·095 0· 142 
48 0·757 0·438 0 ·337 0-253 O· 127 O·IG7 
49 0·772 0·456 0·352 0·268 0· 155 0·034 0· 192 
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60 
0-00 0-01 

50 0-786 0-474 

51 0-800 0-491 

52 0-815 0-509 

53 0-830 0-529 

54 0-845 0-548 

55 0-858 0-566 

56 0-872 0 -584 

57 0-884 0-604 

58 0-897 0-624 

59 0·910 0-645 

60 0-923 0-665 

61 0-936 0-686 

62 0-949 0-708 

63 0-962 0-729 

64 0-975 0-750 

65 0-988 0-772 

66 1·001 0-794 

67 1-009 0·816 

68 1 ·017 0-838 

69 1-026 0-860 

70 1·034 0-882 

71 1·043 0-904 

72 1-051 0 -925 

73 1·060 0 -947 
74 1 ·069 0 -969 

75 1·078 0-990 
76 1-087 1-010 
77 1·096 1 ·031 
78 1·104 1-052 
79 l · 113 1-073 

80 1 · 122 1-095 
81 1-131 1-116 
82 l · 140 1 · 134 
83 l · 149 l · 153 
84 1-158 1-172 

85 1 · 166 1-189 
86 l · 174 1·206 
87 1-183 1·223 
88 1-192 1-241 

89 1·201 1 ·256 

90 1 ·210 1-271 
91 1-219 1-286 
92 1-228 1-301 
93 1 -236 1-317 
94 1·245 1-332 
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TABLE I (Continued) 

Extended Distances for PPP 

Depth h = 

0-02 0-03 0-04 0-05 0-06 0-07 0-08 0-09 

0-367 0-282 0-182 ····· 0-368 0-213 ..... . .. . . 
0-386 0 298 0-205 . . ... 0-417 0-233 ····· .. . .. 
0-404 0-319 0-225 0-043 0-449 0-253 ..... ..... 
0-425 0-346 0-252 0-489 0-472 0-275 ····· ..... 
0-449 0-375 0-321 0-538 0-495 0 -295 ·· · ·· ·· ·· · 

0-480 0-422 0-562 0·560 0-515 0-316 0-092 ..... 
0-606 0-556 0-610 0-580 0-530 0-337 0·128 ..... 
0-705 0-613 0-643 0-597 0-546 0-357 0-164 ..... 
l)-756 0-653 0-667 0-613 0-561 0-376 0·195 ..... 
0-784 0-690 0 -681 0-629 0-575 0-393 0-223 ····· 

0-806 0-722 0-703 0-643 0-588 0-411 0-251 0·000 
0-825 0-750 0-720 0·656 0-599 0-427 0-278 0-099 
0-843 0-777 0-733 0-669 0-610 0-442 0-303 0·137 
0-859 0-800 0-748 0·681 0-621 0·458 0-324 0-176 
0-875 0-817 0-761 0·692 0·633 0-473 0-346 0·206 

0-892 0-832 0-772 0-703 0·645 0-487 0-361 0·230 
0-906 0-846 0-784 0-714 0-657 0-502 0-376 0-254 

0·923 0·858 0·795 0 -724 0-668 0-517 0·392 0-277 

0-934 0-870 0·806 0·734 0-679 0-530 0-408 0·295 
0-947 0-881 0-815 0-744 0-690 0·541 0·422 0-312 

0·958 0-892 0-824 0-754 0-701 0-553 0·436 0-327 

0·969 0-902 0-833 0-764 0-710 0-564 0·449 0-343 

0-981 0-912 0-842 0-773 0-719 0-575 0-459 0·357 
0-993 0-922 0·849 0-783 0·727 0-587 0·471 0-369 
1-()04 0-933 0·857 0-792 0-735 0-597 0·484 0-380 

1-014 0-943 0-864 0-801 0-743 0-607 0·496 0-391 

1-025 0-952 0·871 0-810 0-751 0-616 0-505 0·402 
0-034 0-962 0-876 0-818 0-759 0-625 0-515 0·412 

1-043 0-971 0-882 0-826 0-767 0-634 0-525 0-421 

1-052 0-979 0·887 0-834 0-774 0 -643 0·534 0 -430 

1·061 0-987 0-892 0-842 0-782 0-651 0·543 0-438 

1-069 0-995 0·897 0-851 0-789 0-659 0-552 0-448 

1-077 1 ·003 0-902 0-858 0-796 0-667 0 -561 0-455 

1·086 1-010 0-907 0 -865 0·803 0-675 0-569 0-462 

1-094 1 ·017 0·912 0-871 0-810 0-682 0-577 0-470 

1-102 1-024 0·917 0-878 0·817 0·690 0-584 0-477 

1·110 1 ·031 0-922 0-884 0-824 0·696 0·592 0-484 

1·118 1-038 0-928 0-890 0-831 0-702 0-598 0·491 

1-126 1·045 0-934 0-896 0-840 0-707 0-605 0-498 

1 · 134 1 ·051 0 -939 0 -901 0-848 0 -712 0·611 0-505 

1 · 142 1·058 0-944 0-906 0-855 0-717 0-617 0·511 

1-149 1-064 0 ·949 0-911 0 -861 0-722 0-622 0·517 

1 · 156 1-071 0-954 0-916 0-868 0-726 0 -628 0-523 

1-163 1-077 0-959 0·921 0-874 0 -730 0-634 0-528 

1 · 170 1-083 0·U64 0·926 0 -880 0-733 0·639 0·534 

0-10 0-11 0-12 

..... ..... . .. .. 
··· ·· . ... . ····· 
... . . ····· . .... 
..... ..... ····· 
··· ·· ..... ..... 

... . . . .... . . . .. 

. .... ..... ·· ··· 

. .... ..... . . ... 

..... ..... . .... 

..... ..... . ... . 

.. . .. ..... . .... 

. .. .. . .... . .... 

..... ..... . .... 

... .. . .... . .... 

..... ..... . .... 

..... ..... . .... 

... .. ..... . ... . 
0-111 .. . .. . . ... 
0-163 ..... . .... 
0-191 ..... ..... 

0-218 ..... ... . . 
0-235 .. . .. ..... 
0-252 ..... · · · · · 
0-267 0-083 ·· ··· 
0-281 0·124 ..... 

0-293 0· 157 · ·· · · 
0·304 0-179 ..... 
0·315 0-197 0·039 
0-326 0·215 0-072 
0 -336 0-233 0-103 

0 -346 0-248 0·128 
0-355 0-261 0-151 

0·364 0-273 0-171 

0-372 0-285 0·192 
0-381 0·295 0 -207 

0-389 0-304 0-220 

0-396 0·313 0·232 

0 -403 0-321 0-243 
0-411 0 -329 0·254 
0-418 0-337 0-264 

0-425 0-344 0·273 
0-431 0-352 0·282 
0 -437 0 -358 0-290 

0 -443 0-365 0 ·298 

0-449 0 -372 0 -305 



l:,o 

0 ·00 

95 1·253 

96 1·262 

97 1·271 

98 1·280 

99 1·289 

100 1·297 

101 1·306 

102 1 ·315 

103 1 ·323 

104 1 ·332 

105 1·341 

106 1·350 

107 1·359 

108 1·368 

109 1·377 

110 1·386 

111 1·394 

112 1·403 

113 1 ·412 

114 1-421 

115 1·430 

116 1·439 

117 1·448 

118 1·456 

119 1·465 

120 1-474 

121 1·482 

122 1 ·491 
123 1·500 

124 1·508 

125 1 ·517 
126 1·526 
127 1·534 

128 1-544 

129 1 ·55'2 

130 1·561 

131 1·570 
132 1·579 

133 1 -587 

134 1·596 

135 1-604 

136 1 ·613 
137 1 ·622 
138 1 ·631 

139 1·640 
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TABLE I (Con'inued) 

Extended Distances for PPP 

Depth h = 

0·01 0·02 0·03 0·04 0·05 0·06 0·07 0·08 0-09 0-10 

1 ·347 1· 176 1·089 0 ·968 0 ·931 0·886 0 -736 0·645 0 ·540 0·455 

1 ·361 1 · 183 1 ·095 0·973 0 ·935 0·892 0·739 0·650 0-545 0·461 

1·373 1 · 189 1· 101 0-978 0-940 0·898 0•742 0·655 0·549 0·467 

1 ·386 1 ·195 1·106 0-983 0·944 0·905 0·745 0·660 0·555 0·472 

1·399 1 ·201 1 · 113 0·988 0-948 0·910 0·747 0·665 0·560 0-477 

1·411 1·206 1 · 119 0·993 0·952 0·916 0-750 0·670 0-565 0·482 

1·423 1 ·212 1 · 125 0-999 0-956 0-921 0·752 0-675 0 -570 0·487 

1·435 1 ·217 1 · 131 1 ·004 0·960 0·926 0 -754 0-679 0-575 0·493 

1·448 1 ·223 1 · 137 1 ·010 0·963 0·932 0·755 0·684 0·579 0 ·498 

1·460 1·229 1·143 1·015 0 ·967 0·938 0 ·757 0-689 0 ·584 0 ·503 

1·472 1·235 1 · 149 1-021 0·971 0-944 0·759 0-693 0 ·589 0·508 

1·483 1 ·241 1·155 1·028 0-975 0 ·950 0-761 0-698 0-594 0-513 

1 ·494 1·247 1·161 1·034 0·978 0-955 0·763 0·703 0·599 0·518 

1·505 1·252 1 ·167 1 ·040 0-981 0 ·960 0-766 0-707 0-604 ()-523 

1 ·515 1·258 1-172 1·046 0·984 0·965 0·769 0-711 0·609 0·528 

1·525 1·264 1·177 1·052 0-987 0·971 0-772 0·715 0·613 0·533 

1-534 1·270 1 · 183 1·059 0-990 0·976 0·775 0·719 0 -618 0·537 

1·543 1·276 1-188 1·066 0·993 0-981 0-779 0-723 0·623 0·542 

1·552 1·282 1·193 l ·071 0·996 0·986 0-782 0·727 0·628 0-547 

1-560 1·288 1 · 198 1·077 0-999 0·989 0-785 0·732 0·633 0·551 

1-569 1·294 1-203 1·083 1·002 0·992 0-789 0·736 0·637 0-556 

1·577 1·300 1·208 1·089 1·005 0·996 0·794 0·740 0-642 0·561 

1·585 1·306 1 ·213 1·096 1·008 1·000 0·800 0 -744 0·647 0·565 

1-594 1 ·312 1 ·217 1 · 102 1 ·010 1·003 0·805 0·747 0 -651 0-570 

1 ·601 1·318 1 ·222 1 ·108 1 ·013 1-006 0 ·812 0-751 0·656 0 ·574 

1·608 1-324 1·226 1·114 1·015 1·009 0-820 0-755 0-661 0 -579 

1 ·613 1 ·329 1 ·231 1 · 121 1 ·018 l ·012 0·826 0·758 0·666 0 ·584 

1 ·620 1 ·335 1 ·236 1 · 127 1 ·022 1 ·015 0-832 0·762 0-671 0·589 

1·626 1 ·342 1 ·241 1 · 134 1 ·026 1·017 0·839 0-766 0-676 0·594 

1 ·633 1·347 1·246 l · 141 1 ·031 1·020 0-84.6 0-770 0·681 0 ·600 

1·640 l ·353 1 ·251 1 · 148 1·035 1-023 0-852 0-774 0-686 0·605 

1-646 1·358 1 ·256 1 · 154 1·038 1·026 0-859 0-778 0·691 0·610 

1·652 1·365 1-261 1·161 1-042 1 ·030 0·866 0-783 0-696 0·616 

1 ·658 1-371 1 ·266 1 · 168 1 ·046 1·034 0-873 0·788 0·701 0·621 

1 ·664 1·377 1 ·271 1 • 175 1 ·051 1 ·037 0·879 0·793 0·706 0·627 

1·671 1·382 1 ·276 1 · 182 1 ·056 1·042 0·886 0·798 0·711 0·632 

1-678 1 ·388 1 ·281 1 · 188 1 ·061 1 ·046 0·892 0·803 0·716 0·638 

1·684 1 ·39-! 1 ·285 1·196 1 ·067 1·050 0·899 0-808 0·722 0·644 

1 ·691 1 -400 1-290 1·202 1-073 1 ·055 0-906 0-814 0·727 0·650 

1 · 698 1·405 1 ·295 1 ·209 1·080 1·060 0·912 0·820 0·733 0·656 

1·704 1·412 1·300 1 ·216 1 ·086 1 ·065 0·919 0·826 0·738 0·662 

1-711 1·418 1 ·305 1 ·223 1 ·092 1·071 0·926 0-832 0-743 0·668 

1 ·717 1·424 1 ·310 1 ·229 1-099 1·077 0·932 0·838 0-749 0-675 

1 ·723 1·430 1 ·315 1 ·235 1 · 106 1 ·082 0-939 0 ·844 0·754 0·682 

1-730 1·436 1 · 319 1 ·242 1 · 113 1 ·088 0-946 0·850 0·760 0·688 

91 

0·11 0·12 

0-378 0·313 
0·385 0·320 
0 ·391 0·328 

0·397 0·335 

0·403 0 ·343 

0-408 0·350 
0·413 0-357 

0·418 0·364 

0·423 0·371 

0·428 0-377 

0-433 0·383 
0·438 0·389 

0·443 0·396 
0·448 0-402 

0·453 0·407 

0 ·457 0·413 

0·462 0·418 
0·467 0·423 

0·472 0·429 
0-477 0·434 

0 -482 0-440 

0 -487 0·446 

0·492 0-451 

0 -497 0·457 

0·501 0-462 

0·506 0 ·468 

0·511 0·473 

0·516 0·478 
0-522 0·484 

0·527 0-490 

0-532 0·495 

0·537 0·501 
0-543 0·507 

0 ·550 0-513 

0·556 0 ·519 

0·562 0·525 

0·568 0·531 
0-574 0-537 

0·580 0 ·543 

0 ·586 0-549 

0 ·592 0·556 

0·598 0·562 
0-605 0·568 
0·612 0 -575 

0·618 0·582 



92 

t:,• 

0·00 0·01 

140 1·648 1·737 

141 1 ·657 1·743 

142 1 ·665 1·750 

143 1·674 1•756 

144 1 ·683 1·762 

145 1 ·691 1 ·769 

146 1·700 1 ·775 

147 1 ·709 1 ·781 

148 1·718 1·788 

149 1•726 1·794 

150 1 ·735 1-801 

151 1·744 1·808 

152 1·752 1 ·814 

153 1 ·761 1·820 

154 1·770 1·827 

155 1 ·779 1·833 

156 1·787 1·840 

157 1·796 1·846 

158 1·804 1·852 

159 1·813 1-859 

160 1·822 1·865 

161 1·831 1 ·871 
162 1·840 1-878 

163 1·849 1·884 

164 1·857 1 ·891 

165 1·866 1·898 

166 1·874 1·904 
167 1·883 1·910 

168 1·892 1 ·917 

169 1·900 1·923 

170 1·909 1·930 
171 1·918 1·936 
172 1 ·926 1·942 
173 1 ·935 1·949 
174 1·944 1·955 

175 1·952 1 ·961 
176 1 ·961 1·968 
177 1·970 1 ·974 
178 1•979 1 ·981 
179 1·987 1·988 

180 1 ·996 1 ·994 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

TABLE I (Concluded) 

Extended Distances f or PPP 

Depth h = 

0·02 0·03 0·04 0·05 0 ·06 0·07 0·08 0·09 

1 ·441 1·324 1·248 1·120 1·094 0·953 0·856 0·766 
1·447 1 ·329 1·255 1 · 127 1·100 0·960 0·862 0·773 
1·453 1 ·333 1 ·262 1 ·135 1·106 0·966 0·868 0•780 
1·459 1·338 1·270 1·142 l · 111 0·973 0 •874 0·787 
1·465 1·342 1·277 1 · 149 1 ·116 0·980 0·880 0·794 

1·471 1·347 1·284 1·157 1 · 122 0·987 0·886 0·801 
1 •477 1·351 1·290 1·165 1 · 127 0·990 0·892 0·807 
1 ·483 1·355 1·296 1·174 1 · 132 1·002 0·898 0·813 
1 ·489 1·360 1·302 1·182 1·138 1·009 0·904 0·820 
1·495 1·364 1·309 1 ·191 1·143 1 ·016 0·910 0·827 

1·501 1 ·369 1 ·315 1·200 1 · 148 1·023 0·917 0 ·834 
1·507 1·373 1·322 1·208 1 · 153 1·030 0·925 0 ·841 
1·513 1·378 1·328 1·216 1 ·159 1·037 0·932 0·847 
1·518 1·384 1 ·335 1·225 1· 165 1·045 0·939 0·854 
1·525 1·388 1·342 1·233 1·172 1·052 0·946 0·860 

1·531 1·394 1 ·348 1·242 1 ·180 1·060 0·954 0·867 
1·536 1·400 1·354 1·250 1·188 1·067 0·961 0-874 
1·542 1 ·406 1·360 1·258 1· 196 1·074 0·969 0·881 
1·548 1 ·411 1·367 1·267 1·204 1·081 0·976 0·887 
1·554 1 ·417 1·375 1·276 1·213 1·088 0·984 0·894 

1·560 1·422 1 ·382 1·284 1·221 1·095 0·992 0·901 
1·566 1·428 1·389 1·292 1·230 1 · 102 0·999 0 ·908 
1·572 1·434 1·396 1 ·301 1 ·238 1·110 1·006 0·915 
1·578 1·440 1·402 1·309 1·247 1 ·117 1·014 0·922 
1·584 1·447 1·409 1·318 1·255 1 · 125 1·022 0·929 

1·589 1·453 1·416 1·326 1·263 1·131 1·029 0 -937 

1·595 1·460 1 ·423 1·335 1·271 1· 139 1 ·036 0·944 
1·601 1·467 1·430 1·343 1·279 1·146 1-043 0·951 
1 ·607 1 ·473 1 ·437 1·351 1·287 1 · 153 1 ·051 0·958 
1 ·613 1·479 1·445 1·359 1·295 1 · 160 1·058 0·966 

1·620 1·486 1 ·452 1·368 1·303 1· 167 1·066 0·974 
1·626 1 ·493 1·460 1·376 1 ·311 1 · 175 1·073 0·982 
1·631 1·500 1 ·467 1·385 1·319 1 · 182 1·080 0·989 

1 ·637 1·506 1·475 1·393 1·327 1·190 1·087 0·997 

1·643 1 · 513 1·482 1·402 1·335 l· 197 1·095 1-()04 

1·649 1 ·521 1·489 1 ·412 1·343 1·204 1·102 1 ·012 

1 ·655 1·528 1·496 1 ·421 1·351 1 ·212 1 ·109 1·020 
1·661 1·536 1 ·503 1 ·431 1·360 1 ·220 1·117 1·027 

1 ·667 1·543 1 ·511 1 ·439 1·368 1·228 1 ·125 1 ·034 

1 ·673 1·551 1·519 1·449 1·376 1 ·236 1 · 132 1·041 

1 ·679 1·559 1·527 1·458 1·384 1·243 1·140 1·049 

.. 

0·10 0· 11 0·12 

0 ·694 0-625 0·588 
0·701 0·631 0·595 
0·707 0·638 0·601 
0 •713 0·644 0·608 
0·720 0·650 0·614 

0·726 0·658 0·621 
0·733 0-665 0·628 
0·739 0-672 0·635 
0·746 0·679 0·642 
0·752 0·687 0 ·649 

0·758 0·694 0·657 
0·765 0·702 0·664 
0-773 0 •709 0·671 
0-780 0-717 0·678 
0·787 0 ·724 0·685 

0·795 0·732 0·692 
0·802 0·739 0·700 
0·810 0·747 0·707 
0·817 0·754 0·714 
0·824 0·762 0·722 

0·832 0·769 0·729 
0·839 0·777 0-737 

0·847 0·784 0·744 
0·854 0·792 0·752 

0·861 0·800 0·759 

0·868 0-807 0·767 

0·876 0-814 0·774 

0·883 0·822 0-782 

0 ·891 0-829 0-789 

0·898 0-837 0·797 

0·906 0·845 0·804 

0·913 0·853 0·812 

0·920 0·861 0·819 

0·928 0 ·868 0·826 

0·935 0·876 0·833 

0·943 0·883 0·841 

0·950 0·891 0·848 

0·957 0·898 0·856 
0·965 0·906 0·863 

0·973 0·913 0-871 

0·980 0·921 0·879 



0·00 

8 -0 ·054 

9 -0·079 

10 -0·105 
11 -0· 131 
12 -0·157 

13 -0· 182 

14 -0-207 

15 -0·233 
16 -0·259 
17 -0-285 

18 -0 ·310 
19 -0·337 

20 -0·363 
21 -0·388 
22 -0 ·414 
23 -0·440 
24 -0 ·465 

25 -0·491 
26 -0·516 
27 -0·541 
28 -0·567 
29 -0 ·593 

30 -0·619 
31 -0·645 
32 -0·670 
33 -0 ·696 
34 -0·722 

35 -0·748 
36 -0·774 
37 -0·800 
38 -0 ·826 
39 -0·852 

40 -0·877 
41 -0·903 
42 -0·930 
43 -0 ·955 
44 -0·980 

45 -1 •007 
46 -1·028 
47 -1 ·046 
48 -1-065 
49 -1·084 

TABLES OF EXTENDED DISTANCES FOR PPP, pPP, pPKP AND P 

0·01 0·02 0·03 

-0·050 ... . . ..... 
-0·098 

-0· 126 ... .... . . 
-0· 152 
-0·176 
-0· 199 
-0·218 

-0·238 
-0·257 
-0•276 
-0 ·296 
-0·315 

-0 ·335 -0· 124 
-0·358 -0·187 
-0·388 -0·213 
-0·419 -0·252 
-0·450 -0·279 

-0·480 -0·302 
-0·510 -0·327 
-0 ·542 -0·352 
-0·573 -0 ·380 
-0 ·603 -0·429 -0·210 

-0·634 -0·480 -0·258 
-0 ·665 -0·664 -0·300 
-0·695 -0·787 -0,686 
-0·726 -0·809 -0 ·736 
-0 ·757 -0·825 -0·768 

-0·788 -0·839 -0·796 
-0·819 -0·852 -0·815 
-0·850 -0·864 -0·831 
-0 -880 -0•876 -0·845 
-0·911 -0 ·888 -0·858 

TABLE II 

Extended Distances for pP P 

Depth h = 

0·04 0·05 0-06 0·07 

. . ' . . . 

.. .. . . . ... . .. . 

· ·· · ··· •·· 

. . . . ... 

. . .. . . . ·•···· · 

. .. 

....... .. 
-0·619 -0 ·508 
-0·673 -0·577 -0·471 -0· 103 

-0·702 -0·608 -0·518 -0 · 168 
-0·725 -0 ·634 -0 -548 -0·224 
-0·747 -0·660 -0·576 -0·278 
-0·767 -0-681 -0·598 -0·324 
-0·786 -0·702 -0·620 -0·367 

0·08 0·09 0·10 

. . .., ... . ... 

. . .. . 

. . ... .. ·· ··· 

.. 

. .... 

· · · ·· ·· 

... . . . . .. . 

93 

0 · 11 0· 12 

..... 

. . ... .. . .. 

·· · ···· . . . 

· • ·· ... .. ... 
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l:,. 

0·00 0·01 

50 -1 · 101 -0 ·942 

51 -1· 119 -0·974 
52 -1 · 138 -1 ·004 
53 -1· 1-57 -1·036 

54 -1 · 175 -1·067 

55 -1 · 194 -1·099 
56 -1 ·213 -1·110 

57 -1 ·232 -1 · 122 
58 -1 ·251 -1 · 134 
59 -1·269 -1 · 146 

60 -1·288 -1 · 159 
61 -1·307 -1 · 171 
62 -1·325 -1 ·183 
63 -1·344 -1 ·196 
64 -1 ·362 -1 ·208 

65 -1·380 -1·220 

66 -1 ·398 -1 ·232 
67 -1 ·414 -1·244 
68 -1·432 -1 ·256 

69 -1 ·449 -1 ·268 

70 -1 ·467 -1 ·279 
71 -1·482 -1·291 
72 -1 ·498 -1 ·303 
73 -1 ·412 -1 ·315 
74 -1 ·527 -1·328 

75 -1 ·541 -1·340 
76 -1 ·556 -1 ·352 
77 -1 ·572 -1 ·364 
78 -1 ·589 -1·376 
79 -1·604 -1·388 

80 -1 ·622 -1 ·400 
81 - 1 ·638 -1 ·413 
82 -1 ·653 -1 ·426 
83 -1·669 -1 ·438 
84 -1·684 -1 ·449 

85 -1•700 -1 ·461 
86 -1·714 -1 ·473 
87 -1·728 -1·485 
88 -1·742 -1 ·497 
89 -1 ·756 -1 ·509 

90 -1 •769 -1 ·522 
91 -1 ·781 -1·534 
92 -1 •794 -1·545 
93 -1 ·808 - 1 ·558 
94 - 1 ·822 -1·570 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

TABLE II (Continued) 

Extended Distances for pPP 

Depth h = 

0·02 0·03 0·04 0 ·05 0·06 0·07 0·08 0·09 

-0·900 -0·870 -0 ·804 -0·719 -0·640 -0 ·409 ....... ·····•· . 
-0·912 -0·881 -0·820 -0·737 -0·659 -0 ·442 . ... . . . . ..... . 
-0·923 -0·892 -0·835 -0·753 -0·678 -0·470 . .... ....... 
-0 ·933 -0·902 -0·848 -0·768 -0·695 -0 ·500 -0·204 . ...... 
-0·944 -0·911 -0 ·861 -0·783 -0·711 -0·527 -0·318 ....... 

-0·955 -0·920 -0·873 -0·797 -0·726 -0·551 -0·362 ....... 
-0·966 -0·930 -0·885 -0·812 -0·740 -0 ·571 -0·400 .. . ... . 
-0·977 -0·939 -0·898 -0·826 -0·753 -0·590 -0·432 . .. . ... 
-0 ·988 -0·949 -0·912 -0·840 -0·765 -0·607 -0·456 .. . .... 
-0·999 -0 ·958 -0·925 -0·852 -0-778 -0·622 -0·478 -0·285 

-1·009 -0·968 -0·937 -0·863 -0·790 -0·637 -0-500 -0·330 
-1·019 -0·977 -0·949 -0 ·872 -0·802 -0·651 -0·518 -0·359 
-1·030 -0 ·987 -0·960 -0·881 -0·813 -0·665 -0·535 -0 ·383 
-1 ·041 -0·997 -0-971 -0·890 -0·824 -0·677 -0·552 -0·404 
-1 ·051 -1·006 -0·982 -0·898 -0·835 -0-687 -0·565 -0 ·425 

-1·062 -1 ·015 -0·992 -0·906 -0·845 -0·698 -0 -578 -0·440 
-1·073 -1 ·025 -1 ·001 -0·915 -0·854 -0·709 -0·589 -0·453 
-1·084 -1 ·034 -1·011 -0·923 -0·861 -0·719 -0·600 -0·465 
-1·095 -1·044 -1 ·020 -0·931 -0·868 -0·728 -0·610 -0•478 
-l · 106 -1 ·053 -1·030 -0·939 -0·875 -0·737 -0·620 -0·491 

-1 · 116 -1 ·062 -1 ·040 -0·947 -0·881 -0-746 -0·629 -0·503 
-1 · 127 -1 ·072 -1·049 -0 ·955 -0·888 -0·755 -0·638 -0·511 
-1 · 138 -1 ·081 -1 ·058 -0·963 -0·895 -0·761 - 0·646 -0·521 
-1· 149 -1 ·090 -1 ·067 -0·970 -0·902 -0-772 -0·654 -0·530 
-1· 160 -1·100 -1 ·076 -0·978 -0·909 -0·780 -0·662 -0·540 

-1 · 170 -1 · 110 -1·085 -0·986 -0 ·916 -0·787 -0·669 -0·549 
-1 · 181 -1 · 119 -1·094 -0·994 -0 ·923 -0-794 -0·675 -0·558 
-1 · 192 -1 · 128 -l · 103 -1 ·002 -0·930 -0·801 -0·682 -0·568 
-1·203 -1 · 137 -1·111 -1 ·010 -0·937 -0·808 -0·689 -0·577 
-1·214 -l · 147 -1·118 -1 ·018 -0·944 -0·814 -0·696 -0·583 

-1 ·225 -1 · 157 -l · 126 -1 ·026 -0·951 -0·820 -0·702 -0·591 
-1 ·235 -1 · 166 -l· 133 -1 ·034 -0·958 -0·827 -0·709 -0 ·598 
- 1·246 -1 · 176 -1· 139 -1·042 -0·965 -0·834 -0 ·716 -0·606 
-1 ·257 -l · 185 -l · 145 -1 ·050 -0 ·971 -0·840 -0 ·722 -0·613 
-1 ·268 -1 · 194 -1 · 150 -1 ·058 -0·978 - 0 ·847 -0·729 -0 ·621 

-1 ·278 -1·204 -1 · 155 -1 ·066 -0·986 -0 ·854 -0·735 -0·629 
-1 ·289 -1 ·213 -l · 160 -1 ·074 -0·993 -0 ·860 -0 ·742 -0·636 
-1·300 -1·222 -1 · 166 -1 ·082 -1 ·001 -0·867 -0 -749 - 0 ·644 
-1 ·311 -1 ·232 -1·171 -l ·090 -1 ·008 -0·874 -0·756 -0 ·652 
-l ·321 -1 ·241 -1 ·176 -1 ·099 -1 ·016 -0·881 -0·762 -0·659 

-1 ·332 -1 ·251 -1 · 181 -1 · 109 -1·025 -0·888 -0·769 -0·669 
- 1 ·343 -1 ·260 -1 · 193 -1 · 118 - 1 ·033 -0·895 -0·777 -0·677 
-1 ·354 -1 ·270 -1·204 -1 ·128 -1·042 -0·902 -0 •784 -0-685 

-1 ·365 - 1 ·279 -1·214 -1 · 138 -1 ·052 -0 ·910 -0 ·791 -0·693 
-1 ·376 -1 ·288 - 1 ·225 -1·148 -l ·061 -0·917 -0·799 - 0·702 

0·10 0 · 11 0·12 

.... . . . ...... . ...... 

. .... . . . .... . . ······• 

· ·· · · ·· ··· ·· ····· 
...... ....... ······ · 
······· .... . .. ....... 

. ... ... . . ... .. · ······ 

...... . ... .. .. ···· ··· 

.... . .. · ·· · ··· ······· 

. ... . .. . ...... . ...... 
······· · · ··· · · ...... . 

...... ·•··••· ........ 

.. . . ... ....... . ..... . 

...... •··· · · . ...... 

...... . · · · ···· ... .. . . 
-0 ·255 . ... . .. ....... 

-0 ·292 ..... . . ···· ··· 
-0 ·317 . ... . . . . .. . ... 
-0·336 ..... .. ....... 
-0·358 ··· ·•· · ....... 
-0·374 ....... ....... 

-0 ·388 . ... . . . .... ... 
-0·401 -0·240 · · ·• ·· · 
-0·414 -0·279 ....... 
-0·427 -0·304 .. ... .. 
-0·438 -0·321 ....... 

-0·448 -0 ·339 .. ..... 
-0·458 -0·352 . . . ... . 
-0·468 -0 ·365 -0·200 
-0·477 -0·378 -0·243 
-0·486 -0·389 -0·271 

-0·495 -0·400 -0 ·290 
-0·503 -0·410 -0·310 
-0·511 - 0·420 -0·327 
-0·519 -0·428 - 0·342 
-0·527 -0·437 -0·356 

-0·534 -0·445 -0 ·368 
- 0·541 -0 ·453 -0 ·380 
-0·549 -0 ·461 - 0·392 
-0·557 -0·469 -0·403 .. 
-0·565 -0·477 -0 ·413 

-0-572 - 0·485 - 0 ·423 
-0·580 -0·493 -0·433 

-0·589 -0·502 - 0 ·442 
-0 ·598 -0 ·510 -0·451 
- 0·607 -0 ·518 -0 ·461 



D. 0 

0·00 

95 -1·837 
96 -1 ·851 
97 -1·866 
98 -1·880 
99 -1 ·893 

100 -1·906 
101 -1 ·918 
102 -1 ·931 
103 -1·943 
104 -1·956 

105 -1·968 
106 -1·980 
107 -1·992 
108 -2·004 
109 -2 ·017 

110 -2 ·030 
111 -2·042 

112 -2·055 
113 -2·069 
114 -2·081 

115 -2·094 
116 -2·106 
117 -2·120 
118 -2·134 
119 -2·148 

120 -2·161 
121 -2 · 173 
122 -2·186 
123 -2· 198 
124 -2·211 

125 -2·223 
126 -2·235 
127 -2·247 
128 -2·259 
129 -2·270 

130 -2·281 
131 -2·292 
132 -2 ·303 
133 -2·315 
134 -2·327 

135 -2·339 
136 -2·352 
137 -2·365 
138 -2·377 
139 -2·389 

TABLES OF EXTENDED DISTANCES FOR PPP, pPP, pPKP AND P 

TABLE II (Continued) 

Extended Distances for pPP 

D epth h = 

0 ·01 0·02 0·03 0·04 0·05 0 ·06 0·07 0 ·08 0·09 0·10 

-1·582 -1 ·387 -1·298 -1 ·236 -1 · 158 -1·070 -0·924 -0·808 -0·710 -0·616 

-1·594 -1·398 -1 ·307 -1·247 -1 · 168 -1 ·078 -0·932 -0·816 -0·719 -0·625 

-1·606 -1·409 -1 ·317 -1·258 -1 · 178 -1 ·087 -0·940 -0·824 -0-727 -0 ·633 

-1 ·619 -1·420 -1 ·326 -1·269 -1 · 188 -1 ·097 -0·948 -0 ·832 -0·735 -0·642 

-1·631 -1·430 -1·335 -1·280 -l · 198 -1 · 106 -0·956 -0·841 -0 ·744 -0 ·651 

-1·642 -1·441 -1 ·344 -1 ·291 -1 ·209 -1 · 116 -0·964 -0·850 -0·752 -0·661 

-1·654 -1·451 -1·353 -1·302 -1·219 -1 · 126 -0·973 -0·860 -0·760 -0·671 

-1 ·667 -1·462 -1 ·362 -1 ·313 -1·229 -1 · 136 -0·982 -0 ·869 -0·769 -0·681 

-1 •679 -1·473 -1·371 -1·324 -1 ·239 -1 · 146 -0·991 -0·878 -0·780 -0·691 

-1 ·692 -1·484 -1·380 -1 ·335 -1 ·249 -1 · 155 -1 ·001 -0·888 -0·791 -0-701 

-1 ·706 -1·496 -1 ·395 -1 ·346 -1·260 -l · 165 -1 · 013 -0·898 -0·802 -0·712 

-1 ·720 -1·506 -1·408 -1 ·357 -1 ·270 -1 ·175 -1·023 -0·910 -0·813 -0·723 

-1 ·731 -1 ·517 -1 ·421 -1 ·368 -1·280 -1 ·185 -1 ·034 -0·922 -0·824 -0·734 

-1-741 -1·528 -1 ·435 -1 ·379 -1·290 -1 · 194 -1·045 -0·933 -0·834 -0·745 

-1·751 -1 ·538 -1·449 -1·390 -1·300 -1·204 -1·055 -0·945 -0·845 -0-757 

-1·764 -1·548 -1·462 -1 ·401 -1·310 -1·214 -1 ·066 -0 ·957 -0·857 -0·768 

-1·776 -1·559 -1·475 -1 ·412 -1 ·320 -1·225 -1·077 -0·969 -0 ·867 -0-779 

-1·788 -1·570 -1·489 -1·423 -1·330 -1·236 -1 ·088 -0·981 -0·878 -0·791 

-1·800 -1·580 -1·503 -1·434 -1 ·340 -1 ·249 -l· 100 -0·993 -0 ·889 -0·803 

-1·812 -1 ·591 -1 ·516 -1·445 -1·350 -1 ·261 -1·112 -1·005 -0 ·900 -0·815 

-1·824 -1·602 -1 ·530 -1 ·456 -1 ·360 -1 ·274 -1 · 124 -1·016 -0·911 -0·827 

-1 ·836 -1 ·612 -1·544 -1·467 -1·370 -1 ·287 -1 · 135 -1 ·028 -0·922 -0·839 

-1·849 -1·623 -1·557 -1·478 -1·380 -1 ·300 -1 · 147 -1·040 -0·934 -0·852 

-1 ·861 -l ·634 -1·570 -1·489 -1 ·390 - 1 ·312 -1 · 159 -1·052 - 0·945 -0·865 

-1 ·873 -1·645 -1·584 -1·500 -1 ·400 -1 ·325 -l · 172 -1·064 -0·957 -0·877 

-1·885 -1·655 -l ·598 -1 ·510 -1 ·412 -1 ·337 -1 · 184 -1 ·076 -0·969 -0 ·888 

-1·898 -1·666 -l ·611 -1 ·521 -1 ·425 -1 ·349 -l · 197 -1 ·088 -0·981 -0 ·900 

-1·910 -l ·676 -l ·625 -1·532 -1 ·439 -1·361 -1 ·209 -l ·099 -0·992 -0·913 

-l ·922 -1 ·687 -l ·639 -1 ·543 -1 ·453 -1·374 -1·221 -1·110 -1·004 -0·925 

-1·934 -1 ·698 -l ·652 -1·554 -1·467 -l ·386 -l ·233 -1 · 122 -1·015 -0 ·937 

-1·946 -l ·711 -l ·665 -l ·565 -1 ·481 -1 ·399 -1·245 -l · 134 -l ·027 -0 ·949 

- 1 ·958 -1·725 -1 ·679 -1·476 -1 ·496 -1 ·411 -1 ·257 -1 · 146 -1 ·039 -0·961 

-1 ·970 -1·740 -1 ·692 -1 ·587 -1 ·510 -1·424 -1 ·270 -1 · 158 -1 ·052 -0·972 

-1·982 -1·754 -1 ·706 -1 ·598 -1 ·524 -1 ·436 -1·282 -1 · 170 -1 ·064 -0·984 

-1·994 -1·769 -1·719 -1·609 -1 ·538 -1 ·449 -1·294 -1 · 182 -1·076 -0·996 

-2·007 -1·783 -1·733 -1 ·620 -1·551 -1 ·461 -1 ·306 -1 ·194 -1 ·089 -1·008 

-2·020 -1·797 -1·747 -1 ·631 -1 ·565 -1·474 -1 ·318 -1·206 -1 ·101 -1 ·020 

-2·031 -1 ·811 -1 ·760 -1·642 -1 ·580 -1 ·486 -1 ·330 -1·218 -1 · 114 -1 ·032 

-2·043 -1 ·825 -1·774 -1 ·656 -1 ·593 -1 ·499 -1 · 342 -1·230 -1 ·126 -1·044 

-2·055 -1 ·839 -1·788 -1·670 -1 ·608 -1 ·512 -1 ·355 -1 ·241 -1·138 -1·056 

-2·068 -1 ·853 -1 ·801 -1 ·687 -1 ·622 -1·524 -1·368 -1 ·253 -1 · 150 -1·068 

-2·080 -1 ·868 -1 ·815 -1 ·702 -1 ·636 -1 ·536 -1 ·379 -1 ·265 -1 · 162 -1 ·080 

-2·092 -1 ·883 -1 ·828 -1 ·718 -1 ·650 -1 ·549 -1 ·391 -1 ·278 -1·175 -1·092 

-2· 105 -1·897 -1 ·841 -1·734 -1·664 -1 ·561 -1·404 -1 ·290 -1 · 188 -1·104 

-2· 117 -1·911 -1 ·855 -1·750 -1·678 -1 ·574 -1·416 -1 ·302 -1·200 -1 · 115 

95 

0 ·11 0· 12 

-0·526 -0·470 
-0·535 -0·480 
-0·544 -0·490 
-0·553 -0·,500 
-0 ·563 -0·510 

-0·573 -0·520 
-0·583 -0·530 
-0·595 -0·540 
-0·607 -0·551 
-0·618 -0·562 

-0·629 -0-573 
-0 ·640 -0·58.5 
-0·651 -0 ·597 
-0 ·662 -0·609 
-0·675 -0·620 

-0·688 -0·632 
-0·700 -0·644 
-0·712 -0·655 
-0·724 -0·667 
-0·737 -0·680 

-0·750 -0·693 
-0·761 -0-705 
-0·774 -0·718 
-0 -788 -0·731 
-0·801 -0 -743 

-0·813 -0·756 
-0·826 -0·769 
-0·839 -0·782 
-0·852 -0·794 
-0·865 -0·807 

-0·877 -0·819 
-0·889 -0·832 
-0·902 -0·845 
-0·914 -0·858 
-0·926 -0·871 

-0·939 -0·884 
-0·951 -0 ·896 
-0·962 -0·909 
-0·974 -0·921 
-0·985 -0·934 

-0·997 -0·947 
-1 ·009 -0·960 
-1 ·021 -0·972 
-1 ·032 -0·985 
-1·044 -0·998 
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1::,.0 

0·00 0·01 

140 -2·401 -2·129 
141 -2-413 -2·141 
142 -2·425 -2· 153 
143 -2·437 -2· 166 
144 -2-449 -2·178 

145 -2·461 -2·190 

146 -2•472 -2·202 
147 -2·483 -2·214 
148 -2·494 -2·227 

149 -2 ·505 -2·240 

150 -2-516 -2·252 

151 -2·528 -2 ·263 
152 -2-539 -2-275 

153 -2·551 -2·288 
154 -2·562 -2-300 

155 -2 -573 -2·312 
156 -2-584 -2-324 
157 -2 ·596 -2·336 
158 -2·608 -2-348 

159 -2·619 -2-361 

160 -2·630 -2·373 
161 -2·640 -2·385 
162 -2 ·651 -2·397 
163 -2·662 -2-406 
164 -2 ·673 -2-415 

165 -2·684 -2·425 
166 -2·695 -2·435 
167 -2-706 -2·445 
168 -2-717 -2-455 
169 -2·727 -2·466 

170 -2·737 -2·477 
171 -2-747 -2·489 
172 -2-756 -2-500 
173 -2·766 -2·510 
174 -2-776 -2·520 

175 -2-786 -2·531 
176 -2-797 -2-542 
177 -2·807 -2·554 
178 -2·817 -2-566 
179 -2·827 -2·578 

180 - 2·837 -2·590 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

TABLE II (Concluded) 

Extended Distances for pP P 

Depth h = 

0-02 0-03 0·04 0·05 0-06 0·07 0·08 0·09 

-1·925 -1·868 -1-766 -1·692 -1 ·587 -1 ·428 -1·313 - 1·213 
-1 ·939 -1·882 -1·783 -1-706 -1 ·601 -1-441 -1·326 -1 ·225 
-1·953 -1-896 -1 ·799 -1-720 -1·618 -1 ·456 -1-340 -1·237 
-1·967 -1·909 -1·815 -1·734 -1 ·634 -1-471 -1·354 -1·250 
-1 ·981 -1-922 -1·832 -1-748 -1-650 -1 ·486 -1·368 -1·264 

-1·995 -1·936 -1·849 -1 ·762 -1·667 -1 ·501 -1-382 -1-278 
-2-010 -1·949 -1·865 -1-776 -l ·683 -1 ·516 -1·397 -1·292 
-2·024 -1·963 -1 ·881 -1-790 -1·700 -1·531 -1·411 -1·305 
-2-038 -1·976 -1·898 -1 ·804 -1·718 -1 ·546 -1·425 -l ·319 
-2·052 -1·990 -1 ·915 -1·818 -1-733 -1 ·561 -1·440 -1·332 

-2·066 -2·004 -1-932 -1·832 -1-749 -1·575 -l ·453 -1-346 
-2-080 -2-017 -1·949 -1 ·846 -1·765 -l ·590 -1·468 -1 ·360 
-2·094 -2·031 -1 ·966 -1·860 -1 ·781 -1 ·605 -1·482 -1 ·374 
-2-109 -2·044 -1 ·983 -1-874 -1-798 -1·620 -1 ·496 -1·388 
-2·123 -2·060 -1·999 -1 ·888 -1·814 -1·636 -1 -510 -1-401 

-2·137 -2·080 -2·016 -1·902 -1·831 -1 ·651 -1·525 -1-415 
-2-151 -2·100 -2-033 -1·916 -1-847 -1 ·667 -1 ·539 -1·429 
-2-165 -2·119 -2·050 -1·930 -1·863 -1·682 -1·554 -1 ·442 
-2· 180 -2· 138 -2·067 -1·944 -1·880 -1·697 -1·568 -1·456 
-2·194 -2· 156 -2-084 -1·960 -1-896 -1-712 -1-583 -1-470 

-2·208 -2·175 -2· 101 -1-978 -1·913 -1-728 -1-597 -1·485 
-2·222 -2· 193 -2· 118 -1·995 -1·929 -1·743 -1·612 -1·500 
-2-236 -2·210 -2·135 -2·014 -1·945 -1·758 -1·626 -1 ·516 
-2·250 -2·225 -2·152 -2-032 -1-961 -1-773 -1-639 -1 ·531 
-2·265 -2·239 -2· 169 -2·051 -1-978 -l ·788 -1·653 -1·547 

-2 ·279 -2·251 -2-186 -2·069 -1 ·994 -1·803 -1 ·666 -1·562 
-2·293 -2-263 -2·203 -2·088 -2·011 -1 ·818 -1·679 -1·577 
-2-307 -2-275 -2·219 -2· 107 -2-027 -1-834 -1·692 -1-592 
-2·321 -2·287 -2·236 -2· 126 -2 ·043 -1 ·849 -1 •705 -1 ·608 
-2·335 -2-298 -2-252 -2·144 -2·060 -1·866 -1-718 -1 ·622 

-2·350 -2·308 -2-268 -2· 164 -2·076 -1·884 -1-731 -1·638 

-2·364 -2·318 -2·285 -2·183 -2-092 -1 ·900 -1-744 -1·654 
-2-379 -2·328 -2-301 -2·200 -2-109 -1 ·918 -1-757 -1 ·669 
-2·393 -2·337 -2 ·318 -2·218 -2·125 -1 ·935 -1 •770 -1·684 
-2-408 -2-345 -2·334 -2·234 -2·141 -1 -952 -1-783 -1 ·699 

-2·422 -2-354 -2·351 -2·250 -2 -157 -1-969 -1 ·796 -1 -714 

-2·136 -2·362 -2-367 -2 ·265 -2·174 -1 ·985 -1·809 -1 ·729 

-2·450 -2-370 -2·383 -2·279 -2-187 -2·000 -1 ·823 -1-744 

-2-464 -2 -377 -2-397 -2·292 -2·200 -2·015 -1·836 -1 ·760 

-2·478 -2·384 -2·412 -2·304 -2-213 -2 ·030 -1 ·849 -1-775 

-2·492 -2-391 -2-425 -2·316 -2·226 -2·042 -1·862 -1-790 

0·10 0·11 0·12 

-1 · 127 -1-055 -1·010 
-1·139 -1 ·067 -1-022 
-1·152 -1•079 -1-035 
-1 ·165 -1 ·091 -1·048 
-l · 178 -1 · 104 -1 ·061 

-l· 192 -1·117 -1·075 
-1·205 -1-130 -1·088 
-1·218 -1 · 143 -1 · 101 
-1·232 -1·155 -1 · 114 
-1·245 -l ·168 -1·127 

-1 ·259 -l ·181 -1 · 140 
-1·272 -1·193 -1·153 
-1-286 -1·206 -1 · 166 
-1·299 -1-219 -1-180 
-1·313 -1 ·232 -1· 194 

-1-326 -1·246 -1·208 
-1·340 -1 ·261 -1·223 
-1-355 -1-276 -1·237 
-1 ·369 -1 ·291 -1 ·252 
-1·384 -1·306 -1 ·266 

-1·399 -1-322 -1·280 
-1-415 -1·338 -1·295 
-1·430 -1 ·353 -1 ·309 
-1-445 -1·368 -1 ·323 
-1·460 -1·384 -1·338 

-1-475 -1·399 -1-352 
-1-490 - 1·414 -1 ·366 
-1 ·505 -1·429 -1·380 
-1-520 -1·444 -1·394 
-1 ·535 -1·460 -1·408 

-1-550 -1 -470 -1-423 
-1·565 -1 -479 -1 ·437 
-1-580 -1 -488 -1-451 
-1·595 -1·496 -1·465 
-1·610 -1·505 -1·479 

-1-627 -1·513 -1·493 
-1·643 - 1·522 -1·507 
-1·659 - 1 ·530 -l ·521 
-1 ·671 -1 ·539 -1 ·535 
-1 -683 -1-547 -1 ·549 

-1-695 -1·555 -1 -563 



TABLES OF EXTENDED DISTANCES FOR PPP, pPP, pPKP AND P 97 

TABLE III 

Extended Distances for pPKP1 

Depth h = 
t:o.• 

0·00 0·01 0·02 0·03 0·04 0·05 0·06 0·07 0·08 0·09 0· 10 0· 11 0 · 12 

109 . ... . . . . , .... , -6 ·68 ······· ... . .. . ....... ....... . ... . . . .. .... ······ ....... . .... . . ... . .. 

110 -7·17 -6-93 -6·69 -6·45 -6·22 -6·00 -5·79 -5-40 ...... .. . ... . . .. . .... 
111 -7·19 -6·94 -6·70 -6·46 -6·23 -6·01 -5·80 -5-41 -5·11 -4-87 -4·68 -4·53 .. ..... 
112 -7·20 -6·96 -6·71 -6·47 -6·25 -6·03 - 5·81 -5·42 -5·12 -4·88 -4·69 -4-54 -4-38 
113 -7·22 -û -97 -6·73 -6·49 -6·26 -6·04 -5-82 -5·43 -5·13 -4·90 -4·70 -4·55 -4·39 
114 -7 ·23 -6·99 -6·74 -6·50 -6·27 -6·05 -5·84 -5·44 -5·14 -4·91 -4·71 -4·56 -4·40 

115 -7·25 -7·00 -6•76 -6·52 -6·29 -6·06 -5·85 -5·45 -5·15 -4·92 -4·72 -4·57 -4·41 
116 -7•27 -7•02 -6·77 -6·53 -6·30 -6·08 -5·86 -5·46 -5·17 -4·93 -4·73 -4·58 -4·42 
117 -7·28 -7·04 -6·79 -6·55 -6·31 -6·09 -5·88 -5·48 -5·18 -4·94 -4·74 -4·59 -4 ·43 
118 -7·30 -7·05 -6-80 -6·56 -6·33 -6·11 -5·89 -5·49 -5·19 -4·95 -4·75 -4·60 -4·44 
119 -7·32 -7·07 -6·82 -6·58 -6·34 -6·12 -5·90 -5·50 -5·20 -4·96 -4·77 -4·61 -4·45 

120 -7·34 -7·08 -6·83 -6·60 -6·36 -6·14 -5·92 -5·51 -5·22 -4·97 -4 ·78 -4·62 -4 46 
121 -7•36 -7 ·10 -6·85 -6 ·61 -6·37 -6·15 -5·93 -5·53 -5·23 -4·99 -4·79 -4·63 -4·47 
122 -7·37 -7·12 -6·87 -6·63 -6·39 -6·17 -5·95 -5·54 -5·24 -5·00 -4·80 -4·64 -4 ·49 
123 -7•39 -7•14 -6 -89 -6·64 -6 ·41 -6·18 -5·96 -5·56 -5·26 -5·01 -4·81 -4 ·65 -4·50 
124 -7·41 -7·16 -6·90 -6·66 -6·42 -6·20 -5-98 -5·57 -5·27 -5·02 -4·83 -4·67 -4·51 

125 -7·43 -7·18 -6·92 -6·68 -6·44 -6·21 -6·00 -5 ·59 -5·29 -5·04 -4·84 -4·68 -4 ·52 
126 -7 ·45 -7·20 -6 ·94 -6 ·70 -6 ·46 -6·23 -6·01 -5·60 -5·30 -5·05 -4·86 -4•70 -4·54 
127 -7 ·47 -7 ·22 -6·96 -6·72 -6·48 -6·25 -6·03 -5·62 -5·32 -5·07 -4-87 -4·71 -4 ·55 
128 -7·49 -7·24 -6·98 -6·74 -6·50 -6·27 -6·05 -5·63 -5·33 -5·08 -4·88 -4•72 -4·56 
129 -7·52 -7-26 -7·00 -6·76 -6·52 -6-29 -6·07 -5·65 -5·35 -5·09 -4·90 -4·74 -4·58 

130 -7·54 -7·29 -7-03 -6•78 -6 ·54 -6·31 -6·09 -5·67 -5·37 -5·11 -4·91 -4·75 -4·59 
131 -7·57 -7·31 -7·05 -6·80 -6·57 -6 ·33 -6·11 -5·69 -5·39 -5·13 -4·93 -4·76 -4·61 
132 -7·60 -7·33 -7,08 -6·82 -6·59 -6·35 -6·13 -5·71 -5·40 -5·15 -4·94 -4·78 -4·62 
133 -7 ·63 -7 ·36 -7·11 -6·85 -6·62 -6·38 -6·15 -5•73 -5·42 -5·17 -4·96 -4·80 -4·64 
134 -7·66 -7·39 -7·14 -6·88 -6·64 -6·40 -6·18 -5·75 -5·45 -5·19 -4·98 -4·81 -4 66 

135 -7·70 -7·43 -7·17 -6·92 -6·67 -6·43 -6·21 -5·78 -5·47 -5·21 -5·01 -4·84 -4·68 
136 -7·74 -7·47 -7·21 -6·96 -6 •71 -6·46 -6·24 -5·81 -5·50 -5·24 -5·03 -4·86 -4·70 
137 -7 -79 -7 •52 -7·25 -7·00 -6·74 -6·50 -6·27 -5·84 -5·52 -5·27 -5·06 -4·89 -4·73 
138 -7·84 -7·57 -7·30 -7·04 -6·79 -6·55 -6·31 -5·88 -5·56 -5·30 -5·09 -4·92 -4·75 
139 -7·89 -7·62 -7-35 -7·09 -6·84 -6 ·60 -6 ·36 -5·92 -5·60 -5·34 -5·12 -4·95 -4·79 

140 -7·95 -7·68 -7·41 -7·15 -6·89 -6·65 -6 ·41 -5·97 -5·65 -5-38 -5·16 -4·99 -4·83 
141 -8 ·02 -7-74 -7·47 -7·21 -6·95 -6·71 -6 ·46 -6·02 -5·70 -5·43 -5·20 -5·03 -4·86 
142 -8·10 -7·82 -7·54 -7-27 -7-02 -6•77 -6·52 -6·07 -5-75 -5·48 -5·25 -5·08 -4 ·91 
143 -8·18 -7·90 -7•62 -7·35 -7·08 -6 ·83 -6·59 -6·14 -5·80 -5·53 -5·31 -5·12 -4·96 
144 -8·27 -7·99 -7·71 -7-43 -7-17 -6·90 -6 ·66 -6·20 -5·87 -5·59 -5·37 -5·18 -5·01 

145 -8·38 -8·09 -7·80 -7·52 -7·25 -6·99 -6 ·74 -6·27 -5-94 -5·66 -5·43 -5·24 -5·07 
146 - 8-50 -8-20 -7·91 -7•63 -7·36 -7•09 -6·83 -6·36 -6·02 -5·73 -5·50 -5·31 -5 ·13 
147 -8·63 -8·32 -8·03 -7-75 -7-47 -7·20 -6·93 -6·45 -6·11 -5·82 -5·58 -5·39 -5·21 
148 -8·77 -8·46 -8·17 -7·88 -7 ·59 -7 •31 -7·04 -6·56 -6·20 -5·91 -5·67 -5·48 -5·29 
149 -8 ·94 -8-63 -8 ·32 -8 ·02 -7·73 -7 ·46 -7·18 -6·68 -6·31 -6·02 -5·77 -5·57 -5·38 
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b.° 
0·00 0·01 

150 -9·13 -8·81 
151 -9·34 -9·01 
152 -9·57 -9·23 

153 -9·82 -9·48 
154 -10·1 -9·74 

155 -10·4 -10·0 
156 -10·8 -10·4 
157 -11·1 -10·7 
158 -11·6 -11·1 
159 -12·1 -11·6 

160 -12·6 -12·1 
161 -13·2 -12·7 
162 -13·9 -13·3 

163 -14·7 -14·1 
164 -15·6 -15·0 

165 -16·6 -16·0 
166 -17·8 -17•2 
167 -19·2 -18·5 

168 -20·8 -20·0 
169 -22·6 -21 ·9 

170 -24·9 -24·0 
171 -27•7 -26·8 
172 -31·2 -30·1 

173 -35·6 -34·4 
174 -41·6 -40·3 

175 -49-9 -48·3 
176 -62·8 -60·4 
177 -83·8 -80-7 
178 -126 -123 
179 -254 -246 

180 -co -CO 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

TABLE III (Concluded) 

Extended Distances for pP KP1 

Depth h = 

0·02 0·03 0·04 0·05 0·06 0·07 0·08 0·09 

-8-49 -8·19 -7•89 -7-60 -7·32 -6·81 -6·44 -6·14 
-8·69 -8·37 -8·07 -7·77 -7·48 -6•97 -6·59 -6·28 
-8-90 -8·58 -8·26 -7•96 -7•66 -7·14 -6·75 -6-43 
-9·13 -8·80 -8·48 -8·17 -7·87 -7·32 -6 ·92 -6·59 
-9·38 -9·05 -8·72 -8·40 -8·08 -7-53 -7·12 -6·78 

-9·67 -9·33 -8·98 -8·66 -8·32 -7-74 -7 ·33 -6·98 
-10·0 -9·62 -9·26 -8-93 -8·59 -8·01 -7·56 -7 ·20 
-10·3 -10·0 -9·58 -9·24 -8·89 -8·28 -7·82 -7•44 

-10·7 -10·4 -9·93 -9-58 -9·23 -8·60 -8·11 -7·73 
-11·2 -10·8 -10·4 -9·97 -9·60 -8·95 -8·45 -8·05 

-11•7 -11·2 -10·9 -10·4 -10·0 -9·35 -8·84 -8·40 
-12·3 -11·8 -11·4 -10·9 -10·5 -9·81 -9·25 -8·80 
-12·9 -12·4 -11·9 -11·5 -11·1 -10·3 -9·73 -9 ·25 
-13·6 -13·1 -12·6 -12·2 -11·7 -10·9 -10·3 -9·76 
-14·4 -13·9 -13·4 -12·9 -12·4 -11·5 -10·9 -10·4 

-15·4 -14·8 -14·3 -13·7 -13·2 -12·3 -11·6 -11·0 
-16·5 -15·9 -15·4 -14·8 -14·2 -13·2 -12·5 -11·9 
-17·8 -17•1 -16·6 -15·9 -15·3 -14·2 -13·5 -12·8 
-19·3 -18·6 -17•9 -17·2 -16·6 -15·5 -14·6 -13·8 
-21·1 -20·3 -19·6 -18·8 -18·1 -16·9 -15·9 -15·1 

-23·2 -22·3 -21·6 -20·7 -20·0 -18·5 -17•6 -16·7 

-25·8 -24·9 -24·0 -23-1 -22·3 -20-7 -19·6 -18·6 
-29·1 -28·0 -27·0 -26 ·0 -25-0 -23·3 -22·1 -21·0 
-33·2 -32·0 -30·9 -29·8 -28·6 -26·7 -25-2 -24-1 

-38·6 -37·4 -36·1 -34·7 -33·5 -31·1 -29·5 -28·1 

-46-4 -44·9 -43·3 -41•7 -40·1 -37-2 -35·5 -33·7 
-58·1 -56·1 -54·0 -52·1 -50·3 -46·6 -44·4 -42·2 

-77·6 -75·6 -72·7 -70·0 -67-2 -62·2 -59·6 -56-7 
-118 -115 -110 -107 -102 -94·9 -90·5 -85·8 
-237 -232 -224 -218 -212 -196 -185 -176 

- CO - CO -CO -CO -CO -co -CO -CO 

0·10 0·11 0·12 

-5·88 -5·68 -5·48 
-6·01 -5·80 - 5·60 
-6·16 -5·95 -5·74 
-6·32 -6·10 -5·89 
-6·49 -6·26 -6·05 

-6·68 -6·45 -6·22 
-6·90 -6·65 -6·42 
-7·14 -6·88 -6·62 
-7·41 -7·14 -6·84 
-7·71 -7•43 -7 ·17 

-8·05 -7•78 -7·48 
-8·44 -8·15 -7·85 
-8·86 -8·56 -8·27 
-9·35 -9·03 -8·72 
-9·93 -9·59 -9·25 

-10·6 -10·3 -9·86 
-11·4 -11·0 -10·6 
-12·2 -11·9 -11·4 
-13·2 -12·9 -12·3 
-14·5 -14·2 -13·5 

-15·9 -15·4 -14·9 
-17·8 -17·1 -16·6 
-20·1 -19·3 -18·6 
-23·0 -22·2 -21·3 
-26·9 -26·0 -25·0 

-32·5 -31·2 -30·3 
-40·7 -39·2 -38·0 
-54·9 -52·9 -51 ·2 

-83·7 -80-9 -77•8 
-170 -164 -158 

-CO -CO - CO 
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TABLE IV 

Extended Distances for pPKP2 

Depth h = 
1:,0 

0·00 0·01 0-02 0·03 0·04 0·05 0·06 0·07 0·08 0·09 0· 10 0·11 0· 12 

144 -4·03 -3·96 -3·87 ....... . .... ·••· · ·• ...... · ······ ··· ···· . ..... ...... . ...... , ... ... 

145 -3 ·73 -3·64 -3 ·55 -3 ·45 -3·38 -3 ·30 .. -3·05 -2·93 ... . ... ...... ....... ... . .. . 
146 -3·57 -3·46 -3·35 -3·26 -3·17 -3-07 -2 ·99 -2·81 -2·69 -2·61 -2·53 ....... -2·46 
147 -3·48 -3·36 -3·25 -3·14 -3-04 -2·94 -2 -85 -2·66 -2-56 -2-43 -2 ·35 -2·32 -2 ·27 
148 -3·41 -3 ·29 -3·18 -3 -08 -2-97 -2 ·86 -2·77 -2-58 -2·44 -2-33 -2-25 -2·18 -2·14 
149 -3·36 -3·24 -3· 13 -3·02 -2·91 -2·81 -2•72 -2·52 -2·38 -2·27 -2·18 -2·11 -2·05 

150 -3·32 -3-20 -3-09 -2·98 -2·87 -2-77 -2·67 -2-48 -2·34 -2-22 -2 ·13 -2-06 -1·99 
151 -3·29 -3-17 -3·06 -2·95 -2·84 -2·73 -2-64 -2·44 -2-31 -2·18 -2·10 -2-02 -1·96 
152 -3·26 -3· 15 -3·03 -2-92 -2·81 -2·71 -2·61 -2·41 -2·28 -2·16 -2·07 -2·00 -1·93 
153 -3·24 -3 -12 -3·01 -2·90 -2·79 -2-69 -2·58 -2·39 -2·25 -2·14 -2·05 -1-97 -1·90 
154 -3·21 -3·10 -2·99 -2·88 -2-78 -2·66 -2 ·56 -2-37 -2·23 -2·12 -2·03 -1·95 -1·88 

155 -3-20 -3-09 -2-97 -2-86 -2-76 -2-65 -2 ·55 -2-36 -2·22 -2·11 -2·01 -1·93 -1·86 
156 -3-18 -3-08 -2·96 -2-85 -2·74 -2-63 -2·54 -2·34 -2·21 -2·09 -2·00 -1·92 -1 -85 
157 -3·17 -3·06 -2·94 -2·83 -2·73 -2·62 -2·52 -2-33 -2·19 -2-07 -1·98 -1·91 -1·84 
158 -3·16 -3-05 -2 -93 -2·82 -2·72 -2·61 -2·51 -2·32 -2·18 -2-06 -1 ·97 -1·90 -1·82 
159 -3·14 -3·04 -2·92 -2·81 -2·71 -2·60 -2-50 -2·31 -2·17 -2·05 -1 ·96 -1·89 -1·81 

160 -3·13 -3·03 -2·91 -2 ·80 -2·70 -2·59 -2·49 -2·30 -2·16 -2·04 -1·95 -1·88 -1·80 
161 -3·12 -3·02 -2-90 -2·79 -2 ·69 -2-58 -2 ·48 -2-29 -2·15 -2·03 -1·94 -1·87 -1·79 
162 -3·11 -3·01 -2·89 -2-78 -2·68 -2-57 -2·47 -2·28 -2·14 -2·03 -1·93 -1 ·86 -1·78 
163 -3·10 -3·00 -2-88 -2·77 -2·67 -2-56 -2-46 -2-27 -2·14 -2·02 -1·93 -1·85 -1·78 
164 -3·10 -2-99 -2·88 -2·76 -2 ·66 -2-55 -2·46 -2·27 -2 ·13 -2-01 -1·92 -1-85 -1·77 

165 -3-09 -2·98 -2-87 -2-76 -2·65 -2-55 -2·45 -2·26 -2·12 -2-01 -1·91 -1·84 -1·76 
166 -3 ·08 -2-97 -2 ·86 -2·75 -2·65 -2·54 -2-44 -2·25 -2·12 -2·00 -1·91 -1·83 -1·76 
167 -3·08 -2·97 -2-85 -2·74 -2·64 -2·54 -2·44 -2·25 -2·11 -1·99 -1·90 -1·83 -1 ·75 
168 -3-07 -2·96 -2-85 -2-74 -2 ·64 -2 -53 -2·43 -2·24 -2·11 -1·99 -1·90 -1·82 -1·75 
169 -3-07 -2·96 -2 ·85 -2-74 -2·63 -2 ·53 -2·43 -2-24 -2·10 -1·99 -1·89 -1-82 -1-74 

170 -3·07 -2·95 -2-84 -2 •73 -2·63 -2·52 -2·42 -2-24 -2·10 -1·98 -1·89 -1·82 -1·74 
171 -3·06 -2 ·95 -2 ·84 -2·73 -2·63 -2·52 -2·42 -2·23 -2·10 -1·98 -1·89 -1·81 -1·74 
172 -3·06 -2·95 -2·84 -2·73 -2·62 -2-52 -2·42 -2·23 -2·09 -1·98 -1·88 -1·81 -1·74 
173 -3 ·06 -2·95 -2·83 -2-72 -2 ·62 -2-52 -2·42 -2-23 -2·09 -1·98 -1·88 -1·81 -1·73 
174 -3·06 -2·94 -2·83 -2·72 -2 ·62 -2·51 -2·41 -2·23 -2·09 -1·98 -1·88 -1·80 -1·73 

175 -3·05 -2·94 -2 ·83 -2·72 -2-62 -2·51 -2·41 -2·22 -2·09 -1·97 -1·88 -1·80 -1·73 
176 -3·05 -2-94 -2·83 -2·72 -2·61 -2-51 -2·41 -2·22 -2 ·09 -1•97 -1·88 -1 ·80 -1·73 
177 -3·05 -2 ·94 -2 ·83 -2·72 -2·61 -2·51 -2 ·41 -2·22 -2·08 -1·97 -1·87 -1·80 -1·73 
178 -3·05 -2·94 -2·82 -2 ·72 -2·61 -2·51 -2·41 -2-22 -2 ·08 -1·97 -1·87 -1·80 -1·73 
179 -3·05 -2-93 -2 ·82 -2·71 -2·61 -2·51 -2·41 -2·22 -2 ·08 -1 ·97 -1·87 -1·80 -1·72 

180 -3·05 -2·93 -2-82 -2·71 -2·61 -2·51 -2·40 -2·22 -2-08 -1•97 -1•87 -1 ·80 -1·72 
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TABLE V 

Extended Distances for P for Short Epicentral Distances 

Depth h = 
1:::,.0 

Surface 0-00 0·01 0·02 0 -03 0-04 0-05 0-06 0·07 0·08 0-09 0-10 0·11 0·12 
------

0·5 0·021 -1·0 -2·4 ·-2·8 -3-85 -4·90 -5·89 -6·87 -7 ·58 - 8·39 -9•27 -9·98 -10·96 - 12·03 
1 ·0 0·042 -0·039 -1·10 -1-70 -2·05 -2·37 -2·92 -3·40 -3•75 -4·18 -4-60 -5·06 -5·52 -5·98 
1 ·5 0·061 0·008 -0·347 -0·17 -1-38 -1·64 -1·95 -2·17 -2·33 -2·76 -3·04 -3·34 -3·65 -3-97 

2·0 0 ·017 0·031 -0·191 -0·498 -0·805 -1·18 -1·41 -1·59 - 1·85 -2·02 -2-175 -2-48 -2-71 -2·96 
2·5 0·093 0-052 -0·107 -0·371 -0·592 -0·87 -1·08 -1-24 -1-44 -1-625 -1·795 -1 ·985 -2·15 - 2·34 
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Tables of Extended Distances for S, SS and sS 
BY 

J. H. HonasoN, J. F. J. ALLEN AND J. IRMA CocK 

ABSTRACT 

Tables of extcnded distances, consistent with those already published for the P phases, are prosented for those 
S phases which are likely to be useful in fault-plane studies. As in earlier papcrs, the extended distances are given 
for surface focus, and for focal depths from O · OOR to O · 12R in steps of O · lR. 

INTRODUCTION 

For the past several years this Observatory has been studying the direction of faulting 
in earthquakes. To date these studies have made use only of P waves or their derivatives, 
and for this reason unique solutions have not been obtained. Instead the solutions define 
a pair of orthogonal planes, without indicating which of these represents the fault. 

It has long been recognized that this ambiguity could be resolved through the use of 
shear waves. The difficulties in this work are several. It is frequently very difficult to 
identify the beginning of S with certainty, and even if this can be done it is often impossible 
to determine the direction of first motion. N everthP-less, considering the interest which 
attaches to the result, one often wishes to attempt the use of shear waves. The tables of 
extended distances for S, SS and sS here presented should facilitate these experiments. 
It seems doubtful that waves with more complicated history will be useful due to the un
certainty of the phase relationships on refl.ection. 

THEORY 

Extended Distances for S 

The work of this section is closely analagous to that of an earlier paper (Hodgson and 
Allen, 1954a) in which extended distances were obtained for PKP. In that earlier paper 
the formula was developed : 

where 

Vd dt (1) 
111 · 11 d!i 

id = angle between ray and radius vector at the focus, such that extended 

distance = cot id, 

r, = radius of the earth, measured in km., 

dt/d!i 

radius of an earth stripped to focus of depth d, measured in km., 

velocity of wave propagation at focus of depth d, measured in km/sec. 

slope of the travel time wave, measured in seconds/1 °. 

103 
63256-1½ 
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In the earlier application of this formula dt/ db,. was determined from the surface 
focus curve at an epicentral distance o + Â (see Figure 1). It was then necessary to 
determine the value of o, which was very complicated. It is clear that we may work 
much more simply in applying formula (1) by evaluating dt/db,. at distance Â on the travel 
time curve appropriate to depth d. 

FIGURE 1 

In evaluating equation (1) the radii and velocities shown in Table I have been used . 
These have been taken from Jeffreys (1939) . dt/db,. have been determined from the 
appropriate curves of the Jeffreys-Bullen tables (1940). 

TABLE I 

Depth Radius (km) Velocity (km/sec.) 

Surface 6371 4.35 
0-00 6338 4.353 
0-01 6275 4.444 
0-02 6211 4.539 
0-03 6148 4-638 
0-04 6084 4-741 
0-05 6021 4-850 
0-06 5958 4-962 
0 -07 5894 5-227 
0-08 5831 5-463 
0-09 5768 5-670 
0-10 5704 5-850 
0-11 5641 6-002 
0-12 5577 6-125 

Extended distances for S will be found in Table II, (pages 106 to 108) . As is usual 
in these tables a negative extended distance indicates that the ray reaching that point 
is a rising one. Such stations are plotted at an azimuth exactly opposite to their true 
one. 

Extended Distances for SS and sS 

The method used in deriving extended distances for these phases is exactly the same 
as that used in the case of PP and pP, (Hodgson and Allen, 1954b) . Sets of related 
points A, B at epicentral distances Âs, b,.S, must first be determined from the S tables of 
extended distance, such that they have extended distances numerically identical but 
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opposite in sign. Then the sums 
ÂSS = 2.lS + ÂS 

and ÂsS = ÂS + 2.ls , 
are formed. The extended distance of an S at ÂS is the same as that of an SS at LlSS; 
the extended distance of an S at ÂS and of an sS at ÂSS is the negative of this. 

FIG URE 2 

Each extended distance selected yields a set of related points and associate distances 
ÂSS and ÂsS. By selecting enough points curves are constructed which may be entered 
at even values of ÂSS, ÂsS. 

The results of this work will be found in Table III, pages 109 to 113, which gives 
extended distances for SS, and in Table IV, pages 114 to 116, which gives extended dis
tance for sS. In the latter case, since sS derives from an upward rising ray, the extended 
distances are all negative. 
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106 

fi 
Surface 0-00 0-01 

--------

0-0 0-000 - CO - CO 

0-5 0-033 -0-740 -1·600 

1-0 0-059 -0-408 -0·851 

1·5 0-081 -0-198 -0-575 

2-0 0·097 -0-045 -0·272 

2·5 0·112 -0-024 -0·112 

3·0 0-125 0-013 -0·061 
3.5 0· 137 0-051 -0-035 

4-0 0-149 0-085 -0·019 
4.5 0-160 0· 111 -0-005 

5-0 0-169 0-132 0·024 
5.5 0-180 0-148 0-056 

6·0 0·189 0-162 0-077 

6-5 0·200 0-175 0-096 

7-0 0·209 0-187 0·114 

7.5 0-218 0·200 0·130 
8-0 0-229 0·213 0-146 
8-5 0-239 0-225 0-162 

9-0 0-250 0·238 0-176 
9.5 0·260 0·251 0·193 

10-0 0-272 0-264 0-205 

10·5 0-284 0-277 0-220 

11·0 0-297 0-291 0·235 
11·5 0-310 0·304 0-249 
12·0 0·324 0·319 0-264 

12·5 0-338 0·333 0·279 
13·0 0-352 0-346 0-296 
13·5 0·367 0·362 0-313 
14·0 0-384 0-378 0-329 
14.5 0-400 0-392 0·346 

15-0 0·416 0·408 0-366 
15-5 0-433 0·424 0·384 
16-0 0-450 0-441 0-404 
16·5 0-466 0-458 0-424 
17-0 0·484 0-475 0-447 

17-5 0-502 0·492 0-471 
18·0 0-518 0-510 0·499 
18-5 0·532 0-527 0-534 
19·0 0-548 0·545 0-584 
19.5 0-569 0·566 0·698 

20 0-612 0·695 0-784 
21 0·838 0-882 0-875 
22 0-953 0-952 0-942 
23 1·024 1 ·018 1·000 
24 1·094 1·080 1 ·046 
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TABLE II 

Extended Distances for S 

Depth h = 

0-02 0-03 0-04 0-05 0-06 0-07 0-08 

- CO - CO - CO - CO - CO - CO - CO 

-2·733 -3-655 -4-548 -5-850 -6-612 -7-207 -7-700 
-1·303 -1·819 -2-300 -2-8,10 -3-312 -3·732 -3-867 
-0-839 -1-230 -1·600 -1-881 -2 -205 -2-488 -2-619 
-0-603 -0-885 -1-142 -1 ·397 -1-651 -1-834 -1-980 

-0-449 -0·669 -0-875 -1-095 -1 ·299 -1-433 -1-576 
-0·358 -0-532 -0·711 -0·891 -1-069 -1-175 -1-294 
-0-296 -0·420 -0-584 -0-737 -0-894 -0-983 -1-084 
-0-240 -0-342 -0-471 -0-625 -0-754 -0-833 -0·916 
-0-176 -0-281 -0-392 -0·534 -0-649 -0-703 -0-776 

-0·128 -0·235 -0·337 -0-456 -0-587 -0-589 -0-657 
-0-089 -0-194 -0-291 -0-386 -0-496 -0·499 -0 -552 
-0-056 -0-158 -0·247 -0-325 -0-410 -0-418 -0-471 
-0·028 -0· 121 -0-205 -0-275 -0-348 -0-352 -0-404 

0·000 -0-079 -0·166 -0·229 -0-294 -0-294 -0-340 

0-040 -0-028 -0-128 -0 -189 -0 -253 -0-246 -0-279 
0-072 0-024 -0-095 -0·153 -0·216 -0-203 -0-224 
0·096 0·058 -0-061 -0-103 -0-182 -0-164 -0-175 
0-117 0·080 -0-031 -0-062 -0-148 -0-125 -0-132 
0-135 0·102 0-000 -0 -022 -0·114 -0-084 -0-095 

0·153 0·117 0·028 -0-019 -0-079 -0-042 -0·061 
0·169 0-133 0-058 0-056 -0-042 0-000 -0-031 
0-185 0·149 0-084 0·096 0-000 0·042 0-000 
0-200 0·166 0-110 0-137 0·164 0-082 0-035 
0-216 0·180 0-133 0·193 0·231 0-125 0·070 

0·233 0·198 0-158 0-236 0-277 0-166 0-103 
0-249 0·214 0-182 0-275 0-313 0-205 0-137 
0-266 0·233 0-203 0-311 0-344 0-244 0·167 
0-283 0-251 0-225 0-348 0-376 0-279 0·200 
0-302 0-272 0-247 0-384 0·404 0·313 0-231 

0-321 0-291 0-268 0-427 0-435 0-346 0-259 
0·338 0-313 0-289 0-466 0-462 0-378 0-287 
0-360 0-338 0·380 0-501 0-490 0-408 0-315 
0-382 0·368 0·552 0-534 0·518 0-439 0-342 
0·406 0-414 0-582 0-566 0-547 0-468 0-370 

0-433 0-557 0-610 0-594 0·575 0·494 0·396 
0-516 0·632 0·640 0-622 0·603 0-518 0-422 
0-608 0-682 0·669 0-649 0-632 0-541 0-445 
0·682 0-713 0-700 0-677 0-657 0-561 0-466 
0-745 0-748 0-729 0-705 0-680 0-582 0-486 

0-801 0-778 0-756 0-732 0-700 0·601 0-503 
0-863 0·836 0·810 0-778 0-737 0·632 0-536 
0-920 0-888 0-842 0-818 0-770 0-662 0·561 
0·966 0-929 0-888 0-848 0 -798 0-687 0-587 
1-000 0-9ô?. 0-92~ 0-87.'i 0·821 0-708 0·606 

0·09 0·10 

- CO - CO 

-9·357 -10-02 
-4-705 -4-915 
-3·060 -3-251 
-2·225 -2-402 

-1·732 -1-921 
-1-407 -1-588 
-1·183 -1·327 
-1-014 -1· 126 
-0-875 -0-969 

-0·759 -0-842 
-0-647 -0·737 
-0-550 -0-644 
-0-468 -0-563 
-0-394 -0-499 

-0-329 -0-431 
-0-272 -0-346 
-0-224 -0·272 
-0·180 -0·216 
-0·144 -0-176 

-0-112 -0-142 
-0-082 -0·110 
-0-054 -0-080 
-0-026 -0·054 

0·000 -0-026 

0-037 0·000 
0-072 0-028 
0·107 0-058 
0·139 0-086 
0-169 0·112 

0-198 0-137 
0-227 0·160 
0-255 0·184 
0-281 0-205 
0-308 0-225 

0·333 0-246 
0·354 0-264 
0-374 0·283 
0-394 0-300 
0·410 0-317 

0·424 0-333 
0-452 0·362 
0-475 0-390 
0·496 0·408 
0-512 0-422 

0-11 

- CO 

-10-39 
-5·193 
-3·511 
-2-660 

-2·116 
-1-732 
-l ·450 
-1-235 
-1-069 

-0·933 
-0-827 
-0-737 
-0 -654 
-0-577 

-0·507 
-0-437 
-0-382 
-0-342 
-0-300 

-0·235 
-0-153 
-0-114 
-0-082 
-0·052 

-0·026 
0·000 
0-023 
0-047 
0-070 

0-093 
0·114 
0·135 
0-157 
0-175 

0·193 
0·209 
0-224 
0·236 
0-249 

0-262 
0-283 
0·302 
0-317 
0·329 

0-12 

-11-20 
-5-671 
-3-812 
-2-888 

-2 -322 
-1-897 
-1-576 
-1-347 
-1-183 

-1-057 
-0-952 
-0-863 
-0 -778 
-0-700 

-0-618 
-0 -538 
-0-452 
-0- 378 
-0 ·323 

-0·281 
-0·244 
-0·211 
-0-180 
-0·151 

-0-123 
-0-096 
-0-070 
-0-047 
-0-023 

0-000 
0·017 
0-035 
0-052 
0·068 

0·086 
0·102 
0-117 
0·132 
0-146 

0·158 
0 -185 
0-203 
0-216 
0·231 



À 

25 
26 
27 
28 
29 

30 
31 
32 

33 
34 

35 
36 
37 
38 
39 

40 
41 
42 
43 
44 

45 
46 
47 
48 
49 

50 
51 
52 
53 
54 

55 
56 
57 
58 
59 

60 
61 
62 
63 
64 

65 
66 
67 

68 
69 

Surface 0·00 0·01 

1·140 1·134 1·087 
1•172 1·171 1·118 
1·202 1·200 1·146 
1 ·228 1 ·222 l · 167 
1·249 1·244 1· 183 

1·266 1 ·257 1·196 

1·280 1 ·271 1·205 

1·292 1 ·285 1 ·213 

1·302 1·294 1 ·226 

1·310 1·299 1·235 

l ·315 1·308 1·248 

1 ·321 1 ·317 1 ·257 

1·330 1 ·327 1·271 

1·347 1·342 1·285 

1·363 1·356 1·299 

1·389 1·371 1 ·313 

1·398 1·387 1 ·332 

1·414 1·402 1·347 

1·432 1·418 1 ·366 

1·448 1·433 1 ·376 

1·466 1·450 1 ·392 

1·481 1·466 1·407 

1·497 1·488 1·423 

l ·512 1·505 1·439 
1·527 1 ·517 1·455 

1·541 1·534 1 ·471 

1·556 1·546 1 ·483 

1·572 1·564 1·499 

1 ·589 1·582 1 ·517 

1·605 1·600 1·534 

1·622 1 ·613 1·552 

1·639 1 ·632 1·570 

1·656 1 ·651 1·582 

1 · 673 1·671 1 ·600 

1·692 1·684 1 · 619 

1 ·712 1·704 1·638 

1·732 1·725 1·658 

1·752 1·746 1·678 
1 ·771 1·767 1·698 

1·794 1·789 1·725 

1 ·819 1·811 1·746 
1·844 1·834 1·767 
1· 868 1· 857 1 ·789 

1 ·889 1·881 1·819 
1·909 1·905 1·842 
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0·02 0·03 

1·032 0·990 
1 ·061 1·011 
1 ·091 1 ·028 
1 · 111 l ·046 
1 · 126 1 ·065 

l · 142 1·080 

l · 154 l ·091 
l ·163 1·103 

1 · 171 l · 111 

1 · 183 1 · 122 

1 ·192 1 · 134 
1·205 1 · 146 
1 ·217 1 · 159 
1·230 1 · 175 
1·244 1· 188 

1·257 1·205 
1 ·275 1·222 
1·294 1·235 
1·303 1·248 

l ·317 1·262 

1·332 1·275 

1·347 1·294 

l ·361 1·308 
1·376 1 ·322 

1·397 1 ·337 

l ·412 l ·351 
1·428 1·366 

1·444 1 ·381 

1·460 1 ·397 
1·477 l ·412 

1·494 1·428 

1·505 1 ·444 
1 ·522 1 ·460 

1·540 1·477 

1·558 1·494 

1·576 1 ·517 

1·594 1 ·534 

1·613 1·552 

l ·632 1·576 
1·658 1·594 

1·678 1·619 

1·698 1·638 
1 ·725 1·664 

1·753 1·691 

1·775 l ·711 

TABLE II-Continued 

Extended Distances for S 

Depth h = 

0·04 0·05 0 · 06 

0·952 0·897 0·842 
0·972 0·916 0·860 

0·983 0·933 0·875 
0·097 0·942 0·885 

1·007 0·949 0·894 

1·018 0·959 0·900 
1·028 0·969 0·910 

1 ·039 0·979 0·920 

1·050 0·990 0·929 

1 ·061 l ·003 0·939 

1·072 1·014 0·952 

1·087 1·028 0 ·966 

1 ·099 1·043 0·983 

1 · 111 1·057 0·997 

1 · 126 1·072 1·011 

1 · 142 1·087 1·025 

1 · 159 1 ·099 l ·043 

l · 175 1 · 115 1·057 

l · 188 1 · 130 1·072 

1·205 1·146 1·084 

1·222 l · 159 1 ·099 

1 ·235 l · 175 1·115 
1·248 1 · 188 l · 126 
1 ·262 1 ·205 1 · 142 

1·275 1 ·217 1 · 154 

1·289 1·230 1 · 167 

1 ·303 1 ·248 1 · 183 
1·317 1·262 1·196 
l ·332 l ·275 l ·209 

1·347 1·289 1·226 

1·3ûl 1·303 l ·239 

1·376 l ·322 1·257 

1 ·397 l ·337 l ·271 

1·412 1·351 l ·289 

1·433 1·371 1·308 

1·450 1·387 1·322 

1 ·471 1·407 1·342 

1·488 1·428 l ·361 

l ·511 1·444 1 ·381 

1·534 l ·466 1·402 

l ·552 1·488 1·423 

1·570 1 ·511 1·444 

1·594 1·534 1·466 

1 · 619 1·558 1·488 

1·638 1 ·576 l ·511 

0·07 0·08 0·09 

0·727 0·622 0·527 

0·743 0·637 0·538 

0·756 0·647 0·547 
0•767 0·654 0·557 
0 ·776 0·662 0·568 

0·781 0·667 0•577 

0 ·790 0•677 0·589 

0·795 0·687 0·601 

0·804 0·700 0·615 

0·816 0 ·716 0·630 

0·830 0·732 0 ·642 

0·845 0·748 0·657 

0·860 0-765 0·672 

0·879 0·781 0·685 

0·894 0·795 0·700 

0·910 0·810 0 ·716 

0·923 0·824 0·729 

0·939 0·839 0·745 

0·952 0·851 0·759 

0·966 0·866 0·773 

0·979 0·879 0•787 

0·993 0·891 0·801 

1·007 0·907 0·816 

1 ·021 0·920 0·830 

1 ·03G 0·933 0·845 

l ·050 0·946 0·860 

1·065 0·959 0·875 

1 ·080 0·972 0·888 

1·095 0·990 0·904 

1 · 111 1 ·003 0·920 

l · 126 l ·018 0·936 

l · 142 1 ·036 0·952 

1·159 1·054 0·969 

1 · 175 1·072 0·986 

l · 188 1·087 1·003 

1·205 1·107 l ·021 

1·222 1 · 126 1 ·039 

1 ·239 1·146 1·057 

1 ·257 l · 163 1·076 

1 ·275 l · 183 l ·095 

1 ·299 1·200 1 · 115 

l · 317 1 ·222 l · 134 

1·337 1·244 l · 150 

1·361 l ·262 1·171 

1 ·381 1·285 i · 192 

0·10 

0·435 
0 ·441 
0·452 
0·460 
0·473 

0·486 
0·499 
0·516 
0·534 
0·550 

0·566 
0·582 
0·598 
0·615 
0·630 

0 ·647 
0·662 
0·677 
0·690 
0 ·705 

0·719 
0·732 
0·748 
0·762 
0·776 

0·790 
0·804 
0·818 
0·833 
0·851 

0·866 
0·882 
0·897 
0·913 
0·929 

0·946 
0·966 
0·983 
1·000 
1 ·018 

1·036 
1·054 
l ·076 
1·095 

l · 115 

0·11 

0·340 
0·348 
0·360 
0•374 
0·392 

0·410 
0·429 
0·447 
0 ·464 
0 ·481 

0·499 
0·514 
0·527 
0 ·543 
0·559 

0·573 
0·587 
0·603 
0·618 
0·632 

0•647 

0·662 
0·677 
0·692 
0·705 

0·721 
0·737 
0·751 
0·767 
0·784 

0·801 
0·818 
0·836 
0·854 
0·869 

0·888 
0·907 
0·923 
0·942 
0·962 

0•979 
0·997 
l ·018 
1·036 
1·057 
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0· 12 

0·249 
0·266 
0·283 
0·300 
0·319 

0·338 
0·358 
0·380 
0·400 
0·420 

0 ·439 
0·456 
0·475 
0·492 
0·507 

0·523 
0-538 

0·552 
0·568 
0·582 

0·596 
0·610 
0·625 
0·640 
0·654 

0·669 
0·685 
0·700 
0·716 
0·735 

0·751 
0·767 
0•784 
0·804 
0·821 

0·839 
0·857 
0·875 
0·894 
0·913 

0·929 
0·949 
0·969 
0·990 
1·007 
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I',. 

Surface 0 -00 0-01 

--------

70 1 ·930 1-929 1 ·865 

71 1-956 1-954 1 ·889 

72 1·985 1-980 1 · 913 

73 2-016 2·006 1·937 

74 2·046 2·032 1-963 

75 2·076 2·059 1·988 

76 2·108 2·087 2·014 

77 2·140 2 -116 2·041 

78 2-168 2·145 2·069 

79 2-197 2-174 2-106 

80 2-228 2·204 2-135 

81 2-256 2 -246 2-174 

82 2 -287 2-278 2-204 

83 2-324 2-311 2 -246 

84 2 -360 2-356 2-289 

85 2 -399 2-391 2 -322 

86 2-442 2-426 2 -367 

87 2-489 2·475 2·414 

88 2-533 2·526 2-463 

89 2·584 2·565 2-513 

90 2-638 2·619 2·565 

91 2·688 2-660 2·605 

92 2·711 2·703 2·633 

93 2·747 2-733 2-660 

94 2·795 2-762 2-689 

95 2 -821 2·778 2-718 

96 2 ·844 2·808 2·733 

97 2-859 2-824 2·733 

98 2·868 2·840 2-747 

99 2-873 2-856 2-762 

100 2-880 2-872 2-762 

101 2-889 2-872 2-778 

102 2 -896 2-888 2-778 

103 2-902 2·888 2-778 

104 2-908 2-888 2-793 

105 2-910 2 -888 2-793 

106 2·910 2 -888 2 -793 

107 2·910 2-888 2-793 

PUBLICATIONS OF THE DOMINION OBSERVATORY 

0-02 0-03 

1-797 1-732 

1 ·827 1 ·760 

1 ·849 l ·782 

1-873 1 ·811 

1 ·897 1 ·834 

1-929 1·857 

1-954 1 ·881 

1 ·980 1 ·905 

2-006 1·937 

2-032 1·963 

2 -069 1·988 

2 -097 2-023 

2·135 2-059 

2 -174 2-097 

2-204 2· 135 

2·246 2 -174 

2·289 2·215 

2-333 2·257 

2·379 2·300 
2-414 2-344 

2-463 2-379 

2·500 2-426 

2·539 2·463 

2·565 2·488 

2·592 2-513 

2·619 2-526 

2·633 2-552 

2-646 2·565 

2-660 2·565 

2-675 2-578 

2-675 2·578 

2·689 2-592 

2·689 2-592 

2 -689 2·592 

2-703 2·605 

2-703 2·605 

2-703 2 -605 

.... .... . 

TABLE II-Concluded 

Extended Distances for S 

Depth h = 

0-04 0-05 0-06 

1·664 1·600 1·534 

1·684 1·625 1 -558 

1-711 1·651 1·582 

1 -732 1·671 1· 607 

1·760 1·698 1·625 

1-789 1-718 1·651 

1 -811 1·746 1·678 

1·842 1·767 1·704 

1-873 1·797 1-725 

1 ·897 1 ·827 1 ·753 

1 ·929 1-857 1-782 

1 ·963 1-889 1-811 

1-997 1-921 1-849 

2 -032 1-954 1 ·881 

2·069 1-988 1-921 

2-106 2-023 1 ·963 

2-145 2-059 1·997 

2 -184 2-106 2-032 

2·225 2-145 2·069 

2-267 2·184 2-106 

2 -300 2·225 2-145 

2·333 2 -257 2· 174 

2·367 2·289 2·204 

2·402 2-311 2·225 

2·414 2·333 2-246 

2-438 2-344 2·257 

2-450 2-355 2-267 

2·463 2-367 2-278 

2·475 2-379 2·289 

2-488 2-391 2·300 

2-500 2-402 2 -300 

2-500 2 -402 2-311 

2-500 2-402 2·311 

2-500 2·409 2-311 

2-500 2·409 2·311 

2-500 2-409 2·311 

2-500 ..... .... 

·· · ·· . .. •· ... 

0-07 0 -08 

1-407 1-303 
1-428 1-322 

1·450 1·342 

1·471 1·366 

1·494 1·387 

1 -517 1·407 

1 ·540 1 -428 

1·564 1·455 

1·594 1·483 

1·619 1 ·511 

1 ·651 1·540 

1·678 1-570 

1 ·711 1·600 

1-746 1·632 

1·775 1 ·664 

1-811 1·698 

1-849 1-732 

1 ·881 1-760 

1-921 1 ·789 

1 ·963 1·827 

1 ·988 1 -849 

2·014 1 -881 

2·041 1 -913 

2-059 1·937 

2·078 1-954 

2-097 l ·963 

2-106 1-971 

2·116 1·980 

2·125 1·988 

2-125 1 ·988 

2· 135 1-997 

2· 135 1 ·997 

2·145 2-006 

2-145 2·006 

2 -145 2·006 

2 -1-15 2·006 

.... .. ... 
.. .. .. 

0-09 0·10 0-11 0· 12 

1-209 1-134 1-076 1·028 
1·230 l · 159 1 ·095 1 ·050 
1·248 1 · 179 1 · 115 1 ·069 
1·271 1 ·205 1 · 138 1 ·091 
1-294 1 -226 1· 159 1·111 

1·317 1-248 l · 179 1 · 134 
1-342 1·275 1-205 1· 154 
1·371 1·299 1·226 l · 179 
1 ·397 1·327 1·253 1·205 
1·423 1·356 1·280 1 ·226 

1·455 1-387 1-308 1·253 
1·483 1-412 1-337 1·285 
1-511 1·444 1·366 1-313 

1·546 1-471 1-397 1·342 
1-576 1·499 1·428 1-371 

1·607 1·528 1 ·460 1·402 
1-638 1-558 1-494 1·433 
1 -671 1-588 1 ·522 1·466 
1 -698 1-619 1·552 1·494 

1 ·725 1·645 1·576 1·517 

1·753 1-671 1-600 1·540 
1-775 1·691 1 ·619 1-558 

1-797 1-711 1·638 1·570 

1 ·819 1-732 1-651 1 ·581 

1 ·834 1·746 1·664 1-594 

1-849 1-753 1-671 1 ·600 

l ·857 1·760 1-678 1·607 

1-865 1·767 1·684 1·613 
1-873 1-767 l ·691 1 ·619 

l ·881 1-775 1·698 1-625 

1-881 1-782 1 ·698 1 ·625 

1·889 1-782 1-703 1 ·631 

1·889 1·782 1 -703 1 · 631 

1·889 1·788 1·703 1-631 

1 ·889 1-788 ..... .. . .. 

..... . . . .. ..... ..... 

.. ... . . •· .. ..... 

. .... .. . . ..... , .... 



Surface 0·00 

TABLES OF EXTENDED DISTANCES FORS, SS AND sS 

TABLE III 

Extended Distances for SS 

D epth h = 

0·01 0-02 0 ·03 0·04 0·05 0·06 0·07 0 ·08 
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0·09 0· 10 0·11 0· 12 
-----+-------------- ---- ------------------ - ------

O·O 0·000 
0·5 0·019 
1·0 0·033 
1·5 0·047 
2·0 0·059 

2 ·5 0·071 
3·0 0·081 
3 .5 0·089 
4·0 0·097 
4·5 0·106 

5·0 0·112 
5 .5 0 ·119 
6 ·0 0·125 

6·5 0·132 
7·0 0· 137 

7.5 0·143 
8·0 0·149 
8·5 0·154 0·006 
9·0 0·160 0·051 
9·5 0·165 0·069 

10·0 0·169 0·089 
10·5 0·175 0·101 

11·0 0·180 0·115 

11·5 0·185 0·126 
12·0 0·189 0· 136 

12·5 0·194 0·145 
13 ·0 0·200 0 ·152 
13 ·5 0·204 0·160 
14 ·0 0 ·209 0 ·168 0·052 
14.5 0 ·214 0 ·175 0·068 

15·0 0·218 0· 181 0·082 
15·5 0·224 0·187 0·094 
16 ·0 0·229 0· 193 0·104 

16·5 0·234 0·200 0·113 
17·0 0·239 0 ·206 0·122 

17·5 0-245 0 ·213 0· 132 
18·0 0 ·250 0·220 0·140 

18·5 0·255 0·226 0 ·148 
19·0 0·260 0·232 0 · 156 
19·5 0 -266 0·239 0·165 

20 0-272 0 -246 0· 172 
21 0·284 0·259 0 ·189 0-000 
22 0·297 0·273 0·203 0·080 
23 0·310 0-287 0-217 0·115 
24 0·324 0 ·300 0·233 0 · 137 0·051 



110 PUBLICATIONS OF THE DOMINION OBSERVATORY 

TABLE III-Continued 

Extended Distances for SS 

Depth h = 
~ 

Surface 0-00 0·01 0·02 0-03 0·04 0-05 0·06 0 -07 0-08 0-09 0-10 0-11 0·12 
---------------------------------------

25 0·338 0-315 0-248 0-158 0-080 

26 0·352 0·328 0·264 0-177 0·108 

27 0-367 0-344 0-280 0-194 0· 128 

28 0-381 0 ·359 0·298 0·212 0·147 0·000 
29 0-400 0-376 0·315 0·230 0-168 0 -028 

30 0-416 0·392 0 -332 0-250 0 ·184 0-079 0-052 

31 0-433 0 ·408 0-352 0·269 0·208 0-118 0-130 

32 0-450 0-424 0 -370 0·290 0·233 0·156 0-243 0·262 0-042 

33 0-466 0·442 0·392 0·313 0-255 0-188 0 -342 0·324 0-125 0·000 
34 0-484 0-457 0-408 0·336 0-280 0-216 0·372 0-366 0-205 0-075 

35 0·502 0-475 0-431 0-360 0·306 0-247 0-411 0-404 0-270 0-140 

36 0-518 0·495 0 ·454 0·385 0·337 0·285 0-473 0 ·439 0-322 0·188 0·000 
37 0-532 0 ·513 0 -480 0-423 0-377 0·568 0-514 0·473 0-364 0·233 0· 101 

38 0-548 0-529 0-512 0-501 0-389 0-599 0-555 0 ·506 0·4.05 0-270 0-160 0-028 

39 0·569 0·558 0·552 0·590 0-655 0·630 0 -589 0·540 0-442 0 ·308 0·208 0-092 0-000 

40 0·612 0-640 0-639 0-703 0-608 0 ·663 0·622 0-572 0 -478 0·342 0·248 0 ·133 0-043 

41 0-764 0-750 0-764 0 -774 0-734 0·700 0-653 0-006 0-507 0-376 0·284 0-179 0·083 
42 0-838 0·860 0·839 0-818 0 -771 0-731 0-684 0·644 0-533 0-408 0·318 0-201 0·114 

43 0-920 0·908 0-875 0-848 0·803 0-760 0-716 0-671 0-557 0-439 0 -347 0-228 0-144 

44 0-953 0·942 0-011 0-880 0-833 0-789 0-745 0·694 0 -582 0·46G 0-370 0·252 0·167 

45 0·985 0-980 0·946 0-909 0-860 0-815 0-769 0-716 0 ·003 0-488 0·394 0-273 0-188 0-000 

46 1·024 1 ·012 0-978 0-935 0-888 0·832 0-793 0-736 0 ·620 0·507 0·412 0-293 0-205 0·028 
47 1-003 1·040 1-004 0 ·960 0-912 0 -851 0-714 0-754 0·635 0-526 0 ·427 0-312 0·222 0·055 
48 1-094 1-066 l ·028 0-980 0·932 0·876 0-830 0-772 0·652 0-541 0 ·442 0 ·330 0·236 0-081 

49 l · 121 l · 103 1-051 0-996 0·948 0 ·898 0-847 0-788 0-665 0·556 0·456 0·348 0·250 0 ·106 

50 1-140 l · 131 1-071 1-012 0-964 0·916 0·860 0·801 0·679 0-569 0 ·469 0-364 0·263 0·127 

51 1· 156 1-149 1 ·091 1·029 0-979 0·932 0-873 0-813 0·602 0·583 0·481 0·380 0-276 0·144 

52 1-172 l · 168 1-109 1·044 0·903 0·916 0·885 0·824 0-703 0·594 0-492 0-393 0 ·287 0-160 

53 1 · 187 1 · 183 l · 123 1-059 1·003 0-059 0-897 0·834 0·713 0-604 0-502 0-403 0 ·297 0·178 

54 1-202 1-197 1 · 137 1-072 1-012 0-959 0-9Q7 0·845 0·723 0-613 0-510 0·411 0-307 0·193 

55 1-216 1-208 l · 150 1-088 1 ·021 0·977 0·917 0-855 0 ·732 0·621 0-518 0 ·418 0·315 0·202 

56 1-228 1·220 1 · 160 1-100 1·029 0·981 0-926 0-864 0·740 0·628 0-525 0-425 0·323 0-210 

57 1-239 1-231 1 · 169 1 · 110 1-039 0·988 0-934 0-871 0·748 0·637 0-532 0-431 0 ·328 0·217 

58 1-249 1·242 1 · 177 1-119 1·049 0·993 0-939 0-877 0-754 0 ·643 0-537 0-436 0-335 0-225 

59 1·257 1·249 1 · 185 1-125 l ·059 1-001 0-943 0-883 0-760 0·648 0-541 0-440 0 -340 0-234 

60 1·266 1-256 1 · 192 1 · 133 l·0ü8 1-005 0·916 0·887 0-766 0 ·651 0-547 0-444 0-344 0-244 

61 1-273 1-262 1 · 197 1 · 140 1-075 l ·012 0·950 0·801 0-770 0·654 0·552 0·449 0-349 0·254 

62 1·280 1·269 1 ·201 l · 148 1·082 1 ·017 0-954 0-895 0-774 0-658 0·557 0-454 0·355 0·264 

63 1 ·286 1-276 1-206 1-153 1·088 1 ·021 0·960 0·889 0-778 0 ·662 0-562 0-459 0-362 0-273 

64 1·292 1-283 1 ·211 1 · 160 1 ·092 1 -027 0-965 0·902 0-780 0-664 0·568 0·464 0-368 0-283 

65 1-297 1-289 1 ·216 1 · 162 1·099 1 ·033 0·971 0-907 0-784 0·667 0-573 0-472 0-377 0-292 

66 1 ·302 1-293 1 ·221 1 · 166 1 · 105 1-038 0-975 0-913 0·788 0-672 0-578 0-479 0-387 0-302 

67 1 ·307 1-296 1·228 l · 169 1 · 109 1-043 0-980 0·918 0-792 0-678 0·584 0·485 0-398 0-312 

68 l · 310 1·298 1-232 1 · 175 1-112 1·049 0-985 0·924 0 -795 0-682 0·593 0-492 0-408 0-324 

69 1·312 1 ·302 1·237 1·182 1·118 1·054 0-991 0-928 0-799 0-688 0-597 0·499 0 -418 0-333 

-



Surface 0 · 00 
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0·01 0·02 

TABLE III-Continued 

Extended Distances for SS 

Depth h = 

0·03 0·04 0·05 0·06 0·07 0·08 

111 

0-09 0· 10 0· 11 0· 12 

-----1----1---------------------------------------

70 

71 
72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

lOl 

l02 

103 
104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

1 ·315 

1 ·318 

1 ·321 

1 ·325 

1·330 

1 ·338 

1-347 

1 ·355 

1 ·363 

1-370 

1 ·379 

1·388 

1-398 

1·406 

1 ·414 

1·424 

1 ·432 

1·441 

1-448 

1·457 

1·466 

1·473 

1·481 

1·489 

1·497 

1-505 

1·512 

1·520 

1 ·527 

1 ·534 

1·541 

1·549 

1 ·556 

1·565 

1 ·572 

1·580 

1·589 

1 ·597 

1 ·605 

1·613 

1·622 

1-630 

1 ·639 

1 ·648 

1·656 

1·307 

1 ·312 

1 ·316 

1·321 

1·325 

1 ·332 

1·340 

1·347 

1·354 

1 ·361 

1 ·370 

1-377 

1·385 

1 ·392 

1·400 

1·408 

1 ·416 

1 ·423 

1 ·431 

1·439 

1-447 

1 ·456 

1·464 

1•474 

1·485 

1-493 

1·502 

1·510 

1 ·516 

1·524 

1 ·532 

1 ·539 

1·545 

1 ·553 

1 ·561 

1·571 

1·580 

1·589 

1·598 

1 ·606 

1·611 

1-620 

1 ·630 

1·640 

1·649 

1 ·244 

1·249 

1-255 

1·260 

1·266 

1 ·273 

1-280 

1·288 

1·294 

1 ·301 

1 ·309 

1 ·317 

1·326 

1·335 

1·343 

1 ·351 

1·360 

1·369 

1·374 

1·380 

1·388 

1 ·397 

1·403 

1 ·409 

1 ·417 

1·426 

1·434 

1 ·442 

1·450 

1·454 

1·467 

1·474 

1·480 

1·487 

1·495 

1·503 

1 ·512 

1·521 

1·529 

1-539 

1 ·547 

1·556 

1 ·565 

1·573 

1·580 

1 · 186 

1 · 191 

l · 197 

1-204 

1 ·210 

1·216 

1·223 

1 ·229 

1·236 

1-244 

1 ·250 

1·257 

1·266 

1·275 

1·285 

1·295 

1·299 

1·303 

1-309 

1 ·317 

1·323 

1 ·332 

1 ·339 

1· 346 

1·353 

1 ·361 

1 ·368 

1 ·376 

1 ·388 

1 ·399 

1·405 

l ·413 

1·420 

1·429 

1·436 

1·445 

1-453 

1 ·461 

1·470 

1-478 

1 ·487 

1 ·495 

1 ·500 

1·505 

1 · 513 

1 · 124 

l · 130 

1 · 136 

1 · 142 

1·149 

l · 155 

l · 162 

1·169 

1·177 

1 · 183 

1 · 191 

1-200 

1-209 

1 ·217 

1·225 

1 ·23 1 

1-238 

1 ·244 

1-250 

1·258 

1 ·265 

1-272 

1·280 

1-289 

1 ·299 

1 ·305 

1 ·312 

1 ·319 

1 ·326 

1 ·33-:l 

1-341 

1 ·3-18 

1-355 

1 ·362 

1·371 

1 ·370 
1·386 

1 ·3D4 

1·402 

1·409 

1 ·417 

1 ·425 

1·433 

1 ·441 

1·449 

1·060 

1·065 

1·071 

1 ·078 

1-086 

1·092 

1 ·098 

1 · 104 

1·110 

1-117 

1 · 126 

1 · 133 

1 · 142 

1 ·150 

1 · 159 

1·166 

1 · 175 

l · 181 

1 · 189 

1 · 197 

1·206 

1 ·214 

1·223 

1·229 

1 ·235 

1 ·241 

1-248 

1·255 

1·263 

1 ·269 

1 ·276 

1·282 

1 ·290 

1 ·297 

1 ·304 

1 ·310 

i ·319 

l ·326 

1·334 

1·340 

1·349 

1·356 

1 ·362 

1 ·369 

1 -379 

0·998 

1·004 

1 ·010 

1·017 

1 ·023 

1 ·030 

1 ·037 

1·045 

1·052 

1·060 

1 ·067 

1 ·075 

1·082 

1·090 

1 ·095 

1 · 103 

1 · 111 

l · 119 

1 · 126 

1 · 135 

1 · 142 

1 ·150 

1 · 156 

1 · 163 

1 · 171 

1 · 179 

1 · 185 

1· 191 

1·202 

1·210 

1 ·215 

1 ·221 

1 ·228 

1 ·236 

1·246 

1·254 

1 ·261 

1 ·207 

1-274 

1·280 

1·288 

1·294 

1·301 

l ·310 

1· 320 

0·932 

0·937 

0·943 

0·949 

0-956 

0·9ô4 

0·972 

0·980 

0·988 

0·996 

1·003 

1·009 

1 ·017 

1·024 

1·033 

1 ·041 
1·050 

1·057 

1·064 

1-072 

1·078 

1·084 

1·091 

1·100 

1 · 108 

1 · 116 

l · 121 

1 · 127 

1 · 135 

1 · 143 

1 · 148 

1·156 

l · lGl 

1 ·163 
1 · 176 

1 · 184 

1 · 191 

1 · 198 

1·204 

1 · 212 

1·220 

1-228 

1 ·234 

1 ·244 

1 ·252 

0-803 

0·809 

0-815 

0·822 

0·830 

0·837 

0-845 

0-853 

0·861 

0-870 

0·880 

0·888 

0·895 

0-90~ 

0·912 

0 ·918 

1·005 

1 ·013 

1 ·041 
1·048 

1 ·054 

1·060 

1·069 

1-076 

1-082 

1 ·088 

1·095 

1 · 103 

l · 111 

1·018 

1 ·025 

1 ·032 

1 ·040 

1 ·0-±8 

1-055 

1 ·063 

1 ·070 

1-078 

1-086 

1 ·093 

1 · 101 

1 · 108 

l · 116 

1 · 125 

1·133 

0·693 

0·701 

0·708 

0-717 

0·726 

0·735 

0·743 

0-752 

0·760 

0·768 

0·776 

0·784 

0-792 

0·800 

0·807 

0·814 

0·822 

0·829 

0·839 

0·844 

0·850 

0·857 

0-864 

0·871 

0-878 

0-884 

0-890 

0·898 

0 ·906 

0 ·913 

0-020 

0·927 

0·934 

0-940 

0·945 

0·952 

0·960 

0·9G6 

0•974 

0-982 

0-992 

0·999 

1·005 

1 ·012 

1·020 

0·604 

0·609 

0·616 

0·624 

0-632 

0·64.0 
0-6,16 

0 ·653 
0-660 

0·G68 

0-676 

0·682 

0·689 

0·697 

0·705 

0-713 

0-722 

0-728 

0·737 

0-744 

0·751 

0·759 

0-767 

0-774 

0·780 

0-788 

0·796 

0-802 

0-809 

0·817 

0 ·824 

0·832 

0·840 

0-848 

0-856 

0·8G4 

0-871 

0-878 

0-885 

0-892 

0·900 

0-909 

0·918 

0·926 

0·934 

0·507 

0·517 

0-526 

0·536 

0·544 

0·553 

0-561 

0-,570 

0·578 

0-587 

0·596 

0-604 

0· 613 

0·621 

0·628 

0·637 

0·647 

0·655 

0·663 

0-671 

0-679 

0·685 

0·691 

0·698 

0·707 

0-721 

0-728 

0-736 

0-744 

0·744 

0-752 

0-759 

0-766 

0-773 

0-781 

0-788 

0·795 

0·802 

0·810 

0·817 

0-824 

0-833 

0-841 

0·851 

0·858 

0·428 

0-438 

0·448 

0-457 

0·466 

0·474 

0·484 

0-492 

0·503 

0·511 

0·517 

0·524 

0-532 

0·541 

0·549 

0·558 

0-566 

0·573 

0·580 

0-588 

0·596 

0·605 

0-613 

0·620 

0·627 

0·634 

0·641 

0-650 

0·657 

0·666 

0·674 

0·681 

0·689 

0·697 

0·704 

0·712 

0·720 

0·728 

0·737 

0-744 

0-752 

0·760 

0·769 

0-778 

0-787 

0-345 

0·456 

0-468 

0·480 

0-491 

0-501 

0-512 

0·523 

0·532 

0-542 

0-551 

0·560 

0·570 

0-580 

0·589 

0·598 

0-605 

0·613 

0·622 

0·629 

0 ·638 

0·645 

0·653 

0·560 

0-569 

0-577 

0-584 

0-592 

0·600 

0·606 

0·613 

0 ·620 

0·628 

0-636 

0·644 

0-651 

0-660 

0·667 

0·675 

0·684 

0·692 

0-700 

0·708 

0-717 

0-726 
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Surface 0·00 

115 1·665 1·658 

116 1·673 1-668 

117 1·683 1·676 

118 1 ·692 1·683 

119 1 ·702 1-692 

120 1·712 1-702 

121 1-722 1·713 

122 1·732 1-723 

123 1-742 1·733 

124 1-752 1·744 

125 1-762 1-755 

126 1·771 1·765 

127 1·782 1-776 

128 1-794 1-787 

129 1-806 1-796 

130 1·819 1·808 

131 1 ·831 1·820 

132 1·844 1 ·831 

133 1·856 1·843 

134 1·868 1·855 

135 1-879 1-868 

136 1·889 1·880 

137 1·899 1-892 

138 1-909 1-903 

139 1-920 1 ·914 

140 HJ30 1 ·927 

141 1 ·941 1·939 

142 1-956 1-951 

143 1·971 1·965 

144 1-985 1·979 

145 2-000 1-992 

146 2·016 2·004 
147 2-032 2-016 

148 2·046 2·030 
149 2-061 2·044 

150 2·076 2·057 
151 2·092 2·070 
152 2· 108 2·084 
153 2·124 2 ·100 
154 2-140 2·114 

155 2· 154 2-128 

156 2-168 2-143 
157 2-182 2-157 
158 2·197 2· 172 
159 2·212 2·187 
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0·01 0·02 
------

1·586 1·523 

1·596 l ·532 

1 ·606 1·541 

1-614 1·550 

1·624 1·559 

1-632 1·568 

1·642 1-577 

1·650 1-585 

1 ·663 1·596 

1·673 1·604 

1-684 1 ·613 

1-694 1 ·623 

1-705 1·633 

1-717 1-647 

1·729 1·659 

1·740 1·669 

1-751 1·679 

1 ·701 1·689 

1-773 1·701 

1·785 1·713 

1·797 1-727 

1 ·812 1·740 

1·826 1·755 

1·837 1·767 

1·848 1-776 

1·860 1-788 

1·872 1-800 

1·884 1-814 

1·896 1-828 

1·908 1-840 

1·920 1·853 
1·932 1·864 
1·944 1·876 
1·956 1·888 
1·970 1 ·901 

1 ·983 1 ·917 

1·995 1·933 

2·008 1 ·945 
2-023 1-958 

2·036 1-970 

2-050 1-983 

2·063 1-996 
2-080 2-010 
2-097 2-022 

2-115 2 ·037 

TABLE III-Continued 

Extended Distances for SS 

Depth h = 

0·03 0 ·04 0·05 0·06 

------- -----

1·457 1·389 1·328 1·260 
1·465 1 ·399 1·336 1·267 
1·475 1·407 1·343 1·274 
1·484 1 ·415 1-350 1-284 
1·492 1·425 1 ·360 1·294 

1·503 1·436 1 ·371 1·304 
1-514 1-444 1-379 1·312 
1·524 1·453 1 ·387 1 ·319 
1·532 1·464 1 ·397 1·327 
1·541 1-474 1·407 1 ·337 

1·550 1·482 1·417 1·348 
1·560 1·492 1·428 1·357 
1·573 1·504 1·436 1·367 
1·584 1 ·515 1·444 1-377 
1-592 1·526 1·456 1·388 

1·604 1·538 1·467 1·398 
1·616 1·546 1-478 1·408 
1·627 1·555 1·489 1 ·419 
1·636 1·564 1·500 1-434 
1·648 1-576 1·512 1·440 

1·662 1-588 1·524 1 ·451 
1·676 1 ·601 1·536 1·462 

1-689 1 ·613 1·547 1-474 

1-700 1·624 l ·559 1·486 

1-711 1 ·633 1·568 1·497 

1-720 1·644 1·578 1·508 

1·730 1·656 1·589 1·520 

1-744 1·668 1·602 1·532 

1·760 1 ·679 1 ·614 1·544 

1-772 1-691 1·628 1 ·556 

1·782 1·704 1 ·641 1·568 

1·797 1-717 1·653 1·580 

1 ·811 1-728 1·664 1 ·593 

1 ·823 1-740 1·675 1·606 

1·834 1-754 1-688 1 ·616 

1-845 1-768 1-701 1·625 

1-857 1-783 1-710 1·637 

1·868 1-796 1-722 1-651 

1-881 1-807 1·737 1·664 

1·892 1-820 1-750 1-678 

1-905 1-836 1 ·761 1·691 

1-921 1-853 1-773 1·704 

1·938 1 ·868 1-788 1-715 

1-950 1-882 1-803 1 -727 

l · 964 1-894 1 ·817 1 -740 

0·07 0·08 
------

1 · 141 1·030 
l · 151 1·040 
1 · 159 1 ·048 
1 · 166 1 ·057 
1 · 175 1·066 

1 · 181 1-075 

l · 188 1 ·083 
1 ·196 1·092 
1·206 1 ·101 
1 ·213 1 · 112 

1·223 1 · 122 
1·231 1 · 132 
1·240 1·142 
1·249 1 · 152 
1·258 1 · 160 

1·268 1 · 169 
1·277 l · 180 
1·288 1 · 189 
1·300 l · 198 
1·310 1·208 

1 ·320 1 ·219 
1 ·330 1 ·231 
1·341 1 ·243 

1·353 1·252 

1·305 1 ·261 

1·375 1-272 

1·386 1-284 

1·398 1·293 
1·411 1-303 

1·422 1 ·312 

1-433 1 ·322 

1·444 1 ·332 
1-455 1·343 
1-464 1 ·355 
1 ·476 1·367 

1·488 1·376 
1-501 1·388 
1-512 1 ·397 
1-524 1-409 

1·536 1 -420 

1-547 1 ·432 

1 ·560 1-444 

1·573 1·458 
1-589 1·472 
1-603 1·487 

0·09 0·10 0· 11 0·12 
------------

0·941 0·867 0-796 0-737 
0·950 0-875 0-805 0-745 
0-958 0-884 0·813 0 ·753 
0 ·967 0 ·891 0-821 0-762 
0-976 0-899 0·831 0-770 

0-985 0·909 0·841 0·778 
0·994 0·915 0-850 0-789 

1 ·003 0·922 0·858 0·800 
1· 011 0-931 0-867 0·810 
1 ·021 0·940 0-875 0-818 

1-031 0·950 0-886 0-828 

1·040 0·960 0 -895 0·838 
1·049 0 ·969 0·905 0·847 
1·058 0-978 0·915 0-857 

1·068 0-986 0-923 0-866 

1·078 0·995 0·932 0-876 

1·087 1·005 0·942 0-885 

1·097 1·014 0-952 0-896 
1-107 1 ·023 0·963 0 ·905 
1-118 1 ·033 0-972 0·915 

1· 128 1 ·042 0 ·980 0·923 
1· 136 1·052 0·989 0-932 

1-144 1-062 1·000 0-943 

1 · 154 1-073 1·009 0 ·953 

1 ·164 1·084 1·020 0-964 

1 · 176 1·094 1·029 0-975 

1 · 185 1 · 103 1 · 040 0·986 

1· 196 1·114 1·051 0·996 

1·204 1·124 1·060 1-005 

1·216 1· 134 1-070 1 ·014 

1·225 1 · 146 1·080 1-026 

1·234 1 · 160 1·090 1·038 

1·244 1-169 1· 100 1 ·050 

1·253 1-180 1-111 1-060 

1·266 1 · 192 1 ·122 1·069 

1·278 1-206 1-133 1-080 

1·290 1 ·217 1-145 1-092 

1·302 1 ·228 1 · 156 1 ·102 

1 ·314 1·240 1-167 1 · 113 

1-327 1 ·253 1-177 1 ·124 

1-340 1 ·267 1-189 1 · 136 

1-355 1-280 1·203 1-148 

1·369 1-292 1 ·215 1 · 158 

1-384 1·304 1-227 1·171 

1 ·397 1-320 1 ·240 1 ·185 
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1 
TABLE III-Concluded 

Extended Distances for SS 

Depth h = 

Surface 0·00 0·01 0·02 0·03 0·04 0·05 0·06 0·07 0·08 0·09 0· 10 0 · 11 0 · 12 
---------------------------------------

160 2-228 2·202 2 ·128 2 ·056 1 ·976 1 ·908 1 ·833 l ·755 1 ·615 1 ·501 1·410 1·333 1·253 1·200 

1 
161 2 ·242 2-222 2· 145 2·072 1·990 1 ·924 1·849 1 ·768 1·630 1 · 516 1-423 1·349 1 ·2G7 1 ·211 
162 2·256 2·244 2·165 2 ·088 2·006 1·940 1 ·865 1 ·783 1·648 1 ·530 1 ·439 1 ·364 1 ·281 1 ·221 

1 

163 2•270 2·260 2 ·182 2·102 2·024 1·960 1 ·881 1 ·798 1·660 1·545 1·456 1·380 1 ·296 1-235 

164 2-287 2-276 2 ·198 2 · 121 2 ·042 1 ·978 1-897 1 ·813 1·675 1·561 1·469 1 ·393 1 ·311 1·248 

1 

165 2 -305 2·292 2·216 2· 141 2·060 1·994 1 ·913 1·829 1·690 1-576 1·484 1 ·407 1 ·325 1·264 

166 2·324 2·309 2·239 2·162 2-079 2·011 1 ·929 1·848 1·707 1·592 1·500 1 -422 1 ·340 1-280 

167 2·343 2 ·331 2-260 2 · 180 2 ·098 2·028 1-945 1·866 1 ·725 1·608 1 ·515 1 ·439 1 ·355 1·296 

168 2·360 2 -353 2·283 2· 194 2·116 2·048 1·962 1·885 1 ·743 1·624 1·531 1-453 1·372 1 ·311 

169 2-378 2·372 2·300 2-212 2·136 2·065 1-979 1·905 1·758 1·640 1·549 1·467 1·387 1 ·327 

170 2 -399 2·388 2·317 2-232 2 ·156 2·085 1·997 1·928 1·773 1 ·657 1 ·564 1-481 1·403 1 ·342 

171 2 -420 2·407 2-337 2 ·255 2 -178 2 -104 2·015 1·948 1 ·792 1 ·675 1·580 1·495 1·418 1-356 

172 2·442 2-424 2-359 2-276 2·198 2·124 2·033 1 ·968 1 ·811 1·692 1·595 1-510 1·434 1-372 

173 2·466 2-447 2·383 2 ·296 2-220 2·143 2·051 1 ·985 1 -829 1 -708 1 ·612 1·526 1·451 1 ·388 

174 2-489 2-472 2·407 2·318 2-240 2· 161 2·073 2-000 1·849 1·724 1-628 1·540 1 ·469 1·404 

175 2·511 2 ·496 2·430 2·341 2·261 2-182 2-096 2·019 1·864 1·740 1-645 1 ·556 1·487 1·420 

176 2-533 2 ·523 2·455 2·365 2-281 2 ·204 2 ·119 2·037 1·881 1 ·754 1 ·661 1·572 1 -502 1 ·437 

177 2 ·557 2-543 2·480 2 ·385 2 ·304 2·224 2·139 2·056 1·902 1-769 1-677 1·588 1 ·517 1·453 

178 2 ·584 2·564 2-504 2 ·402 2·326 2 ·245 2·158 2 -076 1-924 1-785 1 ·690 1·604 1·532 1 ·471 

179 2·612 2-588 2 ·530 2 ·423 2·348 2 -267 2-177 2·094 1·945 1·802 1-704 1·619 1·548 1·485 

180 2-638 2·616 2 ·556 2-448 2 ·366 2·283 2 · 196 2·113 1 ·965 l ·822 1·718 1 ·631 1 ·561 1 ·497 
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TABLE IV 

Extended Distances for sS 

Depth h = 

0·00 0·01 0·02 0·03 0·04 0·05 0·06 0·07 0·D8 0·09 0·10 0·11 0·12 

7.5 -0·051 
8·0 -0·101 
8·5 -0·137 
9·0 -0· 156 ..... ... 
9.5 -0· 171 .... .... ... 

10·0 -0· 187 
10·5 -0·200 ....... ....... 

11·0 -0·213 
11·5 -0 ·228 
12·0 -0·244 -0·114 

12·5 -0·260 -0·136 
13·0 -0·274 -0·156 
13·5 -0·288 -0· 173 
14·0 -0·303 -0·194 
14·5 -0·322 -0·208 

15·0 -0·339 -0·226 
15·5 -0·356 -0·245 
16·0 -0·372 -0·264 
16·5 -0·388 -0·284 
17·0 -0·420 -0·303 

17·5 -0-426 -0·319 
18·0 -0·446 -0·338 
18·5 -0·464 -0·360 
19·0 -0·483 -0 ·380 ....... ... 
19·5 -0·504 -0·400 -0·162 

20 -0·524 -0·421 -0·195 
21 -0·695 -0·480 -0·262 
22 -0·911 -0·584 -0·360 
23 -0·982 -0·875 -0-770 -0·117 
24 -1·056 -0·956 -0·863 -0-739 -0 ·582 

25 -1· 112 -1 ·019 -0·933 -0·823 -0·700 
26 -1· 159 -1·062 -0-980 -0-888 -0·768 -0 ·622 
27 -1·189 -1· 103 -1 ·015 -0·934 -0·830 -0·732 -0·481 ..... ·· • ···· 
28 -1 ·213 -1· 137 -1·049 -0·968 -0·888 -0·792 -0·669 
29 -1·235 -1 · 159 -1 ·082 -0·999 -0-947 -0·842 -0·728 -0·534 

30 -1·253 -1 · 177 -1 · 107 -1·018 -0·964 -0·869 -0-778 -0·609 
31 -1·266 -1 · 192 -1 ·122 -1 ·037 -0·976 -0·897 -0·808 -0·649 -0·460 
32 -1·280 -1·202 -1 · 140 -1·057 -0·987 -0·920 -0·832 -0·680 -0·527 
33 -1-290 -1·209 -1 · 152 -1 ·075 -1·001 -0·936 -0·855 -0·708 -0·561 -0·224 
34 -1·297 -1 ·220 -l · 161 -1 ·087 -1 ·012 -0·944 -0·872 -0·731 -0·598 -0·442 

35 -1·303 -1 ·231 -1 · 169 -1 ·098 -1 ·024 -0·952 -0·885 -0·748 - 0·617 -0-475 -0·252 
36 -1 · 313 -1 ·244 -1 · 180 -1·108 -1·033 -0·963 -0 ·894 -0-760 -0·633 -0·504 -0 ·322 
37 -1 ·323 -1 ·255 -1 · 191 - 1 · 120 -1 ·045 -0·972 -0·900 -0-769 -0-647 - 0·520 -0·372 
38 -l ·335 -1 ·268 -1·203 -1 · 132 -1 ·057 -0·983 -0·910 -0·778 -0·654 -0·535 -0 ·404 -0·186 
39 -l ·350 -1 ·283 -l ·215 -1 · 144 -1·068 -0·995 -0·920 -0-786 -0·662 -0·546 -0·420 -0·236 
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0·00 0-01 

40 -1-365 -1 -296 
41 -1·380 -1 ·309 
42 -1 -396 -1-327 
43 -1 ·410 -1·343 
44 -1·425 -1 -361 

45 -1·443 -1-374 
46 -1·459 -1 ·390 
47 -1-478 -1·404 
48 -1 ·499 -1-420 
49 -1·513 -1·435 

50 -1-526 -1-451 
51 -1·540 -1·471 
52 -1-556 -1·483 
53 -1•574 -1·499 
54 -1·591 -1 ·517 

55 -1-608 -1·534 
56 -1·624 -1-552 
57 -1·642 -1-570 
58 -1 ·662 -1 ·582 
59 -1-679 -1-600 

60 -1·696 -l·ül9 
61 -1-716 -1·638 
62 - 1-736 -1 ·658 
63 -l-759 -1 ·678 
64 -1·780 -1-698 

65 -1·802 -1-725 
66 -1-824 -1-746 
67 -1·848 -1-770 
68 -1-872 -1 ·794 
69 -1·895 -1 ·823 

70 -1 ·919 -1-847 
71 -1·942 -1 ·869 
72 -1·972 -1·893 
73 -2·001 -1-918 
74 -2·026 -1 -942 

75 -2·052 -1 ·967 
76 -2-080 -1 ·993 
77 -2·108 -2·018 
78 -2·140 -2·047 
79 -2·168 -2·076 

80 -2· 197 -2 -112 
81 -2·237 -2-142 
82 -2·272 -2· 180 
83 -2-307 -2·213 
84 -2·345 -2·261 

TABLES OF EXTENDED DISTANCES FORS, SS AND sS 

0·02 0-03 

-1-227 -1 · 156 
-1-244 -1-171 
-1-257 -1 · 185 
-1-275 -1-205 
-1·294 -1 ·222 

-1·303 -1·235 
-1 ·317 -1·248 
-1-332 -1·262 
-1-347 -1-278 
-1 ·361 -1·297 

-1 -376 -1-310 
-1·400 -1·324 
-1·415 -1·340 
-1-431 -1·354 
-1·446 -1 ·372 

-1·463 -1·387 
-1·480 -1·402 
-1-496 -1·418 
-1 ·508 -1-435 
-1·526 -1·449 

-1-543 -1-467 
-1 ·561 -1·488 
-1 ·580 -1·508 
-1 ·601 -1·528 
-1-620 -1·545 

-1 ·641 -1 ·566 
-1 ·667 -1 ·587 
-1-687 -1 ·612 
-1-709 -1-634 
-1·737 -1 ·659 

-1-761 -1·686 
-1 ·783 -1-707 
-1 ·809 -1-728 
-1-837 -1 ·760 
-1·864 -1-782 

-1-888 -1·811 
-1 ·915 -1-834 
-1·945 -1 ·857 
-1·971 -1 ·811 
-1 ·996 -1-905 

-2-022 -1 ·943 
-2·056 -1-967 
-2·087 -1·994 
-2· 123 -2·029 
-2·168 -2·066 

TABLE IV-Continued 

Extended Distances for sS 

D epth h = 

0·04 0·05 0·06 

-1-082 -1-008 -0-931 
-1 ·096 -l ·022 - 0-943 
-1 · 107 -1-038 -0 ·957 
-1· 126 -1·054 -0-974 
-1 · 142 -1 ·069 -0·992 

-1-159 -1·087 -1-005 
-1 •175 -1-099 -1 ·021 
-1·191 -l · 115 -1·040 
-1-208 -1 · 134 -1 -057 
-1-225 -1· 149 -1-072 

-1·237 -1 · 161 -1-086 
-1·250 -1 · 177 -1-102 
-1-265 -1 · 195 -1·118 
-1·279 -1·210 -1 ·133 
-1·295 -1-222 -1·146 

-1-309 -1 ·238 -1 · 160 
-1 ·323 -1-257 -1 · 173 
-1 ·337 -1-270 -1 ·189 
-1 ·352 -1·283 -1·204 
-1-369 -1·298 -1·220 

-1·388 -1 ·314 -1·235 
-1·407 -1 ·333 -1·252 
-1-425 -l ·350 -1·270 
-1·443 -1-371 -1-289 
-1 ·463 -1·387 -1-308 

-1 ·484 -1·407 -1·325 
-1·506 -1-428 -1·345 
-1 ·529 -1·444 -1 ·365 
-1-548 -1 ·473 -1-384 
-1-570 -1·492 -1·408 

-1 ·594 -1-515 -1 ·431 
-1 ·619 -1·540 -1 ·452 
-1-638 -1·562 -1·477 
-1·664 -1-585 -1 ·501 
-1 ·690 -1 ·608 -1·524 

-1-715 -1 ·633 -1 ·552 
-1·737 -1 ·661 -1-578 
-1-765 -1-686 -1 ·601 
-1-795 -1 ·712 -1-625 
-1-818 -1 ·739 -1 ·651 

-1-855 -1-763 -1 ·678 
-1-883 -1-791 -1-704 
-1 ·909 -1 ·821 -1-729 
-1 ·945 -1 ·857 -1-759 
-1·982 -1-889 -1 ·787 

0-07 0·08 0-09 

-0-793 -0·667 -0·557 
-0-800 -0-678 -0·570 
-0-813 -0-690 -0·580 
-0·830 -0-706 -0 ·594 
-0-845 -0-724 -0·610 

-0·864 -0-744 -0·625 
-0-884 -0 -765 -0·642 
-0·901 -0-781 -0·657 
-0·918 -0-798 -0·675 
-0·934 -0·813 -0-690 

-0·950 -0-830 -0-708 
-0-963 -0·845 -0·726 
-0-979 -0-860 -0-743 
-0-993 -0-873 -0·759 
-1·009 -0·888 -0-776 

-1·024 -0·907 -0-792 
-1 ·039 -0-920 -0-808 
-1·056 -0·936 -0 -824 
-1-071 -0-949 -0·841 
-1·088 -0-961 -0·857 

-1 ·104 -0-980 -0-877 
-l · 121 -0-994 -0-888 
-1· 139 -1-011 -0-908 
-1 ·159 -1-032 -0·926 
-1· 175 -1 ·052 -0·944 

-1 ·188 -1 ·072 -0-963 
-1·208 -1 ·087 -0·981 
-1-226 -1 · 111 -1·003 
-1-244 -1 ·130 -1 ·021 
-1·264 -1 · 150 -1·042 

-1·284 -1 ·170 -1·062 
-1-306 -1 · 192 -1-083 
-1 ·330 -1 ·213 -1 · 104 
-1 ·353 -1 ·235 -1 · 128 
-1·379 -1-259 -1 · 148 

-1 ·401 -l ·285 -1 · 171 
-1 ·428 -1 ·303 -1 · 192 
-1·450 - 1 ·322 -1 ·213 
-1-471 -1·347 -1·233 
-1·498 -1-370 -1·253 

-l ·521 - 1 ·392 -1 ·279 
-1·545 -1·415 -1 ·304 
-1-574 -1-440 -l ·336 
-1·604 -1 ·476 -1·364 
-1 ·633 -1·505 -l ·397 
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0· 10 0· 11 0·12 

-0 ·435 -0-278 ....... 
-0-444 -0·302 ....... 
-0-454 -0·324 ······· 
-0-465 -0 -340 . ...... 
-0-483 -0·350 -0·195 

-0 ·499 -0-370 -0·220 
-0-521 -0-399 -0·255 
-0-546 -0-425 -0-283 
-0-566 -0·451 -0·319 
-0·586 -0-473 -0·344 

-0·606 -0-494 -0-380 
-0-626 -0·514 -0-406 
-0-647 -0·532 -0·433 
-0·666 -0-555 -0·456 
-0·683 -0-573 -0-479 

-0·698 -0·591 -0-500 
-0·716 -0-611 -0·518 
-0·732 -0·629 -0·528 
-0-753 -0·647 -0·556 
-0-765 -0·662 -0·575 

-0-782 -0 -680 -0·583 
-0-799 -0-698 -0-608 
-0-815 -0·716 -0·625 
-0-833 -0·737 -0·643 
-0·851 -0-755 -0·661 

-0·870 -0-775 -0·681 
-0-888 -0-796 -0·700 
-0·906 -0-815 -0-721 
-0·924 -0-836 -0-742 
-0·942 -0·857 -0-762 

-0·966 -0·878 -0-784 
-0·983 -0·901 -0·813 
-1·004 -0·923 -0·835 
-1-024 -0·942 -0·857 
-1·044 -0·967 -0-880 

-1·066 -0·987 -0-904 
-1·090 -1 ·006 -0·926 
-1 · 115 -1·031 -0·948 
-1 · 134 -1-057 -0·974 
-1-161 -1 ·076 -0-998 

-1 ·186 -1 · 100 -1·020 
-1 ·211 -l · 120 -1-050 
-1·240 -1 · 148 -1 ·069 
-1·268 -l · 170 -1-095 
-1 ·295 -1 · 198 -l · 120 
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Ll 

0·00 0·01 

85 -2·384 -2·302 
86 -2·417 -2-336 

87 -2·466 -2·382 
88 -2·515 -2·432 

89 -2-555 -2·480 

90 -2·608 -2·533 
91 -2·652 -2·580 
92 -2·694 -2·616 
93 -2·728 -2·644 
94 -2·756 -2·672 

95 -2·778 -2·700 
96 -2·802 -2·724 
97 -2·820 -2•734 

98 -2·836 -2·743 
99 -2·853 -2·752 

100 -2·869 -2 ·762 
101 -2·881 -2·771 
102 -2·888 -2·776 
103 -2·888 -2•781 
104 -2·888 -2·787 

105 -2-888 -2·793 
106 -2·888 -2•793 
107 -2·888 -2-793 

108 ....... .. . .... 
109 ... .. .. ....... 
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0·02 0·03 

-2· 198 -2·106 
-2-236 -2 · 143 
-2·280 -2·189 
-2·325 -2·229 
-2·368 -2 ·273 

-2·407 -2·316 
-2·452 -2·358 
-2·492 -2·396 
-2·539 -2·425 
-2·565 -2·477 

-2·592 -2 ·504 
-2·619 -2·520 
-2·633 -2·541 
-2·646 -2·560 
-2·660 -2·567 

-2·670 -2 ·574 
-2 ·679 -2·580 
-2 ·685 -2·585 
-2 ·689 -2·590 
-2·693 -2·596 

-2·699 -2·601 
-2-703 -2·605 
- 2·703 -2·605 
.. .... . .... . .. 

. ...... . . ..... 

TABLE IV-Concluded 

Extended Distances for sS 

Depth h = 

0·04 0·05 0·06 

-2·017 -1 ·921 -1 ·819 
-2·054 -1·954 -1 ·856 
-2·09G -1 ·988 -1·900 
-2·139 -2·024 -1·944 
-2 ·175 -2·066 -1·983 

-2·218 -2 ·093 -2·017 
-2·267 -2·154 -2·060 
-2 ·300 -2· 191 -2·098 
-2·333 -2·231 -2 · 138 
-2·367 -2·265 -2·174 

-2·402 -2·296 -2·204 
-2·414 -2·320 -2,225 

-2·438 -2 ·338 -2·246 
-2·450 -2·349 -2·257 
-2·463 -2·360 -2-267 

-2·475 -2·371 -2·278 
-2·488 -2·383 -2·289 
-2 ·500 -2·394 -2·300 
-2 ·500 -2·402 -2 ·307 
-2·500 -2·402 -2·311 

-2·500 -2·405 -2·311 
-2·500 -2·409 -2·311 
-2·500 -2·409 -2·311 
-2·500 . ...... -2·311 

······· ....... . ...... 

0·07 0 ·08 0·09 

-1·664 -1 ·533 -1 ·423 
-1 ·696 -1·570 -1 ·460 
-1·732 -1·600 -1 ·489 
-1·766 -1·637 -1·524 
-1 ·801 -1·673 -1 ·562 

-1 ·849 -1·712 -1 ·595 
-1·881 -1·744 -1 ·632 
-1·930 -1·773 -1 ·664 
-1 ·967 -1·810 -1·692 
-1 ·995 -1·840 -1·725 

-2·020 -1·873 -1·753 
-2·049 -1 ·906 -1 ·775 
-2·067 -1 ·932 -1·803 
-2·084 -1·954 -1·822 
-2·100 -1·963 -1·838 

-2·110 -1 ·971 -1·852 
-2·120 -1·980 -1·859 
-2· 126 -1·988 -1 ·807 
-2· 131 -1·992 -1·876 
-2· 136 -1·997 -1 ·880 

-2 ·140 -2·001 -1·887 
-2· 144 -2·006 -1·889 
-2·145 -2·006 -1·889 
-2·145 -2·006 -1·889 
. ...... -2·006 . .. . ... 

0·10 0 ·11 0·12 

-1·327 -1-226 -1·148 
-1 ·361 -1·253 -1·179 
-1·393 -1 ·287 - 1·209 
-1·424 -1 ·321 -1·232 
-1·457 -1 ·352 -1·268 

-1·491 -1·391 - 1·305 
-1·520 -1 ·422 -1 ·342 
-1·556 -1·460 -1·376 
-1·588 -1 ·500 - 1·408 
-1·619 -1 ·530 - 1· 451 

-1 ·652 -1·563 -1 ·481 
-1·676 -1·588 -1 ·512 
-1·699 -1·612 -1·535 
-1 ·720 -1 ·631 -1·558 
-1·739 -1·648 - 1·570 

-1·750 -1·662 -1·581 
-1•756 -1·670 - 1·594 
-1 ·76-1 -1-677 -1·600 
-1 ·769 - 1·683 - 1·607 
-1·774 - 1 ·689 - 1·614 

-1·777 -1·696 - 1·620 
-1·781 -1•700 - 1·626 
-1 ·784 -1 -702 - 1·629 
-1 ·786 -1·703 -1 ·631 
-1·788 -1•703 -1 ·631 
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Seismic Activity in Canada, West of the 113th Meridian 1841-1951 
BY 

W. G. Milne 

ABSTRACT 
From a search of available data, a list of the earthquakes felt or centred in the western mountain region of 

Canada has been prepared. From December of 1841 to August of 1951, a total of 242 earthquakes were located 
in this general area. These vary in intensity from very weak shocks to the Queen Charlotte Islands earthquake of 
magnitude 8·0. A description is given for the major tremors. An additional list contains those tremors recorded 
at Victoria after the sensitive seismograph was installed in 1948 but for which epicentres could not be determined. 
A map is included to show the area studied; it does not contain a complete record of the earthquakes. 

INTRODUCTION 
Seismological study in British Columbia began in 1899 when the first seismograph 

was installed at Victoria. From that date there has been a seismograph in continuous 
operation at Victoria, except for a brief period in 1938-39. The original instruments 
and their later replacements were not designed to record small earthquakes occurring 
near the station; hence their contribution to studies of the early seismological history 
of British Columbia is limited. In 1948 a sensitive seismograph was added to the 
Victoria station, and in 1951 two additional sensitive stations were established in south
western British Columbia for a more detailed investigation of the seismicity of that area. 

The data from the network seismographs have been published in other issues of these 
Publications. 1 •

2
•3 •4 In order to make the picture as complete as possible, in this publi

cation an attempt is made to list all the tremors occurring from the time of the earliest 
records in British Columbia to August of 1951. The report includes the earthquakes 
that have been centred or felt in British Columbia or in its coastal waters, in western 
Alberta, in the southern Yukon Territory area, and off the coast of the Alaskan panhandle. 
A11 available sources of information for compiling such a list have been thoroughly checked, 
and the results are presented in this paper. If other sources of data that may later become 
available reveal additional information, a supplementary report will be published. 

INSTRUMENTS 
Before discussing the earthquakes occurring in British Columbia prior to 1951, it 

is of interest to record the early history of seismograph stations in the province, a history 
that is centred about one place, for until 1951 Victoria was the sole seismograph station 
in British Columbia. 

At the suggestion of the British Association for the Advancement of Science, two 
seismographs were purchased by the Dominion Government Meteorological Service at 

1 W. G. Milne and F. Lombardo, "Canadian West Coast Earthquakes, 1951", Publications of the Dominùm 
Observatory, Vol. XVI, No. 3, 1952. 

2 W. G. Milne, "Canadian West Coast Earthquakes, 1952", Publications of the Dominion Observatory, Vol. 
XVI, No. 9, 1954. 

3 W. G. Milne, "Canadian West Coast Earthquakes, 1953", Publications of the Dominion Observatory, Vol. 
XVI, No. 13, 1955. 

• W. G. Milne, "Canadian West Coast Earthquakes, 1954", Publications of the Dominion Observalory, Vol. XVIII, 
No. 3, 1956. 
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Toronto, one of which was installed at Toronto in 1897 and the other at Victoria in the 
basement of the Customs Building at Government and Humbolt Streets, where it began 
to operate on January 1, 1899. The Victoria instrument, of the Milne horizontal type, 
was number ten of the original group of seismographs of this design. The paper speed 
of the instrument was 250 mm. per hour, the static magnification was quoted as six, and 
the period was approximately 19 seconds. Needless to say, the recordings of such an 
instrument could contribute little to the study of small local earthquakes. The instru
ment was operated by the Meteorological Service under the supervision of Mr. Baynes 
Reid, and later, of Mr. F. Napier Denison. 

In 1907 Mr. Denison designed and put into operation a second similar seismograph, 
and, in 1914, a Wiechert, 80 kgm., vertical seismograph was added. 

In 1916 the Gonzales observatory was built by the Meteorological Service near 
Ross Bay along the Strait of Juan de Fuca. The three instruments mentioned above 
were then installed on piers in the basement of the observatory and orientated to record 
east-west, north-south, and vertical motion. It is told in Victoria that Mr. Denison 
would amaze visitors to the observatory by showing them that the building moved up 
and down with the rise and fall of the tides. Certainly the location was not ideal for a 
tiltmeter-type seismograph. In January 1923 two Milne-Shaw seismographs replaced 
the original Milne instrument. The latter remains on its pier at the Gonzales observatory 
as a present-day museum-piece, apparently still in operating condition. 

In 1936 the Meteorological Office was placed under the Department of Transport, 
and as a part of the re-organization, the seismographs were transferred to the Dominion 
Observatory of the Department of Mines and Resources. However the latter Department 
had at that time no space available at Victoria for the instruments and their operation 
continued at the Gonzales observatory. Late in the summer of 1939 a vault was con
structed at the Dominion Astrophysical Observatory on Little Saanich Mountain and the 
instruments were transferred to this location, being out of operation for a few months 
during the transfer. At the Dominion Astrophysical Observatory the instruments were 
in charge of one of the astronomers, Dr. K. O. Wright, with the records being studied in 
Ottawa by members of the Seismological Service of the Dominion Observatory. The use 
of the Wiechert vertical instrument was discontinued early in 1946, but the two Milne
Shaw seismographs are still in operation. Early in 1948, a short-period vertical Benioff 
seismograph (T. = 1 · 0 second, Tg= 0 · 2 second) was installed, probably as a direct result 
of interest created by the strong tremor of June 23, 1946. The great number of local 
earthquakes recorded by this instrument led to the installation in 1951 of two additional 
stations at Horseshoe Bay (near Vancouver) and at Alberni (on Vancouver Island) to 
make it possible to compute epicentres. At the same time seismologists were stationed 
at the Astrophysical Observatory to care for the instruments and to investigate the local 
seismicity of British Columbia. Two further improvements have been the transfer of 
the seismographs to a vault in the new office building of the Dominion Astrophysical 
Observatory, and the addition of the other two components to the vertical Benioff instru
ment. Complete details of station changes since August, 1951 are contained in the 
publications noted on page 119. 
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One of the most important features of any good seismograph station is an accurate 
time control on the records. It is assumed that prior to 1939, as is known to be the case 
since that year, time marks were placed on the records from calibrated standard chrono
meters with good rates. From 1939 to 1948 time signais were received by radio from the 
CBC radio station, and the chronometer correction was noted daily. Since the instal
lation of the Benioff seismograph in 1948, CBC radio time signais have been automatically 
recorded daily. 

SOURCES OF INFORMATION 
Data on earthquakes in western Canada is given in two tables, Table 1 listing 

located epicentres, Table 2 giving unlocated earthquakes recorded in the Benioff seismo
graph at Victoria prior to the beginning of the enlarged program in August, 1951. The 
data for these tables have been gathered from many sources during a period of several 
years. The publications consulted have been referred to in the following discussion in 
the order of their use as sources of information. N ewspaper files were subsequently 
checked for additional information on the earthquakes. 

The basic source of information was a paper by Townley and Allen5 containing a 
catalogue of earthquakes occurring on the Pacifie Coast of the United States during the 
years 1769 to 1928; the chapter entitled "Earthquakes in Washington, 1833 to 1928" 
was most useful. The authors point out that the information on earthquakes from 1769 
to 1897 was taken from a catalogue by Edward S. Holden,6 published by the Smithsonian 
Institution of Washington, and that on earthquakes from 1897 to 1906 from a catalogue 
by Alexander G. McAdie7 published by the same Institution. N either of these original 
catalogues was available to the author. Only the earthquakes that were known to have 
been centred or felt in British Columbia are included in Tables 1 and 2. 

The International Seismological Summary contains an index of epicentres for the 
years since 1913, and these indexes were searched for earthquakes occurring in the area 
covered by this report. Many of the epicentres and magnitudes for the years 1904 to 
1946 were obtained from Gutenberg and Richters' "Seismicity of the Earth". 8 For the 
years 1946 to 1951, the cards issued by the United States Coast and Geodetic Survey 
were used as a source of information for epicentres and magnitudes. Pasadena magni
tudes are those usually quoted. 

Dr. A. F. Buckham, formerly of the Geological Survey of Canada, generously per
mitted the author the use of material he had collected. Buckham's early data were 
obtained from a paper by D. C. Bradford9 on the seismic history of the Puget Sound 
Basin up to the year 1934, and Bradford in turn quotes largely from the paper of Townley 
and Allen, mentioned above. Again only those earthquakes that were centred or felt 
in British Columbia have been included. 

5 Sidney D. Townley and Maxwell W. Allen, "Descriptive Catalog of Earthquakes of the Pacifie Coast of the 
United States 1769 to 1928", Bull. Seism. Soc. Am., Vol. 29, No. 1, 1939. 

6 Edward S. Holden, "Catalogue of Earthquakes of the Pacifie Coast from 1769 to 1897", Smithsonian Miscel
laneous Collections, No. 1087. 

7 Alexander G. McAdie, " Catalogue of Earthquakes of the Pacifie Coast, from 1897-1906", Smithsonian Miscel
laneous Collections, No. 1721. 

8 B. Gutenberg and C. F. Ritcher, "Seismicity of the Earth and Associated Phenomena", Princeton Univer
sity Press, 1949. 

9 D. C. Bradford, "Seismic History of the Puget Sound Basin", Bull. Seism. Soc. Am., Vol. 25, 1935. 
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F. Napier Denison, while in charge of the seismographs at the Gonzales obser
vatory, clipped from various newspapers many articles on the earthquakes that were 
recorded at his station. This scrap-book was loaned to the author by the present mete
orologist, W. H. Mackie, so that newspaper reference to earthquakes in British 
Columbia might be included in this report. Dr. E. A. Hodgson, while in charge of the 
Division of Seismology at the Dominion Observa tory, also kept a scrap-book of newspaper 
articles concerning earthquakes. This has proven very usef ul as his collection includes 
articles from many Canadian newspapers. As well, use was made of the file on seismology 
at the Dominion Astrophysical Observatory, that contains letters and clippings on British 
Columbia earthquakes, the most important being those relating to the Bella Coola earth 
tremors from 1940 to 1943. 

When the list was complete, each event on it was checked with available British 
Columbia newspapers for that date to determine to what extent the tremor was felt and 
reported upon. The Victoria British Colonist was the first newspaper in British Columbia, 
beginning publication in December, 1858, and with the permission of the Provincial 
Archivist, Willard Ireland, the copies of this newspaper in his files were searched 
for references to earthquakes in the years 1858 to 1872. Other newspaper files, in the 
library of the Provincial Parliament Buildings at Victoria, were made available to the 
author. In addition, a careful search of newspapers was made for each earthquake 
already listed. One daily newspaper of Victoria and one daily newspaper of Vancouver 
were consulted for each earthquake, and if they made reference to the event, the news
papers for the surrounding area, both daily and weekly, were scanned for more informa
tion. Usually the daily or weekly newspapers of such cities as Nanaimo, Chilliwack and 
Vernon supplied a great deal of information to add to tbat obtained from the Victoria 
and Vancouver newspapers. As well, the earthquakes of the Queen Charlotte Islands 
were usually mentioned in the Prince Rupert daily papers. 

Table 2 contains information on earthquakes recorded on the Benioff vertical seismo
graph at Victoria. These are ail within the distance range of local earthquakes, but 
there may be many of them whose epicentres are not in British Columbia. With only 
one sensitive seismograph it is not possible to obtain the location of an epicentre; how
ever in order that the list may be complete all the recorded earthquakes are included. 

Other sources of information on local earthquakes are scientific publications discus
sing the more severe tremors. E. A. Hodgson published an account of the June 23, 
1946 tremor,1° and F. Napier Denison wrote articles on the 191811 and 192012 earthquakes. 
Information from all three reports has been used in this compilation. 

The author wishes to thank the institutions and persons mentioned above for their 
assistance in supplying information. It is hoped that the tables are reasonably com
plete and accurate, but if any reader has additional information pertaining to these or 
any other British Columbia earthquakes, it would be most gratefully received by the 
author. 

10 E. A. Hodgson "Ilritish Columbia Earthquake, June 23, 1946", J. Roy. Astron. Soc. Can., Vol. 40, 1946. 
11 F. Napier Denison, "The British Columbia Earthquake of December 6, 1918", Bull. Seism. Soc. Am., Vol. 

9, 1919. 
12 F. Napier Denison, "The British Columbia Earthquake of January 23, 1920", Bull. Seism. Soc. Am., Vol. 

10, 1920. 
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INTENSITIES OF EARTHQUAKES 
In Table 1 the roman numerals immediately following the time of the earthquake 

are the author's estimation of the intensity near the origin of the tremor. These inten
sities are related to the Modified Mercalli Intensity Scale of 1931, shown below. In 
British Columbia it is very difficult to assign an intensity to an earthquake because, 
particularly for the early tremors, the areas immediately adjacent to the earthquake were 
quite often uninhabited. Ratings are assigned wherever possible but they may be in 
error by at least one scale division. The scale is published so that a reader may if he 
wishes attach an intensity value to any of the earthquakes listed in Table 1 that he has 
experienced. 

MODIFIED MERCALLI INTENSITY SCALE OF 1931 
(ABRIDGED) 

I. Not felt except by a very few under especially favourable circumstances. (I 
Rossi-Fore! Scale) 

II. Felt only by a few persons at rest, especially on upper floors of buildings. Deli
cately suspended objects may swing. (I to II Rossi-Forel Scale) 

III. Felt quite noticeably indoors, especially on upper floors of buildings, but many 
people do not recognize it as an earthquake. Standing motor cars may 
rock slightly. Vibration like passing truck. Duration estimated. (III 
Rossi-Fore! Scale) 

IV. During the day felt indoors by many, outdoors by few. At night some awakened. 
Dishes, windows, doors disturbed; walls make creaking sound. Sensation 
like hea vy truck striking building. Standing motor cars rock noticeably. 
(IV to V Rossi-Forel Scale) 

V. Felt by nearly everyone; many awakened. Sorne dishes, windows, etc. broken; 
a few instances of cracked plaster; unstable objects overturned. Disturb
ances of trees, poles, and other tall objects sometimes noticed. Pendulum 
clocks may stop. (V to VI Rossi-Forel Scale) 

VI. Felt by all; many frightened and run outdoors. Sorne heavy furniture moved; 
a few instances of fallen plaster or damaged chimneys. Damage slight. 
(VI to VII Rossi-Fore! Scale) 

VII. Everybody runs outdoors. Damage negligible in buildings of good design and 
construction; slight to moderate in well-built ordinary structures; consider
able in poorly built or badly designed structures; some chimneys broken. 
Noticed by persons driving motor cars. (VIII Rossi-Forel Scale) 

VIII. Damage slight in specially designed structures; considerable in ordinary substan
tial buildings with partial collapse; great in poorly built structures. Panel 
walls thrown out of frame structures. Fall of chimneys, factory stacks, 
columns, monuments, walls. Heavy furniture overturned. Sand and mud 
ejected in small amounts. Changes in well water. Disturbing to persons 
driving motor cars. (VIII+ to IX Rossi-Forel Scale) 
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IX. Damage considerable in specially designed structures; well designed frame struc
tures thrown out of plumb: great damage in substantial buildings, with partial 
collapse. Buildings shif ted off foundations. Ground cracked conspicuously. 
Underground pipes broken. (IX+ Rossi-Forel Scale) 

X. Sorne well-built wooden structures destroyed; most masonry and frame structures 
destroyed with foundations; ground badly cracked. Rails bent. Land
slides considerable from river banks and steep slopes. Shifted sand and mud. 
Water splashed (slopped) over banks. (X Rossi-Forel Scale) 

XI. Few, if any, (masonry) structures remain standing. Bridges destroyed. Broad 
fissures in ground. Underground pipelines completely out of service. Earth 
slumps and land slips in soft ground. Rails bent greatly. 

XII. Damage total. W aves seen on ground surfaces. Lines of sight and level dis
torted. Objects thrown upward into the air. 

DISCUSSION OF EARTHQUAKES 

A map is included to show that area of Canada covered in this report, and to help 
the reader identify the locality of the earthquakes. Sorne epicentres are marked on the 
map, particularly those listed by Gutenberg. However it should be pointed out that the 
number of earthquakes plotted on the map is incomplete, first, because many small tremors 
cannot be located, and secondly, because prior to the 1918 earthquake many of the strong 
earthquakes were not assigned epicentral co-ordinates. Furthermore, many of the early 
epicentres are not accurate. 

It is not proposed that Table 1 be used for a statistical study of earthquakes in British 
Columbia. For example, it would be misleading to <livide the number of earthquakes of 
a certain intensity by the number of years covered by this report, and on the basis of the 
result state that an earthquake of that intensity will occur every so many years. 

During the early years covered by this report the province was largely uninhabited, 
and even today an earthquake of intensity IV or V may occur unnoticed in many parts 
of British Columbia. The report is probably reasonably complete for the Victoria
Vancouver area for earthquakes of intensity greater than IV. For any other part of the 
province the report is probably complete only for those earthquakes greater than intensity 
VII to VIII. Many small shocks off the coast were probably unnoticed during the period 
covered by this report, small local shocks having been located only since the establishment 
of the seismograph network in 1951. The absence of data on oceanic earthquakes consti
tutes another good reason for not using Table 1 for statistical study, because although 
they have little to do with the seismicity of the inhabited areas of British Columbia, it 
may be argued that if strong earthquakes occur under the ocean, the stresses on the land 
areas may be modified. 

The following abbreviations, principally for the names of periodicals and other sources 
of information, have been used in Tables 1 and 2. 

M magnitude (Gutenberg and Ritcher scale). 
BSSA Bulletin of the Seismological Society of America, Vol. 29, No. 1, 1939. 
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JAGS Journal of the American Geographical Society of New York, 1873. 
Diary Diary of Martha Cheney Ella (courtesy of Provincial Archives, Victoria). 

Br. Col. British Colonist, Victoria. 

Col. Daily Colonist, Victoria. 

Br. D. C. Bradford9• 

Times Daily Times, Victoria. 
G. B. Gutenberg and C. F. Richter, "Seismicity of the Earth". 

D. Scrapbook of F. Napier Denison. 

ISS International Seismological Summary. 

SB Scrapbook of E. A. Hodgson. 

Province Daily Province, Vancouver. 

USC and GS United States Coast and Geodetic Survey epicentre cards. 

* An asterisk indicates that there is some doubt of the location of the origin 
of the earthquake since the location indicated by the official co-ordinates 
for the epicentre does not agree with that of the felt area. Such earth
quakes are not plotted on the map. 

TABLE 1 

EARTHQUAKES IN BRITISH COLUMBIA. DECEMBER 2, 1841 TO JULY 31, 1951 

1. 1841 DECEMBER 2. 4 p.m. Duffot de Mofras, apparently an early explorer, 
describes a report of earthquakes felt at Fort Vancouver by a Mr. Yale: 
"We had two that might have attracted the attention of the geologist. Both 
occurred after the eruption of Mount Baker. The first was tremulous, and 
caused some dilapidation of tottering things; but its greatest peculiarity was 
perhaps the loud report that preceded or attended it, and the roaring noise, 
which continued for some time. The adjacent mountains, being composed 
of tremendous masses of solid rock, we almost expected to behold them and 
ourselves sinking into an abyss. The other was undulatory, and did some 
injury to the foundation of our house. It seemed to have corne from the west
ward, and to have left in its trail a cold, disagreeable, smoky vapour. Both 
occurred in winter. That of December 26 was felt here, but I believe slightly, 
having escaped my perception." J AGS 

2. 1853 NovEMBER 25. 5 p.m. "Shook whole of house, and nearly took us off our 
feet." Diary 

3. 1856 DECEMBER 26. An early explorer's letter states of this earthquake: "This 
last one of December 26, 1856, was very perceptible at Port Townsend, where 
I then was, jarring the house like the fall of some heavy body. It was felt 
by Mr. Warbass at Widbey's Island and the Indians told him, in reply to 
his inquiry if they knew what it was, that the earth was rising." J AGS 

4. 1859 JUNE 22. 3 p.m. III to IV. Oscillation from west to east of two or three 
seconds duration at Victoria. Br. Col. 

63471-2 
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5. 1859. JuNE 22. 5:30 p.m. Rumbling at Victoria. Br. Col. 

6. 1860 MARCH 26. 3 p.m. Felt at Old Langley. Oscillation seemed to be from 
east to west. Sorne people rushed from their homes. Br. Col. 

7. 1860 DECEMBER 12. 8 :40 p.m. Severe from Victoria to Portland. 

8. 1863 SEPTEMBER 26. 1 :30 p.m. A rather severe shock was felt at Vancouver. 

9. 1863 OcTOBER 9. 2 :53 a.m. In Victoria three shocks were felt. The first two 
followed each other by a few seconds, and they were followed by another in 
10 minutes. Bottles fell off shelves and some people ran out of doors. Br. 
Col. 

10. 1864 SEPTEMBER 26. 12 :45 a.m. In Victoria the duration was estimated as 10 
seconds. The shock was felt at Port Townsend also, where there was more 
rumbling. Br. Col. 

11. 1864 OcTOBER 29. 6:10 p.m. VI Victoria. Felt severely in Victoria, New 
Westminster, Vancouver. Holden describes it as the severest shock recorded 
to that time. In New Westminster doors rattled, and in Vancouver at least 
one chimney was knocked down. At Plumber Pass large trees were felled. 
It would appear that the epicentre was in the Gulf Islands area, but the 
absence of felt reports from communities in the United States indicates that 
the epicentre was at the northern end of the Gulf Islands group. BSSA 

12. 1865 JUNE 12. Holden reports several shocks at Victoria and on Vancouver 
Island. 

13. 1865 AUGUST 25. 9 p.m. VI Victoria. Heavy shock on Vancouver Island 
lasting two minutes, followed later by two more shocks. BSSA 

14. 1870 MARcH 16. 2 :03 a.m. Slight shock in Victoria, like a heavy gun. Br. Col. 

15. 1870 DECEMBER 20. 3 :30 p.m. IV Victoria. This tremor lasted about 12 seconds 
at Victoria. Motion was from east to west. Br. Col. 

16. 1872 DECEMBER 14. 9:40·5 p.m. This was one of the major earthquakes of 
the Pacifie coast region of British Columbia. It has been reported as being 
felt quite strongly as far north as Quesnel and Soda Creek in the Cariboo and 
as far south as Eugene, Oregon. If Neumann's curves of intensity versus 
distance13 are used, the intensity at the origin of this earthquake must have 
been VIII or IX on the Modified Mercalli Scale. A corresponding magnitude 
reading would be 7½, although some of the reports outlined below indicate 
an even higher value. There were few towns in British Columbia at this 
time, and fewer newspapers to print accounts of the event, so data are very 
scarce. Any information available is presented below. 

Y ale: Doors were rattled, bells rang, and floors of buildings were made to 
wave "like the decks of a vessel in a light sea". 

Chilliwack: The houses oscillated and there were waves on the ground. 
A report in a 1915 newspaper states that a big slice of Mount Cheam (near 

13 Frank Neumann, "Earthquake Intensity and Related Ground Motion", University of Washington Press, 
1954. 
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Chilliwack) dropped 1000 feet during the earthquake. This was likely a 
landslide, but it indicates that Chilliwack was quite close to the epicentre. 

Vernon: A report in 1936 from this city states that 60 years ago (probably 
in 1872) the Indians reported a very bad earthquake. It was strong enough 
to knock people from their f eet, and buildings and tepees came down with 
the vibrations. 

Clinton: The earthquake awakened many people, and staggered others off 
their feet, causing general excitement and alarm. 

Victoria: The motion seemed to be from the east to the west. Bells were 
rung and crockery was knocked from the shelves. People ran out on to the 
streets. There are reports of the earthquake being felt very strongly at 
Matsqui, all along the Fraser River, and at Race Rocks. In the United 
States there are accounts from Olympia, from Seattle where dishes were 
broken, from Portland and Delles, from W allulu and W alla W alla and all 
along the lower Columbia River. The felt area of this tremor seems to have 
covered about 500,000 square miles, part of which was at sea. 

To fix an epicentre for such a tremor, using only scanty macroseismic 
reports and no instrumental records, is a great problem. Taking the area 
where waves were seen on the ground as an indication of the epicentral region, 
then Y ale and Chilliwack seem to be very near the origin. On the map the 
origin has been shown as being within a circle whose radius is 30 miles, and 
whose centre is at 49° 10' N.lat. and 121° 00' W.long. No estimate can be 
made of the accuracy of this epicentre, and it is presented merely as an attempt 
to fix approximately the origin of the tremor. Certainly it was east of Van
couver, north of Seattle, and probably south of Clinton. The absence of 
reports from further east than Vernon indicates that the centre was west of 
that city, and probably west of Okanagan Lake. 

Following the earthquake, many tremors were reported from various 
places in British Columbia and northwestern Washington, which were prob
ably aftershocks of the main disturbance. These are listed here to make 
the record as complete as possible, but there is the likelihood that some listed 
as aftershocks may well be unrelated events. 

17. 1872 DECEMBER 14. 9:46 p.m. VII in Puget Sound area. This may be the 
main shock, with the time incorrectly reported. 

18. 1872 DECEMBER 14. 10:00 p.m, 

19. 1872 DECEMBER 14. 11 :00 p.m. 

20. 1872 DECEMBER 15. 3:00 a.m. 

21. 1872 DECEMBER 15. 5 :00 a.m. 

22. 1872 DEcEMBER 16. 9 :17 a.m. VI Victoria. Very strong at Victoria and on 
Vancouver Island. 

23. 1872 DECEMBER 19. 5 :38 a.m. IV Victoria. Two slight but distinct shocks at 
Victoria which shook doors and windows. 

63471-2½ 
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24. 1873 DEcEMBER 17. 11-12 p.m. Bradford lists an earthquake of intensity IV 
at Victoria, but the newspapers make no mention of it. 

25. 1880 AUGUST 22. 1 :25 p.m. South Vancouver Island and northwest Washington 
generally felt this shock. In Victoria the rumbling motion seemed to be 
from south to north. Plaster was cracked, loose bricks fell, and some persons 
ran into the street. At 9 a.m. on the same day a slight jolt was felt in Vic
toria. The main earthquake was felt in Saanich and Esquimalt. At Cowi
chan the boats were shaken but at Nanaimo the tremor was not felt. Port 
Townsend and Seattle, like Victoria, felt the earthquake and at Somenos 
there were two gun-like shocks although Somenos appears to be north of the 
main area of the disturbance. Col. 

26. 1880 AUGUST 22. 2 :10 p.m. Felt at Victoria. Col. 

27. 1880 AUGUST 22. 2:19 p.m. Felt at Victoria. Col. 

28. 1880 DECEMBER 12. 8 :40 p.m. VII in the Puget Sound basin. Felt from 
Victoria to Portland. BSSA 

29. 1882 APRIL 30. 10:45 p.m. IV-V in Victoria, where the motion seemed to be 
from northeast to southwest. Sorne crockery was thrown down, and some 
loose plaster fell, but the earthquake was not felt by all persons in Victoria. 
It was felt as far south as Portland. Col. 

30. 1883 MAY 10. 6:55 p.m. A slight earthquake was felt at Victoria. Br. 

31 1885 DECEMBER 8. 10 :12 p.m. V in the Puget Sound basin. Felt at both 
Victoria and New Westminster. Br. 

32. 1891 SEPTEMBER 22. 3 :40 a.m. Bradford lists, and newspapers report, an earth
quake at Victoria, Port Angeles, and Port Townsend at this time, of intensity 
VI. At Victoria some plaster was cracked, and dishes were shaken but no 
major damage was clone. The BSSA reports this same earthquake for 
September 21st. Col. 

33. 1891 NoVEMBER 29. 3:14 p.m. An earthquake which was quite strong in the 
lower Puget Sound basin was felt only slightly in Victoria. Col. 

34. 1893 FEBRUARY 16. Residents of Sidney report a slight tremor. Br. 

35. 1894 JANUARY 14. Bradford reports that pictures swayed and dishes rattled on 
their shelves at Vancouver during an earthquake. N ewspapers make no 
mention of the event. 

36. 1891 APRIL 16. 12:00 a.m. (midnight). In Victoria the motion appeared to be 
from east to west, and an earthquake was generally felt. It seems to have 
been much stronger at Port Townsend. Times 

37. 1895 JuLY 2. 7:00 p.m. At Nanaimo some crockery was broken, but the tremor 
was not felt at Victoria. Col. 

38. 1895 NoVEMBER 30. At Kyugot on the northwest shore of Vancouver Island 
Indian houses were shaken from their foundations, and trees swayed. Br. 
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39. 1896 JANUARY 3. 10 :30 p.m. An earthquake was felt strongly at Port Angeles 
and Turn Point Light House. In Victoria and Esquimalt it was generally 
felt but no damage was reported. Times 

40. 1896 MARCH 15. A Vancouver newspaper account for this date reads in part as 
follows: "One of the Burrard Mountains is believed to have been in a state 
of eruption last night. Dense smoke and flames poured from the mountain. 
Several earth shocks were felt recently." Br. 

41. 1900 JANUARY 30. p.m. An earthquake was felt slightly in Vancouver, New 
Westminster, and Aldergrove. Col. 

42. 1900 NovEMBER 18. Afternoon. A slight earthquake was felt at Vancouver. Col. 

43 1904 MARCH 16. 8:21 p.m. cp=47° N; À = 124° W. BSSA. A shock was felt 
in the region from Seattle to Victoria, and in the Olympie Peninsula west of 
Puget Sound. In Victoria clocks were stopped, but no serious damage was 
reported. The tremor was not felt at Nanaimo. BSSA, Col. 

44. 1906 JANUARY 3. 5:42 a.m. Felt at Nelson, where plaster was knocked down, 
hanging pictures were displaced, and articles fell from shelves. Rossland 
and Trail seem to have suffered to the same extent. At Revelstoke windows 
rattled, and at Grand Forks buildings trembled. Col., BSSA 

45. 1906 MAY 14. The Vancouver Province reports an earthquake in the Kootenay 
Mountains for this date. 

46. 1907 JuLY 28. 2:20 a.m. In Victoria many people were awakened. The Port 
Townsend area seems to have been disturbed an equal amount. Col. 

47. 1908 MAY 15. 12:31·6 a.m. cf>= 59° N; À= 141° W; M = 7·0. G. 

48. 1908 NoVEMBER 30. Afternoon. At Skidegate, on the Queen Charlotte Islands, 
two Indian shacks were knocked to the ground. The wave seemed to pass 
from north to south. Furniture vibrated at Lawnhill, a few miles north of 
Skidegate. This earthquake was strong enough to have recorded on the 
seismographs at Ottawa. Queen Charlotte News 

49. 1908 DECEMBER 1. 3 a.m. An aftershock of the above event was felt at Lawnhill. 

50. 1909 JANUARY 11. 3:44 p.m. A tremor, whose origin seems to have been in the 
Gulf Islands between Victoria and Bellingham, was felt over an area greater 
than 25,000 square miles. The intensity near the origin was of the order 
of VI. 

At Victoria, where the vibration lasted from 10 to 20 seconds, the most 
serious damage reported was that of broken crockery. At Blaine walls were 
cracked; Bellingham reported sidewalks twisted; and at Anacortes the piers were 
damaged. Ladysmith, Nanaimo, and Alberni felt the tremor quite distinctly. 
Reports indicate that the earthquake was felt at Comox, Pachena Point, 
Bamfield, Sumas, Chilliwack, Hammond, Everett, Lopez, Port Townsend, 
Tacoma, and south to Portland, but was not felt as far east as Kelowna, 
Princeton or Vernon. It appears that placing the epicentre in the Gulf 
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Islands area is as good an approximation as is possible, for no instrumental 
recording of the origin is available. Col., BSSA 

51. 1909 MAY 17. 9:20 a.m. Vancouver newspapers report a strong vibration was 
felt over all the western provinces at this time. Information cornes from 
Winnipeg, Regina, and strangely enough from Prince Rupert. No major 
tremor was recorded at this time which could have been felt over such a wide 
area. It is suggested that little weight be placed upon these reports. 

52. 1911 JuLY 4 or 5. 10 :23 p.m. Victorians felt a slight earthquake. Br. 

53. 1911 SEPTEMBER 28. 6:45 p.m. A tremor frightened many people at Bellingham. 
In Victoria the motion seemed to be from northwest to southeast. Nothing 
was felt at Seattle, hence it appears that the epicentre was in the Gulf Islands 
area. Col. 

54. 1912 MARcH 11. 2:17•5 a.m. <f, = 51° N; À = 131° W; M = 6½. G. The Vic
toria seismograph indicated the distance to the origin of this earthquake as 
300 to 400 miles. The disturbance was felt at Triangle Island off the north
west tip of Vancouver Island. Col. 

55. 1912 AuGusT 18. Newspaper reports indicate an earthquake was felt at Salmon 
Arm near Clowhan Lake, also at Sechelt, Deserted Bay, and up to the head 
of J ervis Inlet. D 

56. 1912 NoVEMBER 21. Newspapers reported an earthquake in the Lynn Valley and 
Blenkinsop Bay in south central British Columbia. D 

The Vancouver Times reported an earthquake was felt from the Fraser 
River to the end of Burrard Inlet on the same day at 4:47 p.m. The Vic
toria seismograph recorded an earthquake occurring at this time at a distance 
of 100 to 200 miles. Another tremor was recorded at 5 :15 p.m. but it was 
not felt. 

57. 1913 ÛCTOBER 18. The south end of Graham Island in the Queen Charlotte 
Islands was shaken. D 

58. 1914 JuLY 21. 2:31·3 p.m. <f, = 49° N; À= 130° W; M = 6½. G. Not felt. 

59. 1915 AUGUST 18. 6:05 a.m. <f, = 48° 32' N; À = 121° 26' W. Br. An earth
quake was felt from Seattle to Enderby, and from Victoria to the Okanagan · 
Valley. At Victoria the S-P time on the seismograph was 17 seconds, indi
cating a distance of 91 miles. The tremor was felt at Penticton, Yale, Sum
merland, Harrison, Bellingham (where doors rattled), Kelowna, Chilliwack 
(where it was quite violent), and Enderby. At Marblemount an aftershock 
was felt at 10 :00 a.m. Col., BSSA 

60. 1916 JuNE 19. 5 :50 a.m. III. Nanaimo residents generally felt a tremor. Col. 

61. 1917 JULY 1. </> = 50~0 N; X = 128~0 W. BSSA 

62. 1917 DECEMBER 23. <t, = 50~0 N; X = 128~0 W. BSSA 

63. 1918 FEBRUARY 4. 12 :35. <t, = 51 ~O N; X = 118~0 W. ISS. An earthquake 
was generally felt at Revelstoke, and felt slightly at Alvert Canyon, Beaver-
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mouth, Malakwa and Vernon. The seismograph at Victoria recorded the 
tremor. D., SB 

64. 1918 FEBRUARY 13. 5 a.m. Very slight at Victoria. Col. 

65. 1918 AUGUST 22. 8:21 a.m. Felt slightly in Victoria and at Cordova Bay. Col. 

66. 1918 DECEMBER 6. 00:41 a.m. </> = 49¾0 N; X = 126½0 W; M = 7. G. Estevan 
lighthouse on the west shore of Vancouver Island was the place closest to the 
epicentre of this earthquake, and considerable mercury was spilled out of the 
lighthouse lamp due to the tremor. One report stated that the lighthouse 
itself swayed. At Alberni, 117 miles from the official epicentre, the intensity 
was rated as IV or V. At both N anaimo and Ladysmith the earthquake was 
compared to an explosion. Buildings rocked, and people were violently 
awakened. The earthquake was felt at Victoria, Vancouver, Kelowna and 
Seattle, but not at Vernon, Penticton, Chilliwack or Armstrong in the 
interior. A detailed report was written by F. Napier Denison.11 Col. 

67. 1918 DECEMBER 7. About ten aftershocks of the December 6 tremor were felt 
at Alberni and Estevan. 

68. 1918 DECEMBER 16. 5 :09 a.m. A strong aftershock of the December 6 tremor 
was felt at Alberni. 

69. 1919 MAY 18. </> = 56?0 N; X = 136?0 W. ISS. 

70. 1919 JULY 1. </> = 50?0 N; X = 128?0 W. ISS. 

71. 1919 JULY 10. </> = 50?0 N; X = 128?0 W. ISS. 

72. 1919 OcTOBER 10. cf> = 49?0 N; X = 124?0 W. ISS*. This may be in error for 
no tremor was felt. 

73. 1920 JANUARY 23. 11 :10 p.m. <fJ = 49° N; X = 122° 40' W. Br. The epicentre 
was again near the Gulf Islands, although the position cannot be very precise 
since there were few seismographs near the origin. At Victoria there was a 
severe shaking. Windows were broken at Anacortes, and plaster was cracked 
at Bellingham. One report states that boulders were shaken off Crown 
Mountain near Vancouver, and some windows were broken in the city itself. 
At New Westminster people were alarmed and ran into the streets. Sorne 
chimneys were cracked and furniture was moved in houses. (See BSSA, 
Vol. 10, pp. 46-48) Col., BSSA. 

74. 1920 MARCH 28. 9:08 p.m. <fJ = 51° N; X = 129° W; M = 6½. G. 

75. 1920 MAY 8. </> = 56?0 N; X = 136?0 W. ISS. 

76. 1920 JuLY 20. 8 :07 p.m. Felt in Victoria. Br. 

77. 1920 NovEMBER 28. 3:30 a.m. <fJ = 50?0 N; X = 128?0 W. ISS. This epi
centre may be in error for the tremor was felt in southern Washington, and 
in northern Oregon. 

78. 1921 FEBRUARY 21 <fJ = 52?0 N; X = 125?0 W. ISS.* The newspapers make 
no mention of this earthquake. 
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79. 1921 APRIL 10. 5:40 a.m. cf, = 54° N; À = 134° W; M = 6½. G. An earth
quake was felt at Masset on the Queen Charlotte Islands. No damage was 
reported, although pictures on the wall were made to swing. 

80. 1921 APRIL 10. 11 a.m Aftershock of preceding tremor at Masset. 

81. 1921 APRIL 11. 7 am. Aftershock at Masset. 

82. 1921 APRIL 11. 7:30 a.m Aftershock at Masset. 

83. 1921 APRIL 12. cf, = 53?2 N; >-. = 133?7 W. ISS. 

84. 1921 MAY 28. 12:55 p.m. cf, = 48?0; À = 127?5. ISS.* The localities of Alert 
Bay and Bull Harbour on northern Vancouver Island felt the tremor. Este
van did not. The seismograph record at Victoria indicated a distance of 200 
miles. The felt area and the official epicentre are about 250 miles apart, 
and on the map the former position is indicated. 

85. 1921 JUNE 25. cf, = 49?0 N; À = 124?0 W. ISS.* Not reported from any area. 

86. 1922 APRIL 13 cf, = 60?0 N; À = 110?0 ,v. ISS. This epicentre is east of any 
active area in western Canada. 

87. 1922 MAY 15. 9:30 a.m. Felt in Vancouver. Col. 

88. 1922 DECEMBER 27. 6:30 p.m. Denison suggested that the epicentre was under 
Haro Strait. The tremor was felt in Victoria and Vancouver but no damage 
was reported Col. 

89. 1923 JANUARY 10. 8:27 p.m. Felt slightly at Victoria. D 

\JO. 1923 FEBRUARY 12. 10 :20 a.m. The Bellingham area, where plaster was cracked, 
seems to have been the hardest hit. At Victoria the earthquake was felt 
but slightly. Col., BSSA 

91. 1923 MARCH 12. Felt slightly in the Gulf Islands region, but not at Victoria. 
BSSA 

92. 1923 APRIL 13. 2-26 a.m. Gonzales seismograph indicated a distance of 110 
miles, but this does not necessarily place the origin in British Columbia. D 

93. 1923 APRIL 24. cf, = 59?0 N; À = 135?5 W. ISS. 

G4. 1923 APRIL 25. 11:32 a.m. cf, = 59° N; À = 138° W; M = 5¾. G. 

95. 1923 APRIL 29. cf, = 59?0 N; À = 135?5 W. ISS. 

96. 1923 MAY 2. 8:24 a.m. cf, = 50?0 N; À = 128?0 W. ISS. At Victoria the 
seismograph indicated a distance of 170 miles. 

97. 1923 JUNE 22. cf, = 56?0 N; À = 136?0 W. ISS. 

98. 1923 JuLY 13-14. 9 :30 a.m. At Dead Tree Point on the Queen Charlotte Islands 
an earthquake was felt. 

99. 1923 ÜCTOBER 13. cf, = 50?5 N; À = 129?5 W. ISS. 

100. 1923 NovEMBER 16. cf, = 53?0 N; À = 131?0 W. ISS. 

101. 1923 N OVEMBER 22. 7 :04 p.m. Victoria and Saanich areas, generally, felt a 
rumbling earthquake. Col. 



SEISMIC ACTIVITY IN CANADA, WEST OF THE 113TH MERIDIAN 1841-1951 133 

102. 1924 MARCH 29. 4:09 p.m. et, = 50° N; À = 130¼0 W; M = 6. G. 

103. 1924 AuGUST 8. 3: a.m. III. A report from Chilliwack stated that an area 
about 6 miles square in the Sumas district felt a slight tremor. A Victoria 
newspaper report mentioned persons being awakened by the tremor in that 
city and in Bellingham. The epicentre was probably in the Sumas district. D 

104. 1924 ÜCTOBER 17. et, = 60?0 N; À = 118?0 W. ISS. 

105. 1924 NoVEMBER 4. 3:19 a.m. An earthquake was felt slightly in Victoria. Col. 

106. 1924 DECEMBER 18. 3:10 a.m. III. Vancouver was the only area to feel the 
tremor strongly, although it was noticeable in Duncan and Victoria. D 

107. 1925 FEBRUARY 10. 2 :32 a.m. A tremor was felt slightly in Victoria. D 

108. 1925 JUNE 28. 5 :20 p.m. This has been identified as the Montana earthquake, 
but it is included here for a tremor was felt in some parts of British Columbia, 
particularly at Nelson. 

109. 1925 AuGusT 1. 12 :50 p.m. The Victoria area felt a tremor slightly, but the 
epicentre appears to be south, in the Olympie mountain range. D 

110. 1925 AUGUST 10. 8:20 p.m. Newspaper reports indicated an earthquake was 
felt at Lethbridge, Coutts, Taber, and Milk River in southern Alberta. 

111. 1925 N OVEMBER 26. 1 :40 a.m. III. The distance from the Victoria seismograph 
station to the origin of this earthquake was estimated as 6 miles, although 
it is likely the epicentre was under Haro Strait. Bellingham and Victoria 
both report a rumbling noise accompanying the tremor. No tremor was felt 
at Vancouver or New Westminster. Col. 

112. 1926 MARCH 10. et, = 66?5 N; À = 130?0 W. ISS. Yukon area. 

113. 1926 SEPTEMBER 17. et, = 49?0 N; À = 124° W. ISS.* There are no reports to 
indicate that the tremor was felt, although the epicentre fell in a populated 
area. 

114. 1926 SEPTEMBER 22. et, = 49?0 N; À = 124?0 W. ISS.* 

115. 1926 ÜCTOBER 30. 11 :41 a.m. et, = 48½ 0 N; À = 129° W; M = 6. G. 

116. 1926 ÜCTOBER 31. 11:29 p.m. et,= 48¾0 N; À= 128½0 W; M = 6½. G. 

117. 1926 DEcEMBER 4. 3 a.m. The Shawnigan Lake district felt a slight tremor, 
identified by Denison as a foreshock of the following earthquake. 

118. 1926 DEcEMBER 4. 6 a.m. IV. An earthquake was generally felt throughout 
the Victoria area, northwest to Alberni, northeast to New Westminster and 
south to Port Townsend. There were no reports of serious damage, although 
some goods were toppled from shelves at Bellingham, and at Friday Harbour 
on San Juan Island the tremor was felt as a severe explosion. The epicentre 
was probably in the Gulf Islands area, although if the 3 a.m. jolt was a fore
shock the epicentre could have been on southern Vancouver Island. Col., 

BSSA,SB 

119. 1927 MARCH 6. 1 :57 p.m. An earthquake was felt at Bull Harbour, Alert Bay 
and Ocean Falls off the north tip of Vancouver Island. D 
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120. 1927 MAY 8. 2 p.m. </> = 49?0 N; À = 124?0 W. ISS.* Again Bull Harbour, 
Alert Bay, and Ocean Falls as well as Port Hardy felt a tremor. The ISS 
epicentre is some 2° south of the felt area, in a populated region where the 
tremor was not felt. D 

121. 1927 MAY 27. 1 :58 p.m. Estevan, Bull Harbour, Alert Bay and Ocean Falls all 
felt an earthquake. The epicentre is probably just off the northwest tip 
of Vancouver Island. 

122. 1927 ÛCTOBER 24. 7:59 p.m. </> = 57½0 N; À = 137° W; M = 7. G. 

123. 1927 ÛCTOBER 25. </> = 56?4 N; >.. = 136?0 W. ISS. 

124. 1927 ÜcTOBER 29. An earthquake was felt generally in Vancouver and in the 
communities directly east of there. It was not felt at Victoria, nor was it 
recorded on the seismographs. 

125. 1927 NüVEMBER 12. </> = 56?4 N; >.. = 136?0 W. ISS. 

126. 1927 NovEMBER 21. </> = 56?4 N; À = 136?0 W. ISS. 

127. 1927 DECEMBER 31. </> = 56?4 N; 'X. = 136?0 W. ISS. 

128. 1928 JANUARY 24. 9:45 a.m. III. The Abbotsford-Hunglington area felt an 
earthquake. Maple Falls, Glacier, Sumas and Deming in the general region 
also felt the tremor slightly, but Bellingham did not. D 

129. 1928 FEBRUARY 9. 3 :04 a.m. IV. The Victoria seismograph indicates an epi
centre about 100 miles northwest of the city. Alberni, Bamfield, and Pach
ena Point felt the tremor most severely. At Alberni it was like a loud report, 
and near Bamfield small tidal waves were reported. Vancouver and N anaimo 
reported the tremor as very slight. It was also felt at Abbotsford, Duncan, 
Cowichan, Victoria, Port Renfrew, Tatoosh and Destruction Islands. The 
epicentre was probably in the region of the Alberni canal. D, Prov. 

130. 1929 MARcH 1. 11:31 p.m. </> = 51½0 N; À= 130¾0 W; M = 6. G. 

131. 1929 APRIL 22. Felt very slightly at Victoria. Times 

132. 1929 MAY 26. 2:42 p.m. VI-VII. </> = 51° N; À = 131° W; M = 7. G. The 
epicentre of this tremor was between 1 ° and 2° south of the area of maximum 
damage, in a region that was not heavily populated. The earthquake was 
felt as far north as Ketchikan, Alaska, and Anyox, B.C. and to the east as 
far as Terrace, Skeena and Lakelse. Prince Rupert does not appear to have 
been in the area of maximum damage, but at Haysport, a short distance 
southeast of Prince Rupert, goods were knocked off shelves. Centres on 
the Queen Charlotte Islands suffered greatly. At Massett, water was splashed 
out of tanks, trees were reported to have swayed, and bouses shook violently. 
The Prince Rupert paper stated that people were thrown to the ground. At 
Queen Charlotte City dishes were broken, clocks were stopped, and a 4-
foot tidal wave was reported. Nearby at Skidgate there was a tidal wave, 
and there were fissures on the beach. At Sandspit 500 feet of the beach was 
reported to have disappeared into the sea. Further south at Lockeport the 
crest of a hill was dislodged, and close by at Rose Harbour chimneys were 
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toppled. From these reports it would appear that the major damage was 
along the east shore of the Queen Charlotte Islands, but this is probably 
because that was the only settled portion of the region. Certainly the epicentre 
must have been quite close to Queen Charlotte city and Skidegate, probably 
just west of Graham Island. Such origin is indicated on the map. 

133. 1929 SEPTEMBER 17. 11:17 a.m. </> = 51° N; X= 131° W; M = 6¼. G. 

134. 1929 DEcEMBER 14. Severe on Graham Islands. D 

135. 1930 APRIL 16. 6:30 a.m. </> = 49½0 N; X = 130° W; M = 5½. G. 

136. 1930 MAY 31. 2:21 a.m. </> = 48!·0 N; X = 129° W; M = 5½. G. 

137. 1930 JUNE 26-JuNE 30. On the Queen Charlotte Islands. D 

138. 1930 JULY 1. </> = 51 ~ 5 N; X = 133~3 W. ISS. 

139. 1930 JuLY 21. 3 :59 a.m. Two slight tremors were felt m Victoria. Denison 
placed the epicentre in the Strait of Juan de Fuca. The tremor was also 
felt in Vancouver. D. 

140. 1930 SEPTEMBER 17. </> = 49~5 N; X = 130~5 W. ISS. 
141. 1931 APRIL 17. 8 p.m. III. A slight earthquake was felt in Vancouver, Abbots

ford, Bellingham and Victoria. The Gulf Islands area was again the probable 
origin of this disturbance. D., Prov. 

142. 1931 JuLY 18. III. Felt slightly in Victoria and Vancouver. Br. 

143. 1931 JuLY 30. 8 a.m. IV. At Nanaimo the earthquake sounded like an ex
plosion. Houses in Kitsilano, a section of Vancouver, were rocked. Vic
torians did not report feeling the tremor. Prov. 

144. 1932 JANUARY 26. 2:12 a.m. </> = 52~0 N; X = 125~0 W. ISS. No earthquake 
was reported to have been felt. 

145. 1932 JuLY 18. 2:02 p.m. The Tolt River earthquake, with epicentre about 25 
miles northeast of Seattle, was felt in Vancouver and Victoria. 

146. 1932 AUGUST 18. 12:23 p.m. <f> = 49° N; À = 129° W. G. 

147. 1932 DEcEMBER 21. 10:10 p.m. Felt slightly in Vancouver. Prov. 

148. 1933 JANUARY 29. 1:42 a.m. Felt in Sidney and North Saanich. Col. 

149. 1933 MAY 4. 8:14 p.m. </> = 49° N; X = 129° W; M = 5½. G. 

150. 1933 AUGUST 30. 6:51 p.m. </> = 59¼0 N; À = 137½0 W; M = 5¼, G. 

151. 1933 SEPTEMBER 19. 3 :39 p.m. </> = 60° N; À = 138° W. G. 

152. 1933 ÜCTOBER 5. 6:38 p.m. IV. Nanaimo residents felt this shock as an ex
plosion, as did the area about Chemainus. The tremor was felt slightly at 
Comox, Victoria and Vancouver, and heavily at Parksville and Wellington. 
The origin is probably on Vancouver Island near N anaimo or immediately 
off shore under the Strait of Georgia. Prov., D., SB 

153. 1934 APRIL 12. 9 :30 p.m. III. A tremor was felt at Port Alberni, Long Beach, 
Tofino, Ucluelet on the west coast of Vancouver Island. Tofino appears to 
have been the location of maximum intensity. No tremor was felt at Nan
armo. 
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154. 1934 MAY 4. 8:09 p.m. IV. The general areas of Victoria, Port Townsend, 
Port Angeles, Everett, Duncan and Vancouver felt the earthquake equally. 
Nanaimo felt it slightly less. At Vancouver some plumbing was reported 
damaged. 

155. 1935 September 24. 2:12 p.m. cf> = 49½0 N; X = 130° W; M = 6¼. G. 

156. 1936 MARCH 28. 1 :15 a.m. V. From newspaper files and clippings an isoseismal 
map can be readily drawn for this earthquake. Such a map indicates an 
epicentre at 50~5 N. and 119~5 W. In Vernon dishes were broken, plaster 
was cracked and the earthquake was described as a dull roar lasting 5 to 
10 seconds. Residents of Oyama, slightly south, heard rockslides in the 
mountains, and a short distance south of Sicamous, at Mara, bricks were 
dislodged from chimneys. At Grindrod, near Sicamous, some aftershocks 
were felt. Notch Hill residents reported four chimneys down. At Kam
loops the main shock rattled dishes, and an aftershock at 4 a.m. was felt. 
At Salmon Arm, Penticton, Merritt, Lumby, Kelowna and Lavington resi
dents generally were awakened. 

157. 1936 APRIL 22. 9 :53 p.m. Felt slightly in Victoria. SB 

158. 1936 JuLY 15. 11 :20 p.m. Residents of Rock Creek, on the Kettle River Valley, 
were alarmed by an earthquake. 

159. 1936 DECEMBER 21. 11:03 a.m. cf> = 52½0 N; À = 131½0 W; M = 6. G. A 
tremor was felt at Dead Tree Point on the Queen Charlotte Islands. 

160. 1937 On an unrecorded date an earthquake shook the north shore at Vancouver at 
6a.m. D 

161. 1937 SEPTEMBER 29. 3:30 a.m. cf> = 49¼0 N; À = 129½0 W; M = 5½. G. 
162. 1938 FEBRUARY 19. 6:13 a.m. Felt in Vancouver, and particularly on the 

north shore. Prov. 

163. 1938 MARCH 22. 7:22 a.m. cf>= 52¼0 N; À= 132° W; M = 6¼. G. The earth
quake was felt strongly on the Queen Charlotte Islands and up to the Alaskan 
panhandle. Dishes rattled in Prince Rupert. Prince Rupert Daily News. 

164. 1938 MARCH 22. 2:27 p.m. cf> = 52¼0 N; À = 132° W; M = 5¼. G. 

165. 1938 APRIL 21. 8:15 p.m. cf> = 49¾0 N; À = 129¾0 W; M = 5½. G. 

166. 1938 JUNE 27. An earthquake was felt in Victoria. D. Newspapers reported 
that the seismograph was out of operation while it was being transferred to 
the Dominion Astrophysical Observatory and that there were a few tremors 
about this time. 

167. 1938 SEPTEMBER 19. 4:40 a.m. Slightly felt in Vancouver. Prov. 

168. 1938 OcTOBER 14. 7 :52 a.m. cf> = 58½0 N; À = 136° W; M = 5. G. 

169. 1939 JuLY 18. 7:26 p.m. cf> = 49° N; X = 129¼0 W; M = 6½. G. 

170 1939 NovEMBER 6. 6:30-7:30 p.m. A letter on file from a resident of Kennedy 
Lake reported an earthquake in that region of west central Vancouver Island. 

171. 1939 NovEMBER 24. 4:45 p.m. An earthquake was reported at Nanaimo as a 
dull thud. 
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172. 1940 JANUARY 28. 12:28 a.m. <t> = 61¾0 N; À = 137½0 W; M = 5¼. G. 

173. 1940 MAY 28. 5:57 p.m. <t> = 67° N; À= 135° W; M = 6¼. G. Yukon. 

174. 1940 JUNE 5. 3:01 a.m. <t> = 67½0 N; À = 136° W; M = 6½. G. Yukon. 

175. 1940 SEPTEMBER 8. 10:20 a.m. This is the first of a series of fairly strong local 
shocks in the Bella Coola area of British Columbia. Residents were generally 
alarmed, but no serious damage was mentioned in the reports of the British 
Columbia Provincial Police. The following list of the tremors is in the order 
of their occurrence, and unless noted, all are of the same intensity. 

176. 1940 SEPTEMBER 8. 10 :30 a.m.; 9 :20 p.m. Bella Coola. 

177. 1940 SEPTEMBER 9. 5:20 a.m. Bella Coola. 

178. 1940 SEPTEMBER 10. 3 a.m.; 3:10 a.m.; 8 a.m.; 8 p.m. Bella Coola. 

179. 1940 SEPTEMBER 11. 8:05 a.m.; 8:15 a.m. Bella Coola. 

180. 1940 SEPTEMBER 12, 13, 26, 27. Bella Coola. 

181. 1940 ÜCTOBER 8, 9, 11, 12, 13, 23, 24. Bella Coola. 

182. 1940 ÜcTOBER 27. 3:29 p.m. An earthquake was felt in many districts of Vic
toria, and in Seattle, but not in Chilliwack. A newspaper credited the 
earthquake with causing a landslide on highway No. 2 about 2 miles west 
of Hope. This appears to be unlikely. Prov. 

183. 1940 NovEMBER 1, 2, 3, 4, 5, 6, 23, 25. All were felt at Bella Coola. 

184. 1941 AuGUST 9. 9:05 p.m. <t> = 59¼0 N; À = 137½0 W; M = 5¼. G. 

185. 1941 ÜCTOBER 31. 4:43 p.m. An earthquake was recorded on the Victoria seis
mograph at a distance of 350 miles in an unknown direction. 

186. 1942 JANUARY 18. 2:45 a.m. Dr. Whiting reports from Bella Coola that a 
stronger than normal tremor was felt. 

187. 1942 JANUARY 30. 10:49 p.m. V. <t> = 51° N; À = 124° W; M = 5½. G. The 
epicentres obtained from seismograms and from the felt area of this earth
quake agree quite well. Powell River felt the tremor most severely, and here 
the newsprint machines were thrown out of line. People were generally 
alarmed, and reports are that a foreshock was felt a few days preceding the 
main tremor. At Goldbridge the main shock and two aftershocks were felt. 
At Manson's Landing and Cortes in the northern part of the Strait of Georgia 
the motion appeared to be from east to west. The earthquake tilted pictures 
on walls at Kamloops, and was felt stronger than this at Spences Bridge. 
In Vancouver dishes rattled. The epicentre indicated by Gutenberg, imme
diately east of Powell River, appears to be a logical choice from macroseismic 
evidence and newspaper reports. 

188. 1942 MARCH 19. 3:59 a.m. <t> = 50½0 N; À = 131° W; M = 6. G. 

189. 1942 JUNE 9. 3:06 a.m. <t> = 49½0 N; À = 129° W; M = 5¾. G. 

190. 1942 JUNE 11. 6:01 p.m. <t> = 61° N; À = 138° W; M = 5¾. G. 

191. 1942 ÜcTOBER 21, 22, 29, 31. These are further reports of earthquakes felt at 
Bella Coola. 
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192. 1942 NovEMBER 1. 11 :55 a.m. Residents of Creston were alarmed at this partic
ular tremor. It was felt in Canada at Nelson and Kingsgate and as far 
sou th as Coeur d' Alene and Spokane in the United States. There were three 
tremors in all (8:42 a.m., 11 :55 a.m. and 12:16 p.m.), that at 11 :55 a.m. 
being most generally f elt. 

193. 1943 APRIL 14. 6:15 p.m. An earthquake, again strong at Bella Coola, was felt 
along the valley from Ocean Falls to Canoe Crossing. The motion appears 
to have been from west to east. 

194. 1943 MAY 24. 10:35 p.m. Felt at Bella Coola. 

195. 1943 MAY 26. 11 :09 a.m. Felt at Bella Coola, Ocean Falls and Stuie. 

196. 1943 JuLY 31. 10:15 p.m. Felt at Bella Coola, Ocean Falls and Stuie. 

197. 1943 JuLY 31. 10 :30 p.m. 11 :30 p.m. Felt at Bella Coola. 

198. 1943 AUGUST 1. 4:20 a.m. Felt at Bella Coola. Although this is the last avail
able report on earthquakes felt at Bella Coola, it should not be assumed that 
the tremors ceased abruptly. It is probable that the absence of reported 
earthquakes after 1943 indicates a lack of information rather than a lack of 
earthquakes. There was probably a series of earthquakes for at least three 
years, none of which caused damage, with epicentres at one location near 
Bella Coola. No field investigation was made, other than a search of police 
reports. 

199. 1943 NoVEMBER 29. 4:30 a.m. A slight earthquake was felt at Vancouver, and 
at Seattle. The Victoria records indicated the epicentre as being 200 miles 
north-east of Victoria. Prov. 

200. 1944 FEBRUARY 3. 4:15 a.m. cf> = 60½0 N; À = 137½0 W; M = 6½. G. The 
Whitehorse (Yukon Territory) Meteorological Office reported that clocks 
were stopped and doors were seen to swing with the vibration. The duration 
was quoted as three minutes. At Aishihik and Teslin the tremor was also 
felt. 

201. 1944 AuousT 8. 1 :00 a.m. Sister's Island lighthouse was damaged by this earth-
quake, apparently centered off the northern tip of Vancouver Island. 

202. 1944 AUGUST 8. 4:50 a.m. An aftershock of the above earthquake was felt. 

203. 1944 AUGUST 9. 5:53 p.m. cf> = 51~4 N; À = 130~5 W. use and GS. 

204. 1944 SEPTEMBER 7. 11 :20 p.m. Felt at Bella Coola. 

205. 1945 MAY 14. Residents of Prince George reported feeling four light tremors in 
two days about this tune. SB 

206. 1945 MAY 22. 1 :12 a.m. An earthquake was felt slightly in Victoria. 

207. 1945 JUNE 15. 3:24 p.m. III. A tremor was felt slightly in Victoria and Van-
couver. At Nanaimo goods were toppled from shelves. Col. 

208. 1945 AUGUST 2. 12:45 p.m. cf> = 54° N; À = 133° W; M = 6¼. G. 

209. 1945 ÜCTOBER 15. 00:01 a.m. et> = 59~0 N; À = 140~0 W. use and GS. 

210. 1945 ÜCTOBER29. 2:54a.m. cf>= 52°N;À = 131°W. USCandGS. 
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211. 1945 NoVEMBER 12. 9:05 p.m. An earthquake was felt slightly m Victoria. 
Times. 

212. 1945 NoVEMBER 16. 10:02 a.m. </J = 58° N; À= 136½0 W. G. 

213. 1946 FEBRUARY 15. 7 :16 p.m. An earthquake, probably centred in the southern 
Puget Sound area, was generally felt in Victoria. Col. 

214. 1946 MARCH. A resident of Hornby Island in the northern Strait of Georgia 
reported that he felt tremors covering the period of a week. 

215. 1946 JuNE 23. 9:13 a.m. </J = 49° 52' N; À = 124° 55' W; M = 7-3. Milne. 
This is generally referred to as the British Columbia earthquake, mentioned 
earlier in this report as having been discussed in detail by E. A. Hodgson.10 

Since his publication no further details of damage have become available. 

216. 1946 JuLY 8. 8 p.m. Felt at Courtenay near the epicentre of the previous earth
quake. 

217. 1946 JuLY 9. A letter on file from a resident of the Great Central Lake region 
reports a tremor in that area. This and the July 8 event are the only reported 
or recorded af tershocks of the main tremor of June 23. 

218. 1946 JuLY 17. 10:07 p.m. <p = 50° N; À = 129° W; M = 6½. use and GS. 

219. 1946 JuLY 17. 11:16 p.m. <p = 50° N; À= 129° W; M = 6½. use and GS. 

220. 1947 APRIL 5. 5 :51 p.m. III. The Prince George Citizen reported that an earth
quake was felt in that area, similar to the noise of a passing truck. 

221. 1947 MAY 8. 3 :53 p.m. <p = 61 ° N; À = 139° W. use and GS. 

222. 1947 AUGUST 11. 3 :55 a.m. A letter on file indicates that an earthquake was 
felt both at Milne's Landing and near Mill Bay on South Vancouver Island. 

223. 1948 FEBRUARY 27. 5:58 p.m. <p = 53½0 N; À= 133° W; M = 6½. use and GS. 
An earthquake was felt at Prince Rupert and on the Queen Charlotte Islands 
Col. 

224. 1948 JUNE 9. 11 :05 a.m. An earthquake was felt on Read Island in the northern 
Strait of Georgia. 

225. 1948 JuNE 24. On this date the short-period Benioff seismograph was installed 
at Victoria. Many earthquakes were recorded during the next three years, 
and the following are those that were felt or were located by means of seismo
graph recordings. Table 2 lists the remainder that were recorded by the 
seismograph but not felt nor located. 

226. 1948 JULY 22. 12:05 p.m. <p = 49½0 N; À = 130½0 W. use and GS. Recorded 
at Victoria at 12 :06 :55. 

227. 1948 ÜcTOBER 1. 1 :44 a.m. Felt slightly at Kamloops, B.C. and recorded at 
Victoria at 1 :45 :34. 

228. 1948 DECEMBER 30. 3:49 p.m. <p = 51° N; À = 131° W. use and GS. Re
corded at Victoria at 3 :51 :14. 

229. 1949 FEBRUARY 4. An earthquake was felt at Summerland and Peachland in 
south central British Columbia. Col. 
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230. 1949 APRIL 2. 1 :17 a.m. An earthquake with a rumbling noise was felt at Queen 
Charlotte City. 

231. 1949 APRIL 13. 11:55 a.m. </> = 47?1 N; X = 122?7 W; M = 6¾. use and GS. 
This Seattle earthquake, which did extensive damage in the lower Puget 
Sound basin, has been included because it was felt sharply at Victoria and at 
Vancouver. 

232. 1949 AuGusT20. 8:03 p.m. cp = 54?2 N; X= 133?5 W; M = 8-0. This tremor, 
known as the Queen Charlotte Islands earthquake, did some damage in popu
lated areas near its origin, although for the most part the immediate epicentral 
area was very sparsely settled. Little field data are available for the earth
quake, and in particular information from the main epicentral area on the 
Queen Charlotte Islands did not indicate that an earthquake of magnitude 
8 · 0 had occurred. However many different seismological stations reported 
very strong recordings. 

There is a report of a geologist working on the north-west tip of Graham 
Island who was unable to stand up due to the violent shaking of the ground. 
Two boat captains mentioned that the water near the beach at Lockport was 
swirling wildly, and that there were many landslides. At Delkatla the bridge 
"writhed like a snake", and the ground was cracked. At a lodge nearby, 
the horses could not be controlled even an hour before the event. The 
Prince Rupert Daily News states that just across Delkatla Slough the earth 
fissured, one crack 50 f eet long and 6 inches across being so deep its bot tom 
could not be seen. Many trees were felled, and in one house a piano was 
shifted. As far away as Prince George the people were alarmed and ran into 
the streets. At Cumshewa Inlet logging camp a tank containing many 
gallons of fuel oil was destroyed, at considerable loss to the owner. At 
Terrace cars rolled on the street and dishes were broken. The earthquake 
was felt as far east as Jasper and as far south as Portland. Using the distance 
to Jasper as the radius of a circle, the felt area of the tremor is of the order of 
2,220,000 square miles, half of which is under the ocean. An interesting 
sidelight on the phenomenon of this earthquake is that at the Dominion 
Observatory in Ottawa observers using the meridian-circle telescope were 
unable to keep the cross-hair of the guiding eye-piece on the star image during 
the time the strong waves from this earthquake were passing Ottawa. In 
the Arctic area one of the Geodetic Survey party reported that while he was 
observing star crossings for an astronomical position it was not possible to 
keep the star image steady in the eye-piece, at about the time of this earth
quake. 

233. 1949 AUGUST 23. 12:24 p.m. cp = 54?2 N; X = 133?5 W; M = 6·4. use and 
GS. This tremor, a strong aftershock of the earthquake of August 20, was 
felt in the same area. Many other aftershocks were felt, most of them being 
included in Table 2 because their locations are not positively known. One 
resident of the Queen Charlotte Islands reported that up to October 1, 107 
aftershocks were felt in that area. 
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234. 1949 ÜCTOBER 30. 5:42 p.m. (() = 56° N; À = 135° W; M = 6¾- use and GS. 
The epicentre was some 70 miles south of Sitka, Alaska. 

235. 1949 NovEMBER 29. 5 a.m. An earthquake was felt slightly at Victoria and in 
Seattle. 

236. 1950 APRIL 14. 3:04 a.m. (() = 48° N; À = 122½0 W. use and GS. An earth
quake was felt in Victoria, Ladysmith, Vancouver, Chilliwack, Haney, 
Abbotsford and White Rock in British Columbia. Prov. 

237. 1950 APRIL 16. 1 :48 p.m. (() = 49° N; À = 129° W. use and GS. Recorded 
at Victoria at 1 :48 :58 p.m. 

238. 1950 AUGUST 24. 6:15 p.m. (() = 49½ 0 N; À = 129° W. use and GS. 

239. 1950 SEPTEMBER 28. 1:47 p.m. (() = 54½0 N; À = 134½0 W. use and GS. Re
corded at Victoria at 1:49:14 p.m. 

240. 1950 ÜCTOBER 7. 11:59 a.m. (() = 50° N; À= 129½0 W. use and GS. Recorded 
at Victoria at 11 :59 :21 p.m. 

241. 1951 JUNE 2. 10 :58 p.m. Slight tremor felt at Alberni. 

242. 1951 JuLY 20. 2:13 p.m. Slight tremor felt at Victoria. 
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TABLE 2. EARTHQUAKES RECORDED AT VICTORIA JULY 1948 TO JULY 1951. 
(Not located, and not list.ed in Table 1) 

Date 
Tune at 
Victoria 
(P.S.T.) 

hm s 

Distance 
from 

Victoria 

kms. 

Remarks 

1948 July 2 ....... . .. . .......... . 7 37 27 p.m. 
2 22 23 p.m. 
5 41 03 p.m. 
6 07 09 p.m. 
2 11 11 a.m. 
2 21 40 a.m. 
2 05 39 a.m. 
3 00 01 a.m. 
2 36 41 a.m. 
4 47 14 a.m. 
7 44 30 a.m. 
3 17 39 a.m. 
5 12 50 p.m. 

260 
July 17 .................... . 
July 27 .................... . 
July 27 . . ............... . .. . 
July 28 .................... . 
July 28 .................... . 
Auguat 2 .................. . 
August 3 . .. . . ........ . .. . . . 
August 5 . . ................ . 
August 5 .. . ............... . 
August 5 . .. ............... . 
August 6 ...... . .......... . . 
August 6 .. . ............... . 
August 18 ................. . 
August 27 ................. . 
September 24 . ............. . 
October 19 . ... ............. . 
October 27 ................. . 
October 28 ... ......... .. ... . 
October 28 ................. . 
October 29 .. . .... .. . . ...... . 
November 3 ............... . 
November 11 .............. . 
N ovember 16 .............. . 
November 18 .............. . 
November 21 .... .... . ..... . 
December 1 ................ . 
December 10 ............... . 
December 13 .......... . ... . 

December 14 .............. . 

December 15 . . ............. . 
December 15 . . ... .. ........ . 
December 30 . . ............. . 

1949 April19 ..... . . . ........... . 
April 21 ................... . 
May 2 .................... . 
May8 ..................... . 
May 11 ................... . 
May 24 ....... . ........... . 
June 14 .......... . ... .. .... . 
June 16 ................... . 
June 18 .. ........ . . .. . .... . 

12 58 51 p.m. 
5 42 18 p.m. 
2 34 22 p.m. 
7 02 05 a.m. 
4 40 27 p.m. 
6 19 39 a.m. 
6 31 37 a.m. 
0 17 05 a.m. 
8 48 40 p.m. 

12 30 23 p.m. 
5 13 48 p.m. 
0 54 14 a.m. 
7 31 26 p.m. 
5 26 56 a.m. 
3 32 39 p.m. 

11 08 07 a.m. 
11 33 02 a.m. 
11 40 57 a.m. 
10 19 35 a.m. 
10 24 29 a.m. 
11 40 10 a.m. 
1 39 47 p.m. 
1 43 05 p.m. 
1 49 32 p.m. 
1 56 43 p.m. 
2 12 11 p.m. 
2 16 32 p.m. 
3 07 25 p.m. 
0 09 02 a.m. 
8 30 30 p.m. 

10 41 52 p.m. 
10 48 53 p.m. 
10 47 35 p.m. 
8 44 33 p.m. 
8 26 18 p.m. 

12 26 37 p.m. 
6 44 43 p.m. 
8 31 15 a.m. 
2 04 25 a.m. 
3 51 26 a.m. 

96 
125 
148 
635 
635 

60 
160 
58 
98 
89 

160 
225 
100 
145 
100 
120 
875 
690 
690 
690 
460 
960 
535 

55 
680 
735 
85 

135 
135 
135 
135 
135 
135 
135 
135 
135 
135 
135 
135 
135 
168 
155 
680 

170 
85 

545 
370 
185 
190 
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TABLE 2. EARTHQUAKES RECORDED AT VICTORIA JULY 1948 TO JULY 1951. 
(Not located, and not listed in Table 1 )-continued 

Date 

1949 June 19 ... . . ... .. ... ...... . 
June 27 .... ...... .... .... . . 
July 25.. ........ . ... .. .. ( 

l 
July 28 . ........... . ....... . 
July 29 . .... .. .. . . .... . . . .. . 
August 5 ................... . 
August 5 . ... ... .. ..... .. .. . 
August 8 .. ...... . .. . .. .... . 
August 8 .. ... . .... .. . ... .. . 
August 12 . ... ........... .. . 
August 12 ... .. . ........... . 
August 15 ... . . .. ...... . . . . . 
August 15 .. .. . . . ......... . . 
August 15 ................. . 
August 18 .... . . . ..... . . .. . . 
August 19 .............. . . . . 
August 19 .... . . ....... .. .. . 
August 19 ... ........ . .. . . . . 
August 21 ....... .. . . 
August 21. ...... . . . . . ..... . 
August 22 .............. . .. . 
August 22 ................. . 
August 23 ... . . .. ..... .... . . 
August 23 ....... . . .. .. .... . 
August 24 ... . . . .. . . . . . .... . 
August 24 ... . ... . ......... . 
August 25 .... . .. .. .. . ..... . 
August 26 .. ......... . 
August 27 . .. . . . .. . .. . 
September 7 ...... . .. . 
September 16 ....... . . . ... . . 
September 17 ...... ... . .... . 
September 20 ......... . 
October 2 ...... . .... . . . .. . . . 
October 20 .. .... . ...... . ... . 
October 23 ................. . 
October 23 ..... .. . .. .... . .. . 
October 25 .............. . . . . 
October 30 .. . ....... .. .... . . 
N ovember 13 .. .. ... . ...... . 
November 13 ... . . 
December 2 . . .. . . ...... . .. . . 
December 14 ............... . 
December 15 . ..... . .. .. . . . . . 
December 17 ............... . 
December 21 ... ....... . ... . . 

1950 January 2 ......... . . . .... . . 
January 4 ............ . 
January 14 ...... . .. . 
January 27 . ... ........... · { 

January 27 

Tune at 
Victoria 
(P.S.T.) 

hm s 

6 08 16 a.m. 
1 55 30 p.m. 

10 40 03 a.m. 
10 44 29 a.m. 
12 16 08 p.m. 
3 09 20 a.m. 

12 47 38 p.m. 
2 46 59 p.m. 
3 17 24 p.m. 
5 36 44 p.m. 
2 12 50 p.m. 
4 08 34 p.m. 
8 01 21 p.m. 
7 30 54 p.m. 
9 46 06 p.m. 
0 04 57 a.m. 

12 58 59 p.m. 
3 24 14 p.m. 
3 59 12 p.m. 

12 50 26 p.m. 
10 16 45 p.m. 
4 21 43 a.m. 
6 59 29 p.m. 

11 43 35 a.m. 
6 37 32 p.m. 
1 53 00 p.m. 
2 37 13 p.m. 
9 26 00 p.m. 
2 39 40 p.m. 
1 30 40 p.m. 
3 37 13 p.m. 
6 32 39 p.m. 
2 20 05 p.m. 
4 19 40 a.m. 
2 32 06 p.m. 
8 07 13 a.m. 
1 00 24 p.m. 
6 34 56 p.m. 

10 20 46 a.m. 
11 24 57 p.m. 
2 55 44 p.m. 

10 21 58 p.m. 
2 32 41 p.m. 

11 44 01 a.m. 
10 35 14 p.m. 
5 06 02 a.m. 
5 55 52 a.m. 
2 03 46 a.m. 
4 19 30 p.m. 
7 32 17 p.m. 
9 19 36 a.m. 
9 21 38 a.m. 
1 57 05 p.m. 

Distance 
from 

Victoria 

kms. 

180 

55 
55 

1100 
290 
435 

90 
250 
173 
110 
127 
355 
100 
170 
180 
150 

112 
345 
185 
540 
975 
235 

115 

175 
137 
532 
135 
112 

140 
620 
310 
147 
24 
24 

128 

Remarks 

Queen Charlotte aftershock 
Queen Charlotte aftershock 
Queen Charlotte aftershock 

Queen Charlotte Islands aftershocks 

Queen Charlotte Islands 
Queen Charlotte Islands 
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TABLE 2. E ARTHQUAKES RECORDED AT VICTORIA JULY 1948 TO JULY 1951. 
(Not located, and not listed in Table 1 J-continued 

Date 
Time at 
Victoria 
(P.S.T. ) 

hm s 

Distance 
from 

Victoria 

kms. 

Remarks 

1950 February 14 . . . ......... . . . 10 53 02 a.m. 
10 53 36 a.m. 
12 49 21 p.m. 
12 50 48 p.m. 

15 
15 
15 
15 
15 
15 
70 March 2 .. . .. ........ . .. . .. . 

March 2 ....... . ... ....... . 

March 5 .. .. . . ... .. . .. . ... ·i 
March 21 .. ... . . . .. . ... . ... . 
March 21. . . . ...... ... ..... . 
March 24 .. . .. ... . .. .. .... . . 
March 25 . . . ... . .. .. . . . . .. . . 
April 12 ..... .... ... ... .... . 
April 17 . . . .. . . .. .. ... . .. . . 

April 28 . . . .. . .. . .. .... ... . 

May 3 . . .. ... . . .... ... . ... . 
May 16 .... .. .... . ........ . 
May 21 . . .. .. . .. . . . .. .. ... . 
May 22 ... . ...... ... . . ... . . 
June 30 . .... . ........ . ... . . 
July 4 . . . .. ........ . ... . ... . 
July 15 ... . .. . ..... .. .. . ... . 
August 24 . .. .. ........... ·{ 

August 26 . .. . . .. . ......... . 
August 31 .. ... . .... . ... . .. . 
September 20 ... .. . . . ... .. . . 
September 21. ........ . 
September 23 .. ........ . 
September 28 . . .. . . .. . ... . .. . 
September 29 . .. ... .. ..... · i 
September 30 ........ .. .... . 
October 1 .. . . ... . . ... . . . . . . . 
October 1 .. . .... .. ...... ... . 
October 6 ... . . . .. . ... . ..... . 
October 13 .. .... .. .. . . . 
October 16 .. . .... . ... .. .... ( 

! 

1 53 20 p.m. 
1 53 50 p.m. 
6 17 39 a.m. 

12 11 29 p.m. 
6 52 25 a .m. 
7 13 54 a.m. 
7 18 27 a.m. 
1 26 14 p.m. 
1 27 17 p.m. 

11 39 03 a.m. 
12 13 39 p.m. 
10 45 04 a.m. 

9 13 41 a.m. 
9 21 12 a.m. 
9 28 40 a.m. 

10 10 36 a.m. 
12 37 18 p.m. 
12 38 31 p.m. 
12 41 48 p.m. 
12 45 22 p.m. 
12 52 04 p.m. 
12 54 50 p.m. 
8 57 32 p.m. 

11 34 53 p.m. 
0 40 15 a.m. 

11 51 06 a.m. 
12 28 09 p.m. 
20 02 15 p.m. 
8 55 33 p.m. 
2 25 20 a.m. 
2 29 54 a.m. 
9 47 06 a.m. 
0 02 36 a.m. 
5 21 06 a.m. 
2 25 06 p.m. 
5 58 51 p.m. 
8 35 23 p.m. 
6 58 29 p.m. 
7 20 22 p.m. 
7 21 19 p.m. 
1 20 02 a.m. 
5 07 48 a.m. 
6 12 58 a.m. 

10 18 38 a.m. 
1 48 22 a.m. 

11 27 22 a.m. 
11 28 48 a.m. 
11 32 21 a.m. 
11 35 12 a.m. 

140 
25 
25 
25 
80 
80 

120 
880 
210 
25 
25 
25 
25 
30 
15 
27 
25 
17 
24 
95 
66 
87 

585 
50 

120 
60 

66 
180 
660 
122 
290 

33 
33 
25 
25 
25 

1050 
1050 

95 
25 
76 
84 
90 
80 

Queen Charlotte Islands? 

Off west coast of Vancouver Island. 

Queen Charlotte I slands? 
Queen Charlotte Islands? 
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TABLE 2. EARTHQUAKES RECORDED AT VICTORIA JULY 1948 TO JULY 1951. 
(Not located, and not listed in Table 1 )-continued 

Date 

1950 October 16 .......... ....... . 
October 22 ............. . . . . . 
November 16 ........ . .. . 
N ovember 17 .............. . 
N ovember 18 .............. . 
December 7 ...... . ......... . 
December 11 ........... . ... . 
December 12 . ........... . .. . 
December 31. .............. . 

1951 January 3 ........... . ..... . 
January 6 . ................ . 
January 23 ............... . . 
February 7 ................ . 
February 13 .. . ....... .. . .. . 
February 14 ............... . 
February 14 ............... . 
March 5 .•.......... . ....... 
March 5 ...... . .....•....... 
March 19 .................. . 
March 29 .................. . 
April 5 .................... . 
April 10 ................... r 

l 
April 11 ................... . 
April 17 . .......... . 

April 20 ........... . . . ..... . 
Moy 30 .. ....•......... · 1 
June 17 ........ . ....... . .. . 
June 26 ................... . 
June 27 ............ . ...... . 
July 19 ...... . ...... . ...... . 
July 20 ............... ... . . 

Time at 
Victoria 
(P.S.T.) 

hm s 

12 04 15 p.m. 
9 52 07 p.m. 
9 28 27 a.m. 
3 49 08 p.m. 

12 06 48 p.m. 
12 30 29 p.m. 
3 24 11 p.m. 
2 25 05 a.m. 
3 19 15 a.m. 
5 43 16 a.m. 
8 15 25 p.m. 
3 25 39 p.m. 

10 24 41 a.m. 
4 52 17 p.m. 
2 00 35 a.m. 
2 18 20 a.m. 
4 26 06 a.m. 
2 27 54 p.m. 
3 35 49 p.m. 

10 20 15 a.m. 
9 58 25 a.m. 

10 05 16 a.m. 
10 06 43 a.m. 
10 40 59 a.m. 
12 27 01 p.m. 
9 11 51 p.m. 
2 58 33 p.m. 
3 00 09 p.m. 
3 01 43 p.m. 
3 03 13 p.m. 
3 04 36 p.m. 
3 05 43 p.m. 

11 16 34 a.m. 
9 26 17 a.m. 
9 29 12 a.m. 
9 35 55 a.m. 
9 48 39 a.m. 
3 35 35 a.m. 

10 58 30 a.m. 
2 51 46 a.m. 

10 47 02 p.m. 
8 19 16 a.m. 
9 00 10 a.m. 
9 16 01 a.m. 
9 17 01 a.m. 
9 17 39 a.m. 
9 29 42 a.m. 
9 33 22 a.m. 

10 00 07 a.m. 
2 00 05 p.m. 
2 13 50 p.m. 
2 13 50 p.m. 
2 14 23 p.m. 

Distance 
from 

Victoria 

kms. 

63 
177 
115 
63 
60 

118 
102 
87 
45 

290 
90 
90 

172 

650 
650 
102 
170 

42 
40 
72 
33 
40 
33 
26 
88 
33 
40 
40 
40 
40 
40 
33 

107 
115 

87 

38 

Remarks 

Depth greater than normal? 
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TABLE 2. EARTHQUAKES RECORDED AT VICTORIA JULY 1948 TO JULY 1951. 
(Not located, and not listed in Table 1 J-concluded 

Date 
Ti.me at 
Victoria 
(P.S.T.) 

hm s 

Distance 
from 

Victoria 

kms. 

Remarks 

1951 July 20 .. . . . .. ... . . ... . . . .. . 3 00 05 p.m. 
2 00 06 p.m. 
5 00 06 p.m. 

July 22 . .. .. . ..... . ....... . . 
July 22 .. . . . .. ........ .. ... . 
July 24 . . ............... . .. . 
July 24 . ... . ... . .. ........ ·{ 

July 26 .. .. . . . .......... .. . . 
July 26 ... . , . . .. . . . .. ... . .. . 

11 57 51 a.m. 
2 27 52 p.m. 
3 57 58 p.m. 
1 30 08 p.m. 
3 00 08 p.m. 
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DIRECTION OF FAU L TING IN THE OREEK EAR THQUAKES 

OF AUGUST 9 - 13, 1953* 

by 

J. H. H odgson and J. Irma Cock 

ABSTRACT 

The direction of faulting is determined for eight eartbquakes of the sequence 
which damaged the Ionian Islands in August , 1953. The solutions obtained suggest that 
fanlting occurred either on a plane striking NNW-SSE or on a plane striking ENE
'vVS\V. Field evidence collected by GALANOPOULOS suggests that in fact faulting occurred 
on both these planes which constitute a conjugate system of fau!ting. The agreement 
be tween the solutions and the field eviden ce is satisfactory. 

INTRODUCTION 

Between August 9 and 13, 1953, the Ionian Islands were shaken by a 
disastrous series of earthquakes. The first shock, of magnitude 6 r/4, occurred 
at 7: 4r, G. M. T., August 9, and caused only min or damage. The second prin
cipal shock occurred with a number of small shocks intervening, at 03: 33, G. 
M. T., August r r. It had a magnitude of 6 3/4, and did widespread damage. 
A number of minor shocks followed, and the main earthquake of the sequence 
occurred at 9:24, G.M.T., August 12. Its magnitude was 7 1/4 and it caused 
almost complete destruction over most of the Ionian Islands and resulted in 
the death of more than 400 people. This main shock was followed by a large 
number of aftershocks; the seismic bulletin for the Athens station lists more 
than 300 of them up to the end of August. Avery valuable eye-witness account 
of the earthquakes bas been given by GRANDAZZI (1954). 

At the Rome meetings of the International Union of Geodesy and Geo
physics a paper dealing with the principal shock was read by Dr FILIPPO and 
MARCELL! (1954). They made a very careful determination of the epicentre 
and investigated the mechanism of the earthquake, concluding that it was 
caused by a sinking at the focus. 

Dr. A. GAL..-\.NOPOULOS, who had made a detailed study of the earth
quake (1954, 1955 a, b) was of the opinion that the mechanism postulated by 
Dr FILIPPO and MARCELLI was inconsistent with the field evidence. He sug
gested that the present authors should investigate the direction of faulting in 
the three principal shocks, according to the system in use by the Dominion 
Observatory. The present paper is the result of that suggestion. 

The method of the research bas been fully described in recent papers 
(HODGSON, 1955; H0DGS0N and CocK, 1956). Briefly stated, the seismograph 
stations of the world are plotted on a special stereographic projection, and 
those which received an initial push from the earthquake (compression) are sep-

* l\fanuscript received for publication February 15, 1956. Publisbed by permission 
of the Depnty Minister, Department of Mines and Tecbnical Surveys, Ottawa, Canada. 
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arated from those which received an initial pull (dilatation) by a pair of circles. 
These circles represent the intersections of the sphere of the earth witb a pair 
of planes, one of them the fault plane, the other a plane perpendicular to the 
direction of motion. The strike and dip of these planes may be determined from 
the drawings. 

A questionnaire seeking information on first motion was circulated to 
the seismic stations of the world in January, 1955. Information was sought 
not only on the three main shocks but also on nine lesser ones of the sequence. 
This was done in the hope that some light might be cast on the variation of 
mechanism throughout the sequence. The sarue questionnaire collected data on 
the deep-focus Spanish earthquake of March 29, 1954. This solution is being 
given elsewhere (HODGSO:-;i and CocK, 1956). 

PRESENTATION OF DATA 

First motion data were sought for the following earthquakes, the times 
given being the times of occurrence in G. M. T . as determined by the United 
States Coast and Geodetic Survey. 

August 9, 1953 - 07:41:05 
August l 1, 1953 - 03:32:24 
August l I, 1953 - 12:43:24 
August II, 1953 - 13: Il :06 
August I2, 1953 - 06:08:03 
August I2, 1953 - 09:23:55 
August I2, 1953 - II :33:46 
August 12, 1953 - I 2:05:22 
August I2, 1953 - 13:39:23 
August 12, 1953 - 14:08:38 
August 12, 1953 - 16:08:32 
August 13, 1953 - 03:22:06 

Solutions have been obtained for only eight of the twelve earthquakes 
attempted. ln the case of the earthquakes of August II, 12:43:24 and r3:n:06 
and of August 12, 11:33:46 the earthquakes were too small to yield sufficient 
data for a solution. The data collected for the earthquake of August II, 03:32:24, 
were very confused and could not be fitted into any pattern. Severa! of the 
more sensitive stations reported a double beginning, which appears to account 
for the confusion. 

Direction of motion data for the eight earthquakes for which a solution 
bas been obtained are summarized in Table I, in a simple IJotation. The letter 
C or D indicates that the P wave was recorded as a compression or dilatation 
respectively. For tbe reflected phase PP, CC indicates a compression, DD a 
dilatation. The core phase P', is reported by C' 1 for compression, D' 1 for dilata
tion. Observations in parentheses are inconsistent wit'ï the published solutions. 
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TABLE I 
Data on which the Research is Based 

STATION 

Athens 
Reggio Calabria 
l\le-:;sina 
Belgrade 
Rocca di Papa 
Rome 
Trieste 
Florence 
Prato 
Hologna 
Stara Daia 
\'ienna 

Salo 
Skalnate Pleso 
Pavia 
Chur 
Oropa 
Helwan 
Prague 
Zurich 
Stuttgart 
Strasbourg 
Karlsruhe 

Alg·er Univ. 
Tortosa 
Paris 
Uccle 

Alicante 

Witteveen 
De Bilt 
Copenhagen 
Toledo 
Cartuja 

Kew 
î\Ialaga 
Tamanrasset 
Uppsala 

Durham 
Coimbra 

' PcP=C 

2.2 

4.3 
4.3 
6 2 

7.1 
7.3 
8.7 
8.7 
9.0 
9.2 
9.3 

10. I 

10.3 
ro-4 
ro.8 
l r.6 
l I. 7 
12. l 
12.3 
l 2.4 
13. [ 
13.6 
13.6 

14.3 
1 S·9 
16.6 
16.8 

16.8 

I 7. l 
17.2 
17.9 
1 9-4 
1 9-4 

19.6 
20. l 

20.5 

21.3 

22. l 

22.6 

r 1 r.o E 
97.0 w 
95.3 W 

2 . .5 W 
60.9 w 
60.6 w 
34.8 \N 
53.3 W 
52 0 w 
47 .9 W 
10.8 w 
17.5 w 

44.7 W 

(C) (D) D 
(D) D 

(D) D 
(D) D C 
D C

1

D 
D C D 

D D 

DI D (g 
1

- - 1 (C) 

C 1-
- D C 

D 

(C) (C) D (C) (C) 
D 

D (D) (C) (D) D 
C D (D) (D) 
C 
C D 
C 

D 
D 

D 
D (C) 

C 
C D [ (C) (C) D 

1 

C 
C 

DD) 

C 

D l (D) D 

2.0 vV C C ' c 
50.0 W (C) - D C 
42.1 W D -
50 . 2 W D D 1-

133.2 E D I D D 
19.9 W D - C C 
4r.9 W - - 1 C 

D D 
D 

(C) ~ D 
- 1 -

C 

D 

36.3 W D 1- ' D 

1r1 : 1· D = J (C) (g) (C) D D D 
DD Il cc DD DD IDD DD 

92.9 \V C 1 (C) D - 1 - -
76. 1 W I D C D (C) 1 - [ (C) (C) 
47.1 W - (C) C - - -
38.6 W D (C) C (C) (C) 1 

-

DD 1 

84.2 W I C C (C) (C) D D - (C) 
DD cc DD (cc) cc (cc) DD 

30.2 W 
34.1 w 
1.5.7 w 
78.8 W 
87.2 W 

1 - - C C - -

[ C C (C) D (D) D C D 
cc cc (cc) cc cc DD 

J g C : D ~ 1 g : (C) 

1 

D 1 (C) 

42.3 W D D I D C - I - D 
88.o W (D) (D) D (C) - - - -

1 

135.4 W I C D 1 (D) C - [ C - 1 -

4.3 W I C D C C C I C [ C C 
C 1 CC 

36.0 W I D (D) C - - - [ -
77.0 W C - 1 

- C - 1 

- ! - i -
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Lisbon 2.1.6 80.4 w I _ - D -

D l 

D - -
Rathfarnham 23 .7 42.8 W - D (D) i C D (C) (C) 

1 

DD 
1 D' 1 

Aberdeen 23.8 31.4 W D - C C - (D) j - 1 -
c• 

Bergen 23·9 r9.r W C -- C - - - - -
Kiruna 29.2 0.3 w C - - C C C C C 

cc 
Reykjavik 3.'i-7 30.6 w D - (D) (D) - - - -
Quetta 38.4 88.4 E - -

D 1 (C) - - - -
Resolute Bay 59.4 r6.r w - - C C - C - -
Halifax 60.7 54.6 W - - - - - (C) D (C) 
Tananarive 62.5 r5r.5 E - - D (C) - - - -
Pretoria 64.3 r72.7 E (C) -

C I D 
D D D -

Burlington 66.8 50.9 w - - C - - - - -
cc 

Kimberley 67.6 176.5 E (C) - C D D C C -
Ottawa 67.8 49.r W - - (D) - D D 

1 
D D 

1 Pietermari tzberg 68.4 17r.4 E - - D (C) - cl= -
Kirkland Lake 68.7 44.8 W C - C C - D 
Palisades 69. I 53-7 W D - C C - D - -
Philadelphia 70.6 54.0 w D - C - - - - -

(DD) 
State College 71.6 52.r W - - - (D) - - - -
Grahamstown 7 r.8 r75.2 E - -

~ I 
D - - - -

Washington 72.3 54.r W - - C (C) (C) - -
Cleveland 73.5 49.9 W D - C C D D (D) D 
San Juan 76.2 77.r w - - C l (D) I - C C -
Collège 76.3 4.8 W (D) - C C - (D) C 1-
Cincinatti • 76.6 so.3 W C - C C - - - -
Columbia 77 .6 56.3 w - - C C - - - -
Sapporo 82.2 39 6 E - - D (C) - - - -
Sitka 82.4 r2.6 W - - C - - - - -
Fukuoko 82.7 52.7 E - - (C) (C) - - - -
Fayetteville 84.2 47.2 W C - C C D C C D 
Hungry Horse R4.4 28.2 W C - - - - - C C 
]Y,[ a ts us hi ro 85.3 4'i-9 E - - (C) D - D - -
Bozeman 85.5 3r.3 W - - C C - - - -
Butte 85.7 30.4 w C - C C C C C C 

(cc) (cc) 
Tokyo 86.8 45.7 E - -- D - - - - -
Victoria 87.6 22.6 W - - C (D) - C D D 

DD 
Seattle 87.9 23.8 w - - - (D) - C - -
Djakarta 9o.4 97-5 E (C) - (C)() - - - -

cc 
Shasta 93.7 26.7 w C - C C C - C -

1 PPP=D I PPP=C 
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STATION 

;dinera! 
Boulder City 
Tucson 
Berkeley 
l\Iount Hamilton 
Palo Alto 
Pasadena 
Nelson 
La Paz 
Tacubaya 

Fresno 
Riverview 
Wellington 

93.9 
95.0 
96. I 
96 .4 
96.7 
q7.o 
98 . I 
98.3 
99.4 
99.5 

100. I 

140.0 
159.6 

27.6 \V C 
34.5 W 
39.4 W 
28.4 W 
2q.o W 
28.5 W 
33 .2 w 
49.0 W 

103.3 w 
55.6 w 

23 .3 \V 
98.8 E 

105.7 E 

C C 
C C 

(C) C 
C 
D C 
D D 
D 
(C) C 

(cc) 
C C 
cc 
C C 
D', 
D', 

C C 
D 

C D 

C 

C 
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The distances and azimuths listed in Table I were measured on the chart 
developed for that purpose by this Observa tory (WILL:\10 RE and HODGSON, 
r955). They ar~ based on the United States Coast and Geocletic Survey epi
centre (<P = 38°.5 N, À= 21° E), rather than on the more accurate one 
(q> = 38°10'27" N, À= 20°43'r3" E) determined by Dr FILIPPO and 11AR
CELU, since this latter epicentrc was not available to us at the time the dis
tances and azimuths were determinecl. The difference in the two epicentres can 
ha ve no effect except for stati0ns very close to the epicentre . 

.A:-<ALYSIS OF THE D.\TA 

ln this section we shall present the solutions obtainecl for each of the 
eight earthquakes in turn. For the benefit of those who are not familiar with 
the technique, the solution for the first of these will be cliscussed in consid
erable detail. 

Eart/1quake of August 9, 1953; 07:41:05.- The solution for this earth
quake is shown in Fig. r. It will be noted first of all that the varions seismo
graph stations recording the earthquake have been plotted, a circle being used 
to indicate the recorcling of an initial compression, a tria11gle to indicate the 
recording of an initial dilatation. The stations· are plotted at their proper azi
muth with respect to the epicentre but at a distance from it known as the 
«extended distance». This is a rather complicated function, designed to take 
account not only of the distance of the station from the epicentre, but also of 
the curvature of the seismic ray. 

The problem now reduces itself to drawing two circles to separate com
pressions from dilatations. Since these circles represent orthogonal planes we 
do not have complete freeclom in drawing them; they must satisfy certain «or-
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thogonality criteria», whicb need not concern us here. The two circles designa
ted a and b, accomplish the required separation rcasonably satisfactorily. They 
are drawn to contain compressions, leaving the zone of overlap and the area 
external to the circles to contain dilatations. 

It must be pointed out that the circles, as drawn, do not account for 
all the observations. For example, Pretoria and Kimberley, "vhich recorded 
compressions, lie ou tside the circles and so should have recorded dilatations. 
Instances such as this are common. In the present example there were nine 
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inconsistent observations out of 44 observations of P, one inconsistency in four 
observations of PP, wbile one observation of pP and one of PcP \Yere accu
rately accounted for. These inconsistencies are not regarcled as serions. In three 
instances - Athens, :.\1essina and Belgrade - the stations are so close to the 
epicentre that local structure may have influenced the results. In other cases 
the beginning may be too small to read with accuracy, and it may even happen 
that a galvanometer is incorrectly connected. 

In Fig. r the observations of PP are plotted with the opposite phase to 
that observed at the stations. This phase change is due to the reflection. A re
cent paper (INGRAM and HODGSON, 1956) showed that this question of phase 
change on reflection of PP is related to POISSON's ratio, o, and also to the focal 
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depth of the earthquake. For o) 0.2631, PP suffers a phase change on reflec
tion for ail distances and for al! focal clepths. For o ( 0.263 r, the situation is 
complicatecl but Table 2 of that earlier paper justifies the following remarks. 
For normal focal clepth, and for o. r8 ( o ( 0.25, PP must lia,·e sufferec1 a phase 
change on reflec tion if recorclecl at a distance greater than 4o" or Jess than 4°, 
and must not have sufferecl a phase change if recorclec1 at clista11ces between 14° 
and 35°. Throughout the present paper we haYe assumed that o ( 0.25 and 
applied the above rule, for this lias reduced the number of inconsistencies in PP 
and pP to a minimum. On the other hand, we have plottecl PcP without a phase 
change on reflection. This is consistent with a reccnt paper by BATH (1954). 

\ 
FAULT PLANE PROJECT 

/ ~ofAuo,151I2,1953, H• 06 0803 UT 

l'I • 0 OOA 

Urit Dilfonce 

b-------
®® 

o b 

Fig. 2 

There is no way of knowing which of the circles a or b represents the 
fault, and we must distinguish two possibilities. If circle a represents the fault, 
then the fault strikes N 89°E and clips 76° to the north. If circle b represents 
the fault, the strike is N 5° \V and the clip is 73° towarcl the west. The two 
possibilities :ire inclicated in the insert diagrams. The arro,,·s in these cliagrams 
inclicate the direction of clisplacement. They are the horiw11tal projections of 
the motion vectors, displaced from the centre to make them clearly visible. 
Obviously, whichever circle represents the fault, the displacement is chiefly 
strike-slip, with a slight normal component. 
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Earthquake of August 11, 1953; 03:32:24.- It was mentioned in the 
introduction that no solution could be obtained for thi s earthquake because of 
the confused pattern. l\fost stations recorded compressions, the principal excep
tions being those stations lying in a direction approximately N 20• W of the 
epicentre. 

Eight stations reported a double beginning - a small initial phase follow
ed by a very much larger phase about three seconds later. Apparently the 
two beginnings are being confused. The time difference of three seconds is too 
small to permit separation of the two earthquakes. 

Earthquake of August 12, 1953; 06:08:03.- The solution shown in Fig. 2 

has been carried out despite the fact that the data are few in number, because 
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Fig. 3 

it seems clear that the earthquake mechanism 1s different than that shown 
in Fig. r. 

The solution accounts for three observations of PP and one of PPP 
without exception, and makes four inconsistencies out of 22 observations of P. 
Again, as will be seen from Table r, the inconsistencies derive principally from 
near stations. 

The data do not limit the circles closely. The circles bave been drawn 
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in their mean positions. Circle a represents a plane with a clip of 69° ± 9°, 
while circle b represents a plane dipping 84° ± 6°. As shown in the insert dia
grams, the faulting is chiefly strikc-slip, with a slight normal component. 

Earthquake of August 12, 1953; 09:23:55.- This is the main earthquake 
of the sequence, the one which did so much damage, and the one studied by 
Dr FILIPPO and l\1ARCELLI. Our solution is shown in Fig 3. lt scores 20 

errors out of 85 observations. These are divided as follows: 1- errors out of 74 
observations of P, three errors out of eight ohservati011s of PP, and no errors 
111 two observations of P', or one of PPP. 

Most of the inconsistencies lie close to one or other of the circles. For 
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example, by making circle a larger we could include Tacubaya, Nelson and 
Tucson at the expense of Pasadena and Mount Hamilton; this would only in
volve an increase in the dip of plane ci of about 2°. On the other band, by mak
ing circle a smaller, we might have made Cartuja and Alicante consistent. The 
position chosen for circle a represents a good compromise. Circle b is also in 
a compromise position, with the result that Uccle, Karlsruhe and Rathfarnham 
have been called inconsistent even though they lie very close to the line. 

More serions objections are raised by the incon sistencies at Matsushiro, 
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TABLE 2 

Comparison o f the Data Published by DI FILIPPO and MARCELL! 

(1 954) w i t h that obtained in the Ottawa survey 

STATION 

Athens 
Reggio Calabria 
Messina 
Belgrade 
Rome 
Trieste 
Florence 
Prato 
Bo logna 
Vienna 
Pa via 
Helwau 
Prague 
Zurich 
Chur 
Neuchatel 
Stuttgart 
Strasbourg 
Paris 
Gottingen 
Jena 
r\ lgeria 
Almeria 
Tortosa 
Uccle 
Alicante 
Cartuja 
Kew 
Tamanrasset 
Uppsala 
Lisbon 
Rathfarnham 
Raykjavik 
New Delhi 
Kodaikanal 
Ottawa 
Palisades 
Fukuoko 
Shasta 
RÎ\'erview 

Data from t he 

Ot tawa survey 

D 
D 
D 
C 
D 
D 
D 
(C) 
(C) 
C 
D 
D 
C 
C 

D 

(C) 

(C) 
(C) 
(Cl 
D 

(D) 
C 
D 

(D) 
(D) 

(D) 
C 
(C) 
C 
D', 

Data from 
Dr FtuPPO and 

i\lARCRl.,U 

D 
D 
D 
D* 
D 
D 
D 
D* 
D* 
D 
D 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
D 
D 
D 
C 
D* 
D* 
C 
C 
C 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C', 
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:F'ukuoko, Djakarta and Tamanrasset, ail stations which are normally very 
<lependable. 

lt bas already been mentioned that Dr FILIPPO and ÎIIARCELLI (1954) 
have made a very detailed study of this earthquake, based on the original rec
ords from a large number of stations. On page 554 of their paper they give 
the first motion direction of tlie P recorded at many of these stations. Their 
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-data are summarized in Table 2, wbere tbey are compared witb the data col
lected by our questionnaire. DI FIJ IPPO and l\1ARCELLI did not give data for 
Belg-rade, Prato, Bologna, Alicante or Cartuja. The observations given in Table 
2 have been inferred from the map given as Fig. 2 of their paper. These obser· 
vations have been indicated by an asterisk. 

fn comparing the data given in Table 2, the following point should be 
borne in mind. Dr FILIPPO and MARCELLI began to collect the records 
shortly after the earthquake, so that many of the 'itations which replied to our 
-questionnaire did not have the records available for a second reading but had to 
depend on the results of their preliminary reading. DI FILIPPO and MARCELLI, 

on the other hand, were able to study the entire group of records at one time 
.and to compare the character of the recordings at the different stations. It 
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seems clear that under these circumstances their readings are likely to be the
more dependable. 

Table 2 lists ten stations observed by Dr FILIPPO and MARCELL! and 
not by us. In the case of two of these stations - Kodaikanal and New Delhi -
their observations are inconsistent with our solution. In the case of the remai
ning eight, their observations are either consistent with our solution, or lie so 
close to the line that th=Y could be made consistent with a very slight shift of 
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it. The additional data would contribute ten additional observations with two

inconsistencies. 
There are thirteen cases in Table 2 where the two sets of observations 

differ. In three of these - Belgrade, Vienna and Riverview - their observations 
are inconsistent with our solution. In two other cases - Stuttgart and Kew -
the stations lie so close to circle b as drawn that their observations cannot be 
said to be inconsistent with our solution. Finally it is remarkable that in eight 
cases - Prato, Bologna, Algeria, Alicante, Cartuja, Rathfarnham, Reykjavik and 
Ottawa - their observations correct inconsistencies in our solution. 

We conclude that the data supplied by Dr FILIPPO and l\fARCELLI im
prove the score of our solution. We would now have 84 observations of P with 
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:q inconsistencies in place of 74 obsen·ations with 17 inconsistencies. This 
reduces the percentage of inconsistencies from 23 to 17 percent. 

Granted that the data published by Dr FILIPPO and MARCELLI are 
more reliable than ours, there are many of our observations which they do not 
have, which would be inconsistent with their solution. For example they do 
not take account of the dilatations observed at Pasadena, :Mount Hamilton, 
Sapporo, Tokyo, Tananarive, Pietermaritzburg of Grahamstown, nor of the 
compression recorded at Belgrade. It is probable that if the data were pooled, 
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their solution and ours would each score about the same percentage of incon
sisteucies. 

Returning to Fig. 3 we note that one has to choose between a fault 
s triking N 62°.5 E and dipping 71° to the northwest, and a fault striking N 
.31° W and dipping 78° to the southeast. 

Earthquake of August 12, 1953; 12:05:22.- The solution for this earth
,quake, shown in Fig. 4, has the following score: 
70 observations of P with 15 inconsistencies, five observations of PP with three 
inconsistencies. The solution is not very closely defined, and many of the incon
sistencies lie very close to the line. For example, circle a might be made larger 
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to make Palo Alto inconsistent and Sapporo consistent, or it might be made 
smaller to make Victoria and San Juan consistent and College, Shasta and 
Mount Hamilton inconsistent. As drawn it is in a mean position, the uncer
tainty in the dip of plane a being about± 5°. Circle b is fairly closely defined 
by Coimbra and Florence. 

Earthquake of August 12, 1953; 13:39.23.- There are so few data for 
this earthquake that the solution, shown in Fig. 5, is presented with some dif-
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fidence. The solution cannot be far from correct, and it seems desirable to 

obtain solutions for as many of the aftershocks as possible. There are eight 
iuconsistent observations out of 28 observations of P, and three consistent: 
observations of PP. 

Earthqu:lke of AuJust 12, 1953; 14:08:38.- The solution for this earth
quake is shown in Fig. 6. It accounts for 44- observations of P with 10 incon
sistencies, and for three observations of PP with one inconsistency, Many of 
the inconsistent observations derive from stations close to the line as drawn,. 
and many of them w~re qualified as questionable observations by our collabo
rators. 

Earthqu.ake of Augu.~t 12, 19:53; 16.08:32.- Again we present the solution 
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for an earthquake for which there are rather few data, on the grounds that the 
.solution cannot be very far from the true one and that it contributes to our 
understanding of the mechanism of the aftershocks. The solution is sho,Yn in 
Fig. 7. It accounts for 26 observations of P with seven exceptions, and for 
three observations of PP without exception. The solution has been given in 
tenns of one vertical plane; a slight variation from vertical in either direction 
would be tolerated by the data. 

Earthqualce of August 13. 1953; 03:22:06.- Again the solution, shown 
-in Fig . 8, is in terms of one vertical plane. The solution accounts for 27 obser· 
vations of P with seveG inconsistencies, and for three observations of PP with• 
-0ut inconsistencies. 

DISCUSSION 

To simplify this discussion the insert diagrams showing the two geolog
-ical possibilities in each oi the solutions have been collected together in the 
single diagram of Fig. 9. In examining the figure it must be borne in mind 
that the designation of a particular plane as a or b is purely arbitrary. There 
-is no assurance that a plane designated a in one case has any relation to a 
plane designated a in another. Nevertheless, examination of Fig. 9 shows that 
there is a general tendency for one plane to strike somewhat north of east, and 
for the other to strike somewhat west of north. Indeed we may determine the 
iollowing mean directions: 

for plane a N 66°.7 ± 7°.4 E 
for plane b N 25°.6 + 7°.4 W 

The uncertain t ies are standard deviations of the means. 
It would appear from the low standard deviations that there is some 

~onsistency in the strike directions of planes a and b. There is almost com
plete consistency also in the direction of motion. With one exception, faulting 
on plane a is dextral while faulting on plane iJ is sinistral. The exception is 
provided by the earthquake of August 12, 06:08:03. In this earthquake the di
.rections of motion are re\·ersed. 

Before drawing any conclusions from these facts let us consider the fol
lowing remarks, taken from a letter written by Dr. A. GALANOPOULOS at the 
time he returned our fault-plane questionnaire. 

«I am pretty sure that the first shocks of August 9 and August II, 

1953, occurred along a SSE-NNW fault (Langsbruch) separatiug the islands 
•of Cephalonia and Ithaca. There are some indications* that the island of Ce
J)halonia, i. e. the southwestern block, was moved upwards. 

On the other hand, a geological consideration urges me to belie\·e that 
the main earthquake of August 12, 1953, occurred along an EKE-WS\,V fault 
,(Querhruch) separating the islands of Cephalonia and Zante, and that the south
.eastern block was moved vVSV-./. 

* These indications have been given in detail in recent papers by GALANOPOOLOS 

11955) and by MüuER-lllrNY (19s6). 
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August 12 
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August 12 
06 , oa, 03 

August 12 
12 :05,22 

August 12 

14, oa,3s 

August 13 

03, 22 , 06 

b 

b 

b 

b 

Both faults are submarine; therefore there is no indication whether 
they are normal or reverse». 

If we interpret the designation NNW exactly, the strike of the fault pos
tulated by GALANOPOULOS for the first two earthquakes would be N 22°.5 
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W. We have a solution for only one of these earthquakes, that of August 9, 
07:4 r:05. 1 n this case the direction of plane b, N 5° 'vV, was the closest to 
GALANOPOU LOS' postulated direction, suggesting that in this case plane b 
was the fault. Similarly the direction ENE for the earthquake of August 12, 
09:23:55, implies a strike direction N 67°.5 E for the fault along which the 
m:i.in earthquake occurred. This would compare with the direction N 62•.5 E 
for our plane a, a strong implication that in this case plane a represents the 
fault. The two directions, N 22°.5 W and N 67°.5 E, suggested by the field 
evidence are in even stronger agreement with our mean directions N 25°.6 W 
and ~ 66°.7 E . 'vVithout a detailed study of the shear waves, which might per
mit the identification of a particular plane as the fault plane, one could scarcely 
hope for a better correlation between the strike directions determined by the 
seismic methods and those found in field observations. 

In the matter of direction of 
displacement the correlation is not so 
obviously satisfactory. In the earth 
quake of August 9 the seismic solu
tion shows strike- slip faulting with 
the southwestern block dropping 
slightly. Field evidence suggests that 
this block rose, at least in certain 
places. This disagreement is probably 
not serious. ANDERSON (1942), who 
bas made detailed studies of strike -
slip faulting in Britain, finds that 
where the principal displacement is 
horizontal, the vertical displacement 
is apparently random, being upwards 
on some parts of the fault and down
wards on other parts. Similar evidence 
is accumulating in other fault-plane 

Fig. 10 

studies of this Observatory. Where the faulting is chief!y strike-slip the di
rection of the vertical displacement is apparently random. 

In the case of the principal shock there is complete agreement on the 
direction of motion. GALANOPOULOS states that the southwestern block mo
ved WS\V. This is exactly what was found. 

\Vhat do we learn about the relationship between the earthquakes of a 
sequence? Desp ite the consistency in the directions of planes a and b, the 
field results show that first one and then the other may represent the fault. 
In oth~r worJs, they represent a conjugate system of faulting. Under ordinary 
theories of faulting the motivating force would be a WNW-ESE pressure, as 
shown in Fig. ro. The horizontal movements of all the earthquakes of the se· 
quence, with the exception of that of August 12, 06:08:03, would be explained 
by this mechanism. This might suggest that the direction of pressure was con
sistent throug-hout the sequence but that occasional!y the system overshot and 
had to recover by reverse motion. 
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In all of the solutions the circles have been drawn to contain compres
sions. It has been explained in earlier papers that this indicates that the dip 
component is tensional. This would be inconsistent with the compression shown 
in Fig. ro. The dip component is so small in this case tbat this is probably 
not a serious matter. 

Finally we must raise once again the matter of the different solution 
obtained by Dr FILIPPO and MARCELL!. It bas already been pointed out that 
their data are more reliable than ours; indeed our solution was improved by 
the use of their data. The two solutions must be judged on the log ic of their 
mechanisms and on the comparison of their results with field evidence. vVe
leave this judgement to the reader. 
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Direction of Faulting in Some of the Larger Earthquakes 
of the Southwest Pacifie , 1950-1954 

.Tonx Ir . Tlonc:~o:,.; 

AB:-;TR\.CT 

The clirc•rtion of faultin!!: is cle(C'rmint>d for 2:l earthquak<•s oc·curring in lhC' soulhll't>sl Pa('ifie during lhl' .\'(•ars 
1 !l.5O-1!)5 I. Thes(' solutions :u·e l'Omhi1H'cl \\·ith fivc• publishrd (•arlier hy \Yl·hh and l l\·o puhlisllC'd C'arliPr h>· 1 fodgson 

and ~lorc•y, lo pc>rmiL a ,tudy of tlw failun• pattern in the arc>a. 

It is C'onC'luclecl thal faultin!!: in the' soutl11,·c•sl Pac-if-ic is prinC'ipall.,· strikc•-slip, on slPc>pl>· clipping plan(•s. Th<' 
slrike clire('(ion of thr faulls is nol c·onsisknt nor does il sholl' :\Il,\' syslpmati<' variation ,1·ith latitud<', clc-pth of fonts 

or position on tlw associalC'd arruale fC':llurC'. 

The' solutions ohtai1wcl ,u·C' amhiguous in t bal l wo orthogonal planC'R are' clc(c•rminC'cl , and il is not known \\ hi<'h of 
lhcsC' planrs reprc•scnts thC' fault. \\'hichcver pla1w rC'presC'nls t he fault , tllC' line of inlC'rSC'('(ion of the hm plan(•s is ,1 
linc uniltUC'l_,. delC'rmined hy the solution. The lin<', \\"hic-h is hc•re ('::tlled the " nul! Vl'C'lor" apppai·s lo havP p;rPat siµ;
nificanc·C'. For th<' ;{pw J fC'briclrs earlhquakes the null veeto,·s li e C'losely pantll<'l lo a Vl'rlirnl planp slrikinµ; X 22 \\', 
thal is, to a VC'rlical plane' havinµ; the clircC'lion of tlw ::t$sociall'd fealure. Similarl>· the nul! vel'lors of earthquakl•s 
assoeialel l \\"Îth the Tonga-Kc•rmacice-:\'c•\\· Zralanc! fealurc lie nmrly parallc>l lo a V<'rlical plan<' slriking X 21 E, 

the mean direction of that fralun•. 

The ph,vsital siµ;nif ieanc·e of tlwse (·orrelalions has noL >'Cl hc•(•n dc•t<•rminc•cl, but il s<•cms l'imr thal tlw assol'iation 
cannot be acciclc•ntal. Und(•1· tlll' cireumsta1H'l'R th<' lPrhniqut•s of tlll' fault-pl,rn(' projel·l must n•c·(•ive a t·onsicl(•r:ti>IP 

d(•p;rl'e of confirmation. 

INTRODUCTIOX 

During the past several years this Ob:-ieiTatory has produced a series of papeni1 -~· 3 · 1 

dealing with the direction of faulting in earthquakes. The present paper will present 
solutions for an additional 23 earthquakes, all from the southwest Pacifie. Data for these 
solutions deri\'e from two sets of questionnaires, one circulated in X o,·ember 1951, the 
other in March, 195-:1:. 

An explanation is due to our collabora tom for the delay in bringing the results of the 
1951 questionnaire to publication. Kine solutions were obtained as n result of this question
naire, and these olutions were prepared for publication in summary form, without the 
solution diagrams and without a tabulation of the data. This was done with the thought 
that the methocl had by now been estabfü.,hed. Howe,·ei·, so many of the solutions repre
sent trnnscurrent faulting, contrnry to existing tectonophy~ücal theories, that it wns sug
gestecl thnt the complete solutions should be published so that critics of the method might 
htn-e an opportunity of examining them. The paper which had been prepnred wa~ t here
fore not published. In the meantime the second questionnaire had been circulated, and 
it wn~ decided to postpone publication of the first group of analyses until the second had 
been compleled. The results of the first group, consisting of nine 1950 enrlhqunke~, lul\·e 

1 ,J. 11. Hodgson and \\'. (;_ :\lilnc·, '· Dirl•clion of Faulting; in ('prlain Earlhquak<•s of th<• Xorlh l'a<'ific· ", /fo l/. 
811.,111. 801· . • t111., Il , 22l-2~2. l!);jJ. 

2 J. li. llodgson and I'. C'. Br<•mnp1·, "Din•l·lion of Fauliinµ; in llH' .\nc·ash, l'l'ru, l•:art hqtt:tkt• of :S:"v,•ml)('r Ill, 
l\llU, from Tel(•,pismil' Evid(•nc·(•" , /J11//. 81iw1. Soc . . l111. , n, 121-12,>, l!l.>:~. 

3 J. 11. ll odgson and H. S. Store.,·, " Din•1·l io11 of Faultill!( in '-Olll<' of th<' Largc•r Earthqu:ik,•s of 1\11\1", /1111/. 
8118111. Soc . . 1111., 1·1, 5î-8:l, )\},jl, 

• J . li. llodg~on, " Fault l'lanl' Solutiou for llH· Tango, Japan , l•:art hquakt• of 'darc·h î, 1\12, ', /fol/ . .'>l'1s111. 8u,· . 
. 1111., 15, :lî-ll, l\!55. 

ï l :lti!J Ji lïl 
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already been included in a summary paper5
, read before the Association of Seismology of 

the International l'nion of Geodesy and Geophysics at the Rome meetingR, , 'eptemher 
1954. 

It will be assumed that the reader is familiar with the methods of the research, which 
have been fully described in earlier papers1

•6 •7 •8 of the series. 

• J. H. Hodgson , "Direction of Faulting in Pacifie Earthquakcs", Geofisica Pura P .1 pplicala, :12, 31--12, 1 !).55. 
6 J . H. Hodgson and R. S. Storey, "Tables Extending Byerley'H Fault-l'lanp Tec- hniques to Earthquakes of 

Any Focal Depth", B ull . Seisin. Soc. Am., 4:l , cl9-Gl , 195:3. 
7 J . H . Hodgson and J . F. J . Allen, "Tables of Extended Dista nC'es for PK!' and Pc- 1'", 1-'uulicalions of the Domi

nion Observalory , 16, 327-348, 195-1. 
8 J.H. Hodgson and J .F. J . . \lien, "T ahlPH of Extenclnl DiHta,wes [or l'i' a nd pl'", P11 /JliN1tio11 s of the Do11,i,1io11 

Oburvatory, 16, :H9-362, 195-1 . 

TABL~ l 

L!S'l' OF EAR'l'IIQUAKES CONSIDERED 

-

lI Epicenter Focal 
1 

Date (G.:-1.T.) Depth :-!agni t ude Source 
'P 

1 

À 

' 
Earthquakes for which the data were too f ew to permit a solution 

July 23, 1950 15:50:0G J6°S 165°E 0 -00R - U.S.C. and G.S. 
Sept. 10, 1950 15:16:08 15½0S 167°E 0 -0lR 7 · 1 Pasadena 
Oct. 5, 1950 00:41:07 18½0S 170°E 0-00R - U.S.C. and G.S. 
Dec. 2, 1950 19:51:49 18¼0S 167 ½0E 0 -0lR 7.7 Pasadena 
Dec. 3, 1950 07:47:33 17½0S 167°E 0 -00R G-5 U.S.C. and G.S. 
June 7, 1951 22:59:00 27½0S 176°W 0-00H. G-7 U.S.C. and G.8. 
Aug. 13, 1953 09:23:23 21½0S 170°E 0 -02R 6 · U.S.C. and G.8. 
Sept. 17, 1953 21:11:,18: 20½0S 174°\V 0 -0lR 6 -8 U.S.C. and G.8. 

Earthquakes for which the data were sufficient but inconsistent 

:.VIay 21 , 1951 08:27:21 6°S 154~ 0E 0 ·02H. 7-0 U.S.C. and G.S. 
Dec. 6, 1952 10:41:1-1 8°S 157°E 0-00R 7 -1 U.S.C. and G.S. 
Feb. 26, 1953 11 :42:26 11 °s 16-1½0E 0 -00R 7 ·2 U.S.C. and G.S. 
Nov. 4, 1953 03:49:04 12½0S 166½0E 0-00R 7 -3 U.S.C. and G.S. 

Earthquakes fo r which a solution has been obtained 

May 17, 1950 18: 13: 13 21 °S 169°E 0 -00R 7 -0 Pasadena 
May 19A, 1950 02:38: 10 20½0 169°E 0 -00R 6·8 U.S.C. and G. 
May 19B, 1950 07:05: 31 20½0S 169°E 0-00R 6·5 U.S.C. and G.S. 
May 26, 1950 01:17:25 20¼0S 169¼0E 0-00R 7 -1 Pasadena 
May 27, 1950 12: 39: ,13 20°s 168°E 0-03R 6·5 U.S.C. and G.S. 
:\Iay 28, 1950 01 :36 :H 20°s 169°E 0 -00R 6-5 .S.C. and G.S. 
June 21, 1950 06:55:37 20¼0S 169¼0E 0-00R 6 ·9 Pasadena 
June 24, 1950 22:25:3-1 20½0S 169~0E 0 -00R 7 -2 Pasadena 
July 17, 1950 20:17:50 20½0S 171°E 0-0lR U.S.C. and G.S. 
July 21, 1950 20: 32:01 15½0S 168½0E 0-00R 6-8 U.S.C. and G.S. 
July 22, 1950 23 :08:00 1-1°s 167°E 0 -00R .S.C. and G.8. 
Feb. 13, 1951 11 :55:50 15°S 175°\Y 0 ·03R 7 .S.C. and G.S. 
:-Iarch 23, 195 l 21: 38 :54 3 L0S 180° 0 -0-lR 7·1 u. .C. and G.S. 
Aug. 28, 1951 16: 31 :11 2ï0S lï8°E 0 -09H. .C. and G.8. 
Feb. 25, 1952 01:lï:OO 17°S J ï3½ O\Y 0 -00R 6·9 U.S.C. and G.t:i. 
May 9, 1952 lï:-17:41 6½0S 155°E 0 -0lR 7 -0 Pasadena 
July 13, 1952 ll:58:3-1 18½ 08 169!0E 0 -05R 7-0 U.S.C. and G.S. 
July 27, 1952 08 :23 :22 20½ Of; 179°\Y 0 -0ïR U.S.C. and G.S. 
Sept. 11, 1952 22:26:-ll 29°s l ïï0\\' 0-00R 6· U.S.C. a nd G.S. 
July 2, 1953 06 :5G:5 l 18½08 169°E 0 -03 ï -7 U.S.C. and G.S. 
Sept. 14, 1953 00:2G: 36 18½08 l ï8½ 0E 0-00 6 -î C'.S.C. and G.H. 
Sept. 29, 195:3 Ut :36 :-15 36i 0S lïï0E 0 -0-1 î -2 U.S.C. and G.::,. 
J an . 13, 195-1 00:13:06 -190 . 165°E 0 -00H '7 ·2 l.! .S.C. and G.H. 
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PRESENTATION OF THE DAT.\ 

The epicentral data on the earthquakes considered are gi\·en in Table I. It is probable 
that the epicentres are not more accurate than ± ½ degree, nor the depthR than ± 50 km. 
In the words of Gutenberg and Rich ter 9 " Location of RhockR in this region has al ways 
1 een difficult ; it is complicated by the occurrence of shock'3 in the whole range of hallow 
and intermediate focu ". 

It \Yill be noted that in Table I the earthquakes are listed in three groups. For 
earthquakes in the first group too few da ta were recei\'ed to make a solution possible . 
One of the earthquake of this group , that of December 2, 1950, has been successfully 
treated by "\Yebb10 who worked from original records. 

A second group of earthquakes listed in Table I presented sufficient but inconsistent 
data. Readers familiar with the earlier papers of this. eries will recall that moRt solutions 
have numerous inconsistent observations. These normally do not cause serious difficulty 
since they fall in among consistent observations in such a way that no mechanism could 
account for them. The four earthquakes listed in the second group of Table I had large 
groups of observations consistent among themselves but inconsü,tent with other groups. 
No :-;olutions coulcl be ohtainecl and it appears possible that r-;omc mcchanüm1. other than 
failurc undcr a couple may be active. His pcrhap:-; significanL that all the earthquakes of 
this group arc from the Solomon !::;lands region. 

In orcler thaL othcrn may tudy the mcchanism of thcsc shocks all the fi.rst-motion 
clala collectcd arc given in Table II, together with distance and azimuth of each contribut
ing station from cach of the four cpiccntrcs. 

The third group of earthquakes consists of those for which solutions have been 
obtainecl. These solutions are discussed in the following section : the data on which the 
solutions depend are given in Table III. 

The notation used in Tables II and III is the same as that used in earlier papers. 
The letters C or D, upper or lower ca e, are used to indicate a recorded compression or 
dilatation respectively in place of the letter P in the designation of the phase. Thus a 
P phase recorded a a dilatation would be reported a. " D", a pPi' phase recorded as a 
compression would be listed as "cCi'", and so on. This system works very well except in 
reporting the phase PcP, where the letter c in the phase designation is confusing. In 
this case the observation is reported simply by writing "PcP =" in the tables. The phase 
designations given in the tables are those observed at the stations; reflected phases are 
plotted with a phase change due to reflection. 

Two of the earthquakes listed in Table I occurred on the same day, May 19, 1950. 
To Rimplify reference to these two shocks in other tables the dates have been called May 
Hl.\ and May 19B. 

9 B. C:ute11IH'rg and C. F . lli!'hlcr, 8ris111ù,ly of the Ea rlh, ( l'ri rr c-eton, Prinr<"lon l'nivPrsity l'rPs, ) p. 18. 
10 .J. I'. \\ '<•hh , " .\ f-ipismologi<"al Study of t he T cclon ics of a Portion of the Soul hwcst Pacifie" , Dortornl Dis

~<' rlalio 11 , S:tinl Louis University, 195-1. 
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TABLE II 

J)i,t anri•, .\1,imulh and Firsl :\lotion Data for .Four, 'olomon I~lancls Earthquakes 

A 11ry11tirr sion indiratcs "" llzimulh mrasurrd 1cest nf north. 

If 

.\la,· 21, 19,jl DC'C'em ber 6. 1952 FC'hruary 26, 1953 Xovemher 4 , 19.53 

Dist.0 .\z. .\lotion Di,t. Az. .\ l otion Dist.0 , \ z.0 .\lotion Di,t.0 ,\ z.0 .\lotion 

140 ·6 

128·4 -14·.J DD 

H2 ·91-35·8 D, ' 
('(' 

--------
143·6 -30·,5 C', ' 

C'C 

149.4 -30 ·2 

f------

149.7 -23·8 

~ -8·71~ 
(',' 

~11~ -22 · 0 (' 1' 
('(' ('(' 

DD C'C DO 
~ -31 ·3 D, ' 145·8 -30·0 ,-(-.-,,--~ -22 5 ~~ -20 4 ~ 

_.,_p_ia_. ______ ,k __ 1 ___ _:__::_ fn ------ i~ _:__c_· __ 
.\rC'ata ... .. .. .. . 8ï-.5 48·6 D 

dD 
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,\thens ........ . 128·5 -47·3 D ,' 138·3 -46·0 D, '(?) 
DD (?) 

---------11--- ------ ---- ---------------- ----------------
. \uck lanrl ........ . 

Bandung 

Babel .... 

Belgrad e 

129·9 -28·8 ('i ' Il cc 
11-----

32·9 153·2 D (?) 25·3 164 ·3 C 

48·9 

DD 

-92·1 C'C' 56·2 - 90·9 D 58·2 -90·3 D 

1

------~ -23· ~1~ -22·8 
1 

C,'(?) 

cc 
-- ·---f----------lf-------1---

127•5 -38· 1 D,' 134 ·4 -3.5·8 C', ' 136·8 -3,5•,5 · C,' 
------------,f---- ----- f------- -- ----------------1---
B erkeley ... 88·3 ,51·8 C' 87·6 51·4 C 83·8 49·7 C 83·3 49·0 C 

c·C' 

Bermuda-Columbia 11---· ___ , __ r------
130·1 

. ---1---------

56·9 C'C 129·3 58·4 ('i' 
CC' 

Bogota 

Bombay 

Bozcman 

Bris bane .. 

BurlapC',t 

Butte'. 

( 'a i<-ulta 

Cartuja 

('hic·ago 

( ' hi1w hina 

( 'lu i,tch u, ch . 

('itH'innati 

( Ï!'Y!'land 

131 ·6 

84· l 

89·21~ 

-70·3 D 
-----1 

('(?) 

129
·
2 ~~- ___ CC1ICC 

87 · 1 -70·6 C ~ 
---, __ 1 ___ _ 
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J)J) 
,,(',' 

.j(J .fi 
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1 
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T .\BLE II ('011/ /1111rrl 

l)ist a n1·P, Azimuth and Firsl ;\lotion Data for Four Holnmon I~land, l•:a rt hquakPs ('o/1/111 Il('(/ 

A 11ra11tirr sian i11dica/1·N nn r,zi11111th mrasurrd 11·1st nf 11nrth. 
------

Earthquake ~l a~· 21, 19.51 J)('('(' lllhN Il. 19.'i2 F ,,J,rua r., 2G. 1 Ç},):1 '\""o\'Ptnh(•r -1. 1 !1,):1 

:-;tation Di,t.0 .\z.o ~l otion Di,t. . \ z. ~loti on Di,t. .\ z . ~l otion 1 D i,t . .\ z. ,IO iion 

< 'ohh Hin'r 3, .. ; 1;;; . ï (' ;3,; · ï J.'i9 .;; ( ' 
1 

2~ .g lï0 •2 
1 

(' 

( 'oi rnhra Li0·:l - 11 ·0 D ,' 

Il 
1 

Colle11:e 82·-l 21 ·2 ]) H3·-l 20· Ï n 

C'ollm her11: 
Il 

12-1 · Ï -2/H C,' 12ï · ï -2ï-8 D ,' 13.5-8 -2:i-ï Jl t' 
( '(. ]) [) 

('open h a11:en 122 -0 -2-1 ·3 C1 1 12-1-9 - 23-G C, 1:10 --1 -20 ·-l D 1' 132 -5 - l!J ·(i ]) , ' 
('(' 

DeBilt . ('(; 
11 

---
D jakarta . -19- 8 -fJ I 2 (' .jï-2 -90 -2 (' .59 · l -89-ï l) 

clD DD ( '(' 

dDD 

Firenze 1 1-12 -3 -2U·8 ('1' 

-· --
l '°re:-;no 90· 1 ,53 -2 ( . 89--1 .52·!! (' 8.5- -1 .51 .3 (' 8-1 ·8 ,50-7 C 

Fukuoko 45 -6 -28 -,5 (' -18- .5 -30- 0 D ,5,5-0 -3-1 ·9 D 57-.J -:l,'i-8 (' 

----
H alifax 

Il 

126- 8 -1:3.z D,' 

l lelwan. 12-1 ·8 - 59 ·3 D ,' _I __ 135- 1 -(i0 -2 D,' 

11 iroshirna ,56-8 -3:J-ll (; 

1-

11 01111: Konl'( .. ,5 1. 7 - .53 -4 (' ,59 · ;j -5,ï-9 1) 61 .9 -,i6 -2 ( ' 

------

1 l lonolulu .5-1-1 ,5/H (' ,53 · 1 ,55·8 (' 49 -0 .j!J -0 ]) 

1~ 1 l l t1nl-!:rY l lor,c 95-.J -12-1 (' !!2-f, -11 .3 (' 41-0 J) 

c·C 

11 ycl e raha d 78-6 
1 

- 70 -9 (' 8 1-(j - ïl -0 (' 89-(i - ï2 ·2 (' 9 1 . 9 -72·7 (' 

K ara piro 34 · 1 J.53-4 (' 28 •,Ï l(il •,'i (' 2{i-,j rn3 -8 J) 

DD DD 

.Karbru he 128 -5 -28- 0 D, 131 ·-1 - 27 ·2 C',' 1:3; .;3 -2:3·2 ('(' 13H--1 -22·2 !) , ' 
1)1) ('(' [) 1) 

K ew 1:i2-8 - 19 -2 C', ' 

Kiamata :)H-3 l(i(l-1 ]) ;J (j , (j 162-0 

1 

1) :3 1 ·H Jï0 -3 !) 30 · l lï2-, (' 

,,(' 

Il 
( ' ( ' 

Kiruna 11 3 · ï - IG ·,'i (', ' 

J-:oh<' ~-Hi -:li .;J (' 

Ko"hi 4ï -0 -2ï ·0 1) ,;3 .;1 -32• -l J) 

Eodaikanal . ï 8- 4 - ï R-:l ( ' 8 1 ·2 - 78 -:l ]) H!l- 1 - ï!J •.~ (' !l i ., -7H·!I ( ., 

La Paz 129-1 11 8-R ( ', ' 121 · 2 11 Ï ·Ü D ,' 11~ · ï l lfi-\ ( '1' 

('(' 1) 1) ('(' 

L,i rwoln I0ï -fl 19 -8 ('( . 10:1 -:, ,j(l . ï ( ' 

[ .. i:--bon 1-17 · 0 - 20 · 1 c,' Lïl ·\I - J(} .(j (', ' 
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TABLE II- Continued 

DisüuicP, Azimuth and First Motion Data for Four Solomon Islands Earthquakes- Continued 

A nega/il'e sian indicales an azimuth m easured west of north. 

Earthquakc May 21, 1951 Dccem ber 6, 1952 February 26, 1953 November 4, 19,53 
=-======n=========ff========cjf========l(======== 
Sta tion Dist. 0 Az.0 )1otion Dist.0 Az.0 l\fotion Dist.0 Az.0 Motion Dist.0 Az.0 Motion 
========Il=== ======1~~--==~1°=== --- ===•1====1====1,=== ----

)falaga ........... . 143 ·9 -29·4 

J\lanilla .... 
------------tt---
M atsush iro . 

---

Messina .......... . 
---

i\Jineral. . . 89·2 49·5 
---

J\1ount Hamilton . 88-8 52·4 

D, ' 
DD 

---

---
C 

C 
cC 
DD 

146·8 

42·2 

47.7 
---

134 · l 
---

88-0 

-27·9 

------
-57-9 D 50·1 -60·4 D 52·5 -60·5 D 

------
-20-5 C 55.7 -27-5 C 

------
-43· 1 C1 ' 

---
85·1 47-5 C 84-7 46-8 C 

- --
52-0 C 84· l 50-3 C 83·6 49.7 C 

cc cc 
- --------11----1----1----jf----1----1------tt-----1--- ---------- - ---

Mount Wilson .. 91 ·3 55-9 C 
---------11--------------------- ---I----.Jl------1---- ----

Nemuro ... . ...... . 58·8 -17·7 C 
-----------lt-----1--- ------------------11---11--- --- - - --

New Delhi . 8,5-0 - 60-3 D 
------------------ - --

New Plymouth . . . . 34·5 156-2 D 29·2 164·6 D 27·2 167·1 D 
('(' cc 

---
Osaka .. . . . 55.4 -31·1 C 

---
Ottawa .. . ........ . 121 ·5 39.4 C,' 121-4 41 · l D,' 118·3 45· l cc 

------ ---
Palomar ...... . .... . 92·1 56·9 C 86·7 55.3 C 

--------------- ---
Pasadena . 91 · l 56·0 C 90·2 55.7 C 85·9 54-2 C 8-5-2 53-6 C 
---------111--- ------==-----=---------------- - --

Pierce Ferry ... 94·7 54.3 C 
---------lt--=-1---·l----+----I·--= ------------11---1--- - --

Prague ... .......... . 127 •8 -29-7 Di' 133-9 -26-5 cc 136·2 -25-8 
---------lt----1----1----lf----1·=-- ----~------------ ---

Pretoria . . . 120·0 -125 -8 C,' 
---------11--- ----1----jf----1--------10---1------------ ---

Quetta . . .. 94-0 -60·2 C 
--------11---------11---1--- ------------11---1------

Ratbfarnham . 132-9 -13-6 C1' 137-2 -8·1 C,' 138-9 -6·6 C,' 
cc 

- - -
Heno ... ·•····· .... 90·5 50·5 C 89-9 50·2 C 86·2 48·7 C 85·7 48·1 C 

DD PcP=C 
-1-----1+----1--- 1----+--- - ---- - - - - - --- - -------

Resolute Bay . . .. 101 ·2 14-7 C 102-5 15-0 C 
c!D cc 
DD 

---------11--- ------------1---1------- ----lf-----1---- ----

Heykjavik ..... 122 - 1·9 D,' 
--------11---------------1----+---- -------- ----------

Hiven;icle ..... 91 ·8 56-2 C 90·8 55.9 D 86-5 54.5 C 85-8 54·0 C 
---------11---1----1----+----1---- ---- -------- - --- -------- ---

Hiverview . 27-8 -174-0 C 
cC 

26·2 -169·0 D 
cc 

25·7 -153 ·8 D 
c!D 
PcP=D 

25·3 -149·1 C 
cC 

--------11---------------1-----!I-----I---- ---- ---------

Rome .... . . 130-9 -37--1 C, ' 134-0 -37-0 C, ' 
--------111--- --- --

Salt Lake Cit:-,· ... 92-4 49·1 DD 
----------11---- --

San .Juan ü9 · 1 ( ', ' 71 ·8 (', '(?) 

Santa Clara 88 · .5 1 .52· ➔ (' 

--------11---1----1-d_D_--+1----•--- -------------11----1-------

87-8 52-0 D 83-9 50-2 D 83· ➔ -19 -6 C 



E.\ HT IIQl,".\ KEH OF T I Œ HOCTII\\' J<:i::iT P.\ C' I FIC, l!l50-Hl51 

T .\ BLI<; II Concluded 

D iHt :rnrc•, .\zimulh and First :\Iolion Data for Four Solomon Islands Earthquakps- Concl11ded 

.. 1 1uaati1·r si(}n i 11d ica lcs ,w azi 11111lh m easur cd 1cest of norlh . 

Earl hq uak<' 1 )fay 21 , 1951 Dere mber 6, 1952 February 26 , 1953 :SO\'('!lll)('r -1, 1. 953 

lïï 

---1 -------11-- ---- - - - - 1----------
Station Di,t. . \ z .0 1 ~lotie~ ~ ~ ~lotion Di,t.0 

_ ·' ::'._ ~lotion Dist.0 .\ z.• :'>lotion 

Sap1>oro .. 

Saskatoon . 100·2 38·,5 

- l !J -9 

(; 

( ' 000 - 21·1 ( 

PeP~C __ --1-
- ,I Scoresby-Sund . . Il 11 5-6 

- ·-------lt-

Scattle . ... 89·8 

Sendai . .. .. 45·9 

Seven Falls . . 

Shasta .. 8 .7 

Sitka .. . .......... . 

-- 1 - ·-
-1·3 ('(' 

--- ------
-1 2·2 (.' 

- 14·9 D 4S·5 - 17·0 C 53-8 -23-0 C 56-0 -2-1·2 
--- - - - · ------- ---- ------- ----11----1----

49-0 C 
dD 

121·2 42 -2 
11----1---- ---- ---- ----1----11----1---

1----11----1----1----tl----1------------

31·1 D 
dD 

---------11--- . ------ ----------- ---- ---- ---- ---- ----

Stuttgart . . .. . 128·3 -28·7 

D 

Suva ..... . 12-8 117 · l D ________ ,, ___ . ------ ------- --11----1--- ---------
Tamanrasset 145 . - 57 •7 

_T_a_n_M_a_r_h_~_-_·_·_·_··-----i-- _J __ 11----1---- ---- -

C, '(?) 111· 1 - 115·3 
---

Tinemaha 91 ·4 53·0 C 86-6 51·4 C 6-0 50·8 C 

-25 ·6 C (?) 
---------,'--- ------------ , ___ _,,_ ___ , ___ ----11----1---

-T-ok_J_'O_ .. _._ .. _· ._. _· ._îl ~ - 17-4 ~ - 19·4 :.i__ 52·0 

Trieste .. . . . . . . . -11 0 -33·8 C, ' 
CC (?) 

54.3 -26· C 
DD 

139·7 - 29-8 C l '('/) 

-------- ------- ---- ---- --- ---- ---------------
Tuai . . ...... . 3 -5 1.51 ·l C 35·6 152·5 C 

_T_u_cs_o_n_. _·_· ._._·_·_·-!Ill!-- 9-7--1- ~ 0 1 = = ~ . 57 6 -C-- ~ ~ C 

Uccle.. .. . ... . . .. 139·2 -17·3 D,' 

Ukiah . .. . 87-2 50·0 D 
---------11-----1---- ----------------- ----,------;----,---
Uppsala .. .. . 117-2 - 22·8 cc 120-0 - 22·3 DD 

·-------------------------11----1----

Yictoria . . . 86·7 39 .3 D 6 -6 38·8 

----- ---- -------- ---- -- --- ---- ----1------;j-----l---

Wellington ... . 39·5 155 ·8 D 36·7 157 · -1 D 31 ·-1 165· 1 D 29 ·5 167 ·3 
---------11---------1---· --- ---- ---- ----1-----11----1---

\Veston ... 122·5 46-6 D, ' 122·0 47·7 

_w_i_tt_e_v_e_e,_1._._· _·_· __ 
11 
____ ----i---->~1_2_9_·3_ - 22· 8 D 1' ---------

---------11----------1-- -1~---

Zurich .. . . . . . . . . . Il 132·5 -28-9 C, '(?) 140·7 - 23· 8 

71309- 2 

D 
DD 

D 
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.\X.\LY:-;r:-; OF THE D.\TA 

1 n 1 hi:-; :-;ection :-;o]ution:-; will be pre:,;ented for each of the twenty-three earthquakes for 
which it ha:-; heen po:-;:-;ible to obtain them. In each case the solution diagram will be given, 
together with a table :-;J10wing the number of observations of each sort of pha:e which were 
arnilnble and the number of these inconsistent with the published solution. The more 
serious of the inconsistencies will be <liscw,sed and, finally, a discussion will be given on any 
geological implications of the solution which seem pertinent. 

The solutions are base<l on the tables of extended distances already published by this 
OhsetTa tory6 ,; •\ as well as on tables not yet published, * gi ving extended distances for the 
phase pP'. 

Earthquake of 18:13:13, May 17, 1950. c/>= 21 °S, À= 169°E 
As shown in Table IY, there are a total of 13 inconsistencies out of 71 observations. 

Of these the (3 inconsistent observations of Pi' and the 3 of PP are so scattered throughout 
the diagram that they could not be brought into the solution by any system of circles . 
Of the 4 incornüstent obsel'\'ations of P, that of Honolulu is described as a " poor" reading. 
The two inconsistent observations in New Zealand appear more serious. That at Kiamata 
was described as a questionable dilatation followed by a certain compression, while that at 
Tuai was described as a certain dilatation followed by a larger compre sion. There is a 
temptation to bring at least Kiamata into the solution by adjusting the po ition of circle 
a, but this, in turn, would make the Japane e station inconsistent. The present positions 
of the circles reduce the number of inconsistencies to a minimum and cannot be far from 
correct. 

* X otP add ed in proof. Th C'~e ta blC's ha vP now been issued. See Publications of the Dominion ObsPrvalory , 1 
8:3-100, Hl5G. 
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1•:.\H1' 1l(g· .\Kl·}, OF T ill•: :-,()l 'Tll\\ï •::--T l '. \( ' 11-' I ( ', l !l.iO- l !l,il 

T .\BLE ]\' 
p 

Total Tumber of Observations. . .. .. . . . .. . . ... .. 28 
N"umber of Incomüstent Observations .. .. .. .. .... 4 

P/ 
2 
0 

l~ï 

PP Total 
11 71 
3 13 

The solu tion, as shown in the insert dingrnms , repre.,ents two plane., , one st rikinµ; 
N 3~5 E and dipping 79° to the west, the other striking :'\ '2~5\Y and dipping 7 1° to the 
north. \Vhichever of these planes represent::, the fau lt, faulting is strongly transcu rrent , 
with a slight thrust component. There i::, no appreciable rnriation permitted in the position 
of the planes if we accept the points on which the solution is based. 

It i worth pointing out that in this case, where the clip component is a thrust, the 
circle contain dilatations. If the circles contain comp ressions the clip component is 
ten ional. Thi i a very helpful rule to fo llow in interpreting the fault-plane solution 
diagrams. 

Earthquake of 02:38:10, May 19, 1950. 4>= 20 i 0 S, À= 169°E 
In this earthquake it was not clear at first whether the field definecl by the P ' observa

tion was dilatational or compressional. However, when the P' observations were plotLecl 
on a reduced scale, as shown in the insert diagram, it was found that ail but 5 of the 23 
ob ervation of thi phase could be made consistent by drawing a very large dilatational 
circle. Of the three inconsi tent obserYations, that of Basel was described as uncertain. 

TABLE V 
p 

Total N umber of Observations . .. . ......... 19 
Number of Inconsistent Obt>ervations . .. . ... 4 

1, . ·-
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The second circ le, clra \Yn in accordance \Yith the orthogonality criterion, separate, the 
dilatations recorclecl at Berkeley and at Mount Hamilton from the compression general in 
the rest of Xorth .\.merica. This circle, as drawn, makes Honolulu inconsi tent, but the 
ob:-;er\'ation at thi:-; station is described a. "poor". The circle also contain. four PP 
obsernltions, hm of them consistent and two inconsistent. The PP dilatations might 
ha\'e been sepnrnted from the compressions by a circle ·maller than that drawn , but this 
would ha\'e been nt the expense of the obser\'ations at Berkeley and Mount Hamilton , 
described as "goo<l" by our collabora tors . 

. \. more serious interpretational difficulty aro e in New Zealand, where most of the 
ub:-;ervat ions ,Yere described as doubtful. The preponderance of evidence sugge.-t · that 
a il of K ew Zealand recei,,ed an initial compression. If this is not true, then the large 
t'ircle (designated a in the figure) would have to be swung around to include the New Zealand 
stations; this would destroy the separation accomplished in the P' observations. On the 
whole, the present solution seems to be the most satisfactory. The observations are 
i:; ummarized in Table V. 

The insert diagrams illustra te the geology of the situation. We have to choo e between 
a plane striking N 31 ~5 E and dipping 4° to the northwest , and a plane striking N 56~5 W 
and dipping 71 ° to the northeast. In either case the faulting is strongly transcurrent with 
a \'ery small thrust component. 

Earthquake of 07:05:31, May 19, 1950. <t>= 20½0 S , À= 169°E 

This earthquake is an aftershock of that just discus ed, and the olution, hown in 
Figure 3, is much the same as for the main ·hock. There are fewer observation of P' 
with ,Yhich to c.lefine the position of the larger circle. It has been drawn in a mean position 
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from which a variation of ± l O would be permitted hy the data . The :-:erond eirrle i:-: 
very well defined by a, eparation between Berkeley and l\Iount H amilton . It i:-: intere:-:t ing 
to note a l o that this small circle pro,·ides a separation heh,·een the P/ ob:-:en·ation:-: at 
, traRbourg and Stuttgart, which haYe a clifferent direction of rno,·ement. 

It wi ll be recalled that in the pre,·ious example there wa:-: :-:orne diffirulty in deriding 
whether Iew Zealand should be plotted n:-: a compres:-:ional or clilatationnl area. ln thi" 
case there is no ambiguity, a il the :\ew Zealand P ob:-:ernltion:-: being rlearl.Y eornpre:-::-:ional. 
ThiR suggeRtR that the correct decision ,,11:-: made in the pre,·iou:-: exarnple , where Xe,,· 

Zealand was taken to be compre:-:sional. 

TABLE YI 
p P, ' P., ' pp ppp Total 

Total K umber of Obserrntion:-: ... ... . ... .. 1:3 7 :) 8 1 :H 
N umber of Inconsistent Ob:-:er\'ations . . ... . () 1 0 :~ 0 4 

The distribution of inconsistent ob:-:erYations arnong the se,·cral pha:-:e:-: rceorded i:-; 
shown in Table VI. None of the inconsistencie:-: is :-:e riou :-:. Th e in :-:ert diagram:-: in Figure 
3 illustrate the two geologica l possibilities, which do not diffcr \'Cry much from thosc in 
the main shock. 

Earthquake of 01:17:25, May 26, 1950. cp = 20 ~0 S, À= 16? }0 E 

As is Rhown in T able Vll , while the number of inronsi:-:tcnC"ic:-: in lhc othcr phase i:-: 
reasonably small , t here a re ü inconsistent observations out of :ri ob:-:el"\"a(ion:-: of P i'. 

This number seems very large. Most of the disrrepant observation:-: are not, howeYer, too 
serious, since they lie surrounded by consistent observations. One exception to thi:-: i:-: 
provided by the group of stations in northeastern United Rtates. Harrnrd, Weston and 
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Cle,·elnnd all report "clear" dilatations. It hm; not pro,·ed possible to bring these ob ·erva
tions into a solution that makes the P compressions, well obse1Ted in California, also 
com,istent. It is necessary to conclude that the P' observations are inconsistent, and these 
corn,titute a seriouR criticiRm of the Rolution. 

TABLE YII 
p Pi' P2' pp pP Total 

Total Kumber of Obser'\'ations . .. . . . . . .... 2ï 31 4 22 1 5 
Kumber of Inconsistent Obsen-ations ...... 4 9 0 4 1 1 

As shown in the insert diagrams of Figure 4, the solution again show. transcurrent 
faulting, with a weak thrust component. 

Earthquake of 12:39:43, May 27, 1950. cp= 20°S, À= 168°E 
This earthquake, which had a focal depth of 200 km., was a little too small to provide 

a satisfactory solution. As shown in Table VIII, there were not a many observation 
reported as usual, and there is a higher percentage of inconsistencies. Mo -t of these 
inconsistencies corne from Pi' observations at distant stations, and undoubtedly reflect 
the low magnitude of the earthquake. In spite of the difficulties it seems worthwhile to 
publish the solution, as shown in Figure 5, since no radically different solution seems 
possible. Note the reduced scale of the figure as compared with earlier diagrams. This 
enable. the observations of P' to be plotted on cale. The insert diagrams to the figure 
indicate that the faulting is almost purely transcurrent. 

TABLE VIII 
p 

15 
2 

Pi' 
16 
7 

PP Total 
Total N umber of Observations .......... . . . 
Number of Inconsistent Observations ...... . 

b 
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Earthquake of 01 :36 :44, May 28, 1950. <.f> = 20°S, À = 169°E 

T he solu t ion for th is ear thqua ke, shO\rn in Figm e (j , scores 10 failmcs out of -1--1: ob"e r
Yations. These a re en umerated in T able IX . ,\_lmost a il th e in consistent obse n ·n tion s 
ha\'e been described by the readers as doubtful. One exception is th a t for Berkele_,·, " ·hi r h 
is incon i. ten t wi th " good" observations at Nhasta and 1Iount Hamilt on, but whieh is 
it. elf described as a " fair' ' obser\'ation . 

T ABLE IX 

T otal N" umber of Ob:,er\'a tiom; . ................. 

Tumber of Inconsisten t Ob ervat iom; ... . ....... 
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The solu tion shown in F igure 6, has one plane , ·ertical. In fact the data do not ins ist 
on absolute verticality fo r t his plane; a slight curva ture in either direc tion co uld be 1. ole r
ated . The solut ion , as drawn , represents an a ,·erage position . 

Since the one pla ne has been clrawn vertical, the insert cliagrnrns show t he fa ul l in g to 
be p urely transcurrent. 

Earthquake of 06:55:37, June 21, 1950. <./> = 20 1°S, À= 169~0 E 

The olu t ion fo r t his earthquake, shown in Figure 7, assum es that th e cirrles a re 
dilatational and that t he field shou l<l the refo re be eompressional. . \.s shcmn in T a ble X , 
all bu t 6 of the 26 ob en-ations of P i' support this, and th e inco nsistenr ies a re sca t t e red in 
azimu th . T he score on the other p hases is reasonabl y sa tisfaetor~·-
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T ABLE X 
p P1' 

Total X umber of ObsetTations .. ......... .... . . . 2.5 26 
Kumber of Inconsistent Obser\'ations .. .. . .... . . . 5 6 

P2' pp Total 
1 1.5 67 
0 4 15 

The insert diagrams show that the faul ting is la rgely transcurrent ; since the circles 
contain dilatations, the minor component is a thrust. 
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Earthquake of 22:25:34, June 24, 1950. cf> = 20 ~0 S, À= 169 ~0 E 
The total number of observations, a nd the number of these inconsistenl wit h the 

solution here presented, is given in Table XI. The solution itself, \Yhich is presenled in 
Figure 8, i quite straightforward and requires no explanation. 

TABLE XI 

Total K umber of Observations ................. . 
K umber of In consistent Obserrntions ........... . 

p 
2;j 

4 

Earthquake of 20:17:50, July 17, 1950. c/>= 20½0 S, À= 171°E 

P/ 
2 

0 

PP Total 
Hl 7fJ 
6 17 

The solution of this earthquake, shown in Figure 9, consisb,; of two planes so steeply 
dipping that it has been necessary to p lot the map on a reduced scale. .\s itemized in 
Table XII, the solu tion accounts fo r a total of 42 observations with 8 inconsistencies, none 
of which is serious. 

T ABLE XII 
p 

Total umbcr of Ob.-crvations ....... . . . . . 20 
J umber of Inconsistent Observations . . . . . . 4 

Pi' 
1,j 

0 

P' " 
1 
0 

pp pP 
5 1 
1 0 

Total 
42 

As shown in the im;ert diagrnms, faulting is transcurrent with a slight thrust com
ponen t. 
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, o many of the earthquake. analysed in the fault-plane project to date haYe shown 
nearly pure transcurrent faulting that any e,,idence in favour of non-transcurrent faulting 
should be submitted to the reader, even though that evidence is not clear. The solution 
for this earthquake, shown in Figure 10, is publi hed with this thought in mind; the reader 
is cautioned to examine it critically. 

It will be noted in the figure that a separation is clearly indicated in Japan (Kochi and 
Tokyo mo,'e in opposite senses) and also along the Pacifie hore of North America. The e 
separations have been made with circle b. A second circle can be drawn to bring in SuYa 
and the PP observation of Christchurch and to satisfy the orthogonality criterion. The 
extreme and mean positions of this circle a have been indicated. The score for this solution 
is indicated in Table XIII. For the phases other than Pt' the score is not too bad, parti
cularly since many of the inconsistencies are not serious. For example the Berkeley 
observation is clescribed as "questionable" and in any event Berkeley i::, very close to the 
circle as drawn. Observations at Bozeman, Honolulu, Cobb, New Plymouth are also 
described as questionable. 

T .1.BLE XIII 
p l\ ' P' t pp pP Total 

Total X umber of Obsernltions .. . . ;:30 18 1 1; 1 67 
Xumber of Inconsistent Obsen·ations . . ... 6 8 0 5 1 20 

It is \\'ben one turns to the observations of P 1' that doubts arise. Here 8 out of 1 
obsernttions sho\\' dilatations instead of the compressions demanded by the published 
solution. Repeated attempts ha,·e been made to find a system of circles \\'hich would 
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effect a separation of compression. and dilatations in the P1 1 and sti ll satisfy the separation:,; 
in Japan and California. No such system ha:-; been found and it has been necessar,v to 
conclude that ail P t' obserYations should be compressional. There is some justification 
for thi. in that at least four stations reported a small initial compression followed b,v a 
much larger dilatation. Perhaps the inconsiRtent stations fai led to record the small 
initial compression. 

The insert diagrams are based on the mean position of circle a. E,·en in this case the 
thrust component is very large. Had the smallest ,·alue of circle a been plotted the 
thrust nature of the faulting would have been still more pronounced. It will bear repeat inp; 
that this solution is being published, despite the doubts which attend it , becau,;e it doe:-; 
suggest the pos ibility of a large dip componen t of motion . 

Earthquake of 23:08:00, July 22, 1950. </>= 14°S, À= 167°E 

This earthquake was rather small, and was not widely recorded, but, m, shown in 
Table XIV, the percentage of inconsistencies is about normal. The solution is shown in 
Figure 11. It should be noted that this figure is drawn to a reduced scale because of the 
large size of circle b. The insert diagramR demonstrate that the faulting is again trans
current, with a very small thru.-t component. 

T AB LE XIV 
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Number of Inconsistent Observations .. . 
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Earthquake of 11 :55 :50 , Feb. 13, 1951. <t> = 15°S, À.= 175°W 

This earthquake was Yery widely recorded, a total of 74 obseiTation being a\'ailable. 
The solution shown in Figure 12 accounts for all but 16 of the e obseiTations. 

This solution marks the fi.r. t time that the phase pPi' has been used to any large extent 
in plotting. In order not to confuse the diagram only a few of these ob ervations have 
been plotted on the figure. 

TABLE XV 
p Pi' P/ pp pP pP1' Total 

Total Xumber of Observations ... . .. . .. . . 32 21 3 6 2 10 74 
Xumber of Inconsistent ObserYations ...... ü 1 2 2 1 -! 16 

The insert diagrams illustrate that the faulting is almost purely tran ·current on almost 
,·ertical planes. 

Earthquake of 21 :38 :54, March 23, 1951. <!> = 31 °S, À.= 180° 

The solution for this earthquake, shown in Figure 13, has 21 inconsü,tencies among 
7S oliserrnlions. Three of the P inconsislencies are for California stations and lie well 
:-:urrounded by con:-:i:-:lent ob:-:en,ttions. T\\'o other P incon:-:istencies are from Nunl and 
Tuai which lie so clo:-:e to the epicentre that slight errnr in focal depth, epicentre or in our 
tables of extended distances could account for the errnrs. 
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Jone of the inconsistencies in P t' is particularly serious. The circle a might have 
been drawn la rger to include Resolute Bay, Strasbourg and Zurich , but thi:-- would have 
been at the expense of 8tuttgart and Karlsruhe. Ceologically the difference is :-- light , 
a n increase of about 1 ° in the clip of the plane. 

The insert <liagrams illustrate the two geological possibilitie:--. The uncertn inty m 
the dip of plane bis ±,5°, since the circle bis not closely limitecl bv the da1:1. 

Earthquake of 16 :31:11 , Au~u st 28, 1951. cp= 27°S, À= 178°E 

The solution for this earthquake is shown in Figure 14 and the data on which it is 
base<l are summarized in T able XYII. Of the four inconsistent obsernltions of P , 
two are from stations (Auckland and New Plymouth ) so near to the ep icent re that slight 
error in epicentre or focal depth could account for them, ,,·hile a third is for Pierce Ferry , 
which lies in a cluster of consistent readings. The two inconsü,tent observatio ns (Butte 
and College) of pP hn.rn been shown in the figure. Both readings a re described as doubtful. 

TABLE XYII 
p P ,' P/ pp pP pPi' Total 

Total X umher of Ohser\'ations ....... . . . . 22 !) 4 2 (j 2 -1:) 

:-i'umher of Inconsistent Obsernltion:-, ...... --1- 2 2 () 2 () 10 
• 
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This earthquake had a focal depth of O · 09R, one of the deepest for which a fault-plane 
solution has been obtained. As hown in the insert diagram to Figure 14 the faulting is 
almost purely transcurrent, on almo t vertical planes. In an earlier paper3 a solution for 
a normal focus earthquake from the same area (the Kermadec·) wa given. The two 
olution are almost identical except that, wherea the normal-focu earthquake wa 

solved with dilatational circles, the present deep-focus earthquake reauires comnression ::i l 
circles. 

Earthquake of 01:17:00, Feb. 25, 1952. </>=17°S, À=173½ 0 W 

The , olution of thi earthquake is shown in Figure 15, while the data on which it is 
based are summarized in Table XVIII. One group of inconsistencies is worthy of dis
cussion. Three of the K ew Zealand stations showed compressions, three dilatations, but 
the stations were not aligned in such a way that the two groups could be separated. Only 
one station , Auckland, has been shown on the diagram, and the solution assumes the en tire 
X ew Zealand area to be dilatational. 

TABLE XVIII 

p Pt' P/ pp pPi' Total 
Total Xumber of Ob:ervations . ....... ... ;32 2-! ù 11 3 75 
Xumber of Inconsistent Obsernüions . . . ... ;) -1 3 3 1 Hi 
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The solution for this earthquake i:-; shown in F igure lü, while the data on wh ic h it is 
hase<l a re :-;ummarized in Table XIX. There a re :-;o rn e a nomalie:-; in t he :-;o lut io n \\'h ic h are 
worthy of discu:-;sion. C' irr le a, as drawn , make:-; C' hri :-; tchurch and C'ohh <'mTP<' ( , Brisbane 
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and Kiamata wrong. If the radius had been increased this could have been reversed, 
Brisbane and Kiamata becoming consistent at the expense of Christchurch and Cobb. 
By a complete reorientation of the circle all of these stations might have been made con
sistent, but the orthogonality criterion would then have demanded an inconsistent position 
for circle b. The solution giYen in the figure is the best compromise, and is probably not 
very far from the truth. 

TABLE X IX 
p p; P2' pp pP pPi' Total 

Total Number of Observations .... . ... . ... 29 29 1 6 1 4 70 
N umber of Inconsisten t Observations ... .. . 5 7 1 1 0 3 17 

It should be noted that this is the first solution obtained for an earthquake in the 
Soloman Islands. 
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Earthquake of 11 :58 :34, July 13, 1952. <!> = 18 ½0 S , À= l69½ 0 E 

The solution for this earthquake is shown in Figure 17, while the data on which it is 
based are shown in Table XX. 

TABLE XX 
p Pi' P/ pp pP pP,' Total 

Total Number of Observations . .. . . . . . . . 40 28 1 18 2 3 92 
Number of Inconsistent Observation::, .. .. 8 9 0 4 1 1 23 

The position· of the circles as drawn in the figure may not be entirely correct. By 
shortening up the radius of circle b, Apia, Fukuoko and the PP observation at Cartuja 
could be made consistent, but only at the expense of College and Sitka. On the other 
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hand, increasing the radius of circle b would make llda and Nanta Clam consistent, but 
at the additional expense of Victoria and Seattle. Circle b is therefore drnwn in a mean 
po ition, and none of the inconsi tencies mentioned is too serious. 

Earthquake of 08:23:22, July 27, 1952. cp= 20 }0 S, À= 179°W 

The data on which Figure 1 is ba ed are summarized in Table XXI, which also 
show the number of inconsistent ob en'ations. Some of these inconsi tencies are dis
turbing. In particular, the inconsistencie in P/ at Prague, and in Pi' at Prague, Chur, 

tuttgart and Alger lie grouped about the ame azimuth in such a way as to suggest that 
they mu t be brought into the olution. No way has been found to do this without making 
many other tation inconsistent, but the reader should bear in mind this group of observa
tion in appraising the value of the solution. 
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TABLE XXI 

p Pi' P 2' pp pP 

Total N umber of Observations ............ 35 20 2 11 5 
J umber of Inconsistent Observations ...... 4 5 1 4 2 

Earthquake of 22:26:41, Sept. 11, 1952. cp= 29°S, À= 177°W 

pPi' Total 

1 74 
1 17 

This earthquake provided a smaller body of data than most of the other considered, 
but the percentage of inconsistencies is about normal. The solution in terms of one \"erti
cal plane eem to be demanded both by the distribution in New Zealand and by the fact 
that the Pi' and the P2' observations for Cartuja are in opposite senses. The number of 
inconsistencies, as shown in Table XXII, is about normal. 
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TABLE XXII 
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Earthquake of 06:56:51 , July 2, 1953. </>= 181°S, À= 169°E 

203 

The solution for thi earthquake, shown in Figure 20, j,, not clo::;ely defined , since any 
circle lying between a' and a" would satisfy the data satisfactorily. The inconsi:-;tencie:-
hown in Table XXIII are based on circle a', but a single ob:-;ernltion of PP is nota suffi

cient basis for insisting on the circle a' and so throwing out the possibility of purely thru,;t 
faulting. 

T BLE -" XIII 

p P i' P2' pp pP pPi' pP2' Total 

Total umber of Obse1Tations .. .. .... 54 37 3 15 1 126 
J umber of Inconsistent Ob ervation .. 5 5 2 3 1 2 0 18 

The insert diagram suppo es that plane b repre:-;ents the fault, and indicates that the 
motion may lie anywhere between tran current in either sense to pure thrust. 

Earthquake of 00:26:36, Sept. 14, 1953. </>=18i 0 S, À=178~ 0 E 

Thi i the first earthquake which we have considered in the vicinity of the Fiji Islands, 
and it seem worthwhile to publi. h the tentative. olution shown in Figure 21 even though 
the number of inconsistencie is higher than normal, for it is clear that the solution must 
be at least approximately correct. 
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Of the inconsi. tent ob. ervations of P, two are in New Zealand and derive from EW 
eismographs. Since the stations are almost south of the epicentre the error is not . ur

prising. Three other inconsistencies corne from California station lying ,·ery close to 
circle a. 

TABLE XXIV 
p Pi' P' 2 pp pP pPi' PcP Total 

Total K umber of Observations ...... . . 33 21 3 10 1 3 1 72 
N umber of Incon i tent Observations . . 4 1 7 0 2 0 22 

The most serious group of inconsistencies is provided by the PP pha e. Five of the 
recorded inconsisténcies derive from stations lying between Basel and Cartuja in the over
lap zone of the two circles. Most of these inconsistent observation are described by the 
reader a "doubtful", but the olid group does con t itute a criticism of the solution. 

Earthquake of 01:36:45, Sept. 29, 1953. 4>= 36½0 S, À= 177°E 

The largest group of inconsistencies in this solution are provided by the phase Pi'. 
This is not surprising considering the location of the epicentre. Most of the panish 
tations, for example, are almost 1 0° distant from the epicentre. A more erious serie 

of inconsistencies are provided by the normally consistent group of station Djakarta, 
Hong Kong, Hyderabad, Bombay and Athens, a group of compressions all lying along the 
ame azimuth. There does not seem to be any explanation for this group. 
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T .\BLE XX\' 
p P t' P/ pp pP pPt' pP/ Total 

Total N umber of Observations ........ 33 30 G 1 :3 :'5 J:3 :3 10.5 
N"umber of Incornüstent Ob::,e1Yations . . G 11 3 2 1 2 2 27 

Earthquake of 00 :13:06 , Jan. 13, 1954. cp= 49°S, À= 165°E 

This, the final earthquake of the present 8eries, is the most southerly epicentre yet 
considered . It will be seen Lhat, once again, transcurrent faulting a long an nlmost vertical 
plane i8 indica led. 

TABLE XXVI 
p P i' P 2' pp P cP pP Total 

Total N umber of Observation . .. . . . .. .. . . 16 12 7 16 2 2 55 
N umber of Incon istent Observations ..... . 1 l 0 4 0 1 7 

The score on this earthquake, as shown in Table XXVI, is remarkably good. The 
only serious di crepancy is for Riverview, both P and pP. It should be noted that a slight 
shift in the epicentre could have brought both the e ob ervations into consistency. 
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;:;UMMARY AKD DISCU:-3SIOX 

PRESEKTATION OF THE D ATA 
T able XXVII ummarize8 the results of all fault-plane 8olutions available for south

we -t P acifie earthquakes. Thi8 includes the data obtained by \Yebbt0 for five earthquakes 
and by Hodgson and Rtorey3 for two others. The remaining results tabulated are from 
the present paper. 



T
A

B
L

E
 X

X
V

II
 

S
um

m
ar

y 
of

 F
au

lt
-P

la
n(

' S
ol

ut
io

ns
 A

va
il

ab
le

 f
or

 S
ou

th
w

es
t 

P
ac

if
ie

 E
ar

th
qu

ak
es

 

E
a
rt

h
q

u
a
k

e
 

P
la

n
e 

a 
-
-

-
-

:-
-o

. 
D

at
<

' 
À

 
h 

S
tr

ik
e 

D
ip

 
D

ip
 

S
tr

ik
e 

D
ip

 
S

tr
ik

e 
,p

 
D

ir
ec

ti
o

n
 

D
ir

ec
ti

o
n

 
C

o
m

p
o

n
en

t 
C

o
m

p
o

n
en

t 
D

ir
ec

ti
o

n
 

-
-

-
80

/0
11

10
11

 f
sla

11
ds

 
1 

~l
a
y

 
9,

 1
95

2 
..

..
..

..
..

..
..

..
..

..
 

6
l0 S 

15
5°

E
 

0
-0

lR
 

N
3

8
°5

E
 

S
5

l?
5

E
 

56
° 

0
-9

28
 

+
0

•3
7

3
 

N
63

?5
\V

 

,V
 cw

 l
f c

l,r
id

es
 J

 sla
11

ds
 

2 
Ju

ly
 

22
, 

19
50

 .
..

 
··

··
··

··
··

··
··

 
14

°S
 

16
7°

E
 

0
-0

0
R

 
N

57
°E

 
N

33
°\

V
 

76
° 

l 
·0

00
 

+
0

·0
1

8
 

N
33

°W
 

:{
* 

M
ar

. 
IO

, 
19

51
. 

..
 

..
..

..
..

 
15

¼
0 S 

16
7}

°E
 

0
·0

2
R

 
N

41
°E

 
N

49
°W

 
84

0 
0·

98
8 

-
0

·
15

7 
N

4
8

°w
 

4 
Ju

ly
 

21
, 

19
50

 
. 

.. 
··

··
··

· 
1

5
tS

 
16

8l
0 E

 
0

-0
0

R
 

N
4

7
°E

 
S

43
°E

 
35

° 
0-

84
2 

+
0

·5
3

9
 

N
71

°W
 

,5
• 

D
ec

-. 
2,

 1
95

0
. 

' 
. . 

. 
. . 

. 
. 

. 
. 

. 
. 
. . 

. 
. 

18
:0 s 

16
7°

E
 

O
· O

O
R

 
N

45
°E

 
S

45
°E

 
86

° 
0-

99
9 

+
0

·0
3

4
 

N
44

°W
 

G
t 

Ju
ly

 
23

, 
19

49
 ..

 
··

··
··

··
··

··
· 

lS
tS

 
16

9°
E

 
0

·0
3

R
 

N
49

°E
 

S
41

°E
 

67
° 

0·
99

5 
+

0
-0

9
5

 
N

4ü
°W

 
i 

Ju
ly

 
13

, 
19

52
. 

..
.. 

..
..

 
1

8
tS

 
1

6
W

E
 

0
·0

5
R

 
N

1
6

?5
E

 
S

73
?5

E
 

7ü
° 

0-
92

4 
+

0
·3

8
1

 
N

SL
0 W

 
~ 

Ju
ly

 
2,

 1
95

3 
..

 
..

..
 

..
..

..
..

 
lS

t
S 

16
9°

E
 

0
·0

31
1 

-
-

-
+

 
+

 
N

66
°5

\V
 

9 
M

a
y

 
27

, 
19

50
 .

. 
··

··
··

··
· 

20
°s

 
16

8°
E

 
0·

03
H

. 
N

7
2

°E
 

N
l8

°W
 

g7
0 

0·
99

9 
-0

-
05

4 
N

1
8

°w
 

10
 

M
a
y

 
28

, 
19

50
. 

. . 
. 

. 
. 

. . 
··

··
··

 
20

°s
 

16
9°

E
 

O
·O

O
R

 
N

4
7

°E
 

N
43

°W
 

68
° 

1
·0

00
 

0·
00

0 
N

43
\V

 
11

 
M

a
y

 
26

, 
19

50
 .
.
.
.
.
.
.
.

..
.
.
.
.
.
.
.
 

20
!0 S 

16
9¼

°E
 

0
-0

0
R

 
N

lü
°E

 
N

8ü
°W

 
73

° 
0-

95
2 

+
0

-3
0

6
 

N
74

°5
\V

 
12

 
Ju

n
e 

21
, 

19
50

 ..
. 

..
..

..
..

..
..

..
 

2
W

S
 

16
9¼

0 E
 

O
·O

O
H

. 
N

1
0

°5
E

 
N

79
?5

W
 

77
° 

0
-9

36
 

+
0

·3
5

1
 

N
75

°5
W

 
13

 
M

ay
 1

9A
, 

19
50

 
. 

..
..

..
..

 
20

}°
S 

16
9°

E
 

O
·O

O
R

 
N

3
1

?5
E

 
N

58
°5

W
 

84
0 

0
·9

44
 

+
0

-3
2

9
 

N
56

?5
\V

 
14

 
M

ay
 1

9B
, 

19
50

 
. 

..
..

.
..

..
. 

, 
..

 
2

0
tS

 
16

9°
E

 
O

·O
O

R
 

N
2°

E
 

N
SS

°W
 

g4
0 

0
-9

70
 

+
0

-2
4

3
 

N
86

°5
\V

 
15

 
Ju

nC
' 

24
, 

19
50

 ..
 

..
..

..
..

..
..

..
 

2
W

S
 

l6
9

\0 E
 

O
·O

O
R

 
N

8
8

?5
E

 
N

1?
5W

 
72

° 
0-

95
0 

+
0

·3
1

3
 

N
3?

5W
 

J6
 

Ju
ly

 
17

, 
19

50
 

. 
' 

.. 
. .

 .
 .

 
. 

. 
. .

 
20

~
0 s 

17
1°

E
 

O
·O

lR
. 

N
60

°E
 

N
3

0
°w

 
78

0 
0

·9
99

 
+

0
·0

5
3

 
N

3ü
°W

 
17

 
M

a
y

 
17

, 
19

50
 ..

 
..

..
..

..
..

..
. 

21
°s

 
16

9°
E

 
O

·O
O

R
 

N
3

°5
E

 
N

86
°5

\V
 

79
° 

0·
94

4 
+

0
-3

3
1

 
N

82
?5

\V
 

F
ij

i 
Is

la
nd

s 
18

 
SC

'p
t. 

14
, 

19
53

 .
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

18
l0 S 

1
7

8
tE

 
0

-0
0H

. 
N

61
°E

 
N

29
°\

V
 

83
0 

0·
99

9 
-0

·0
3

5
 

N
29

°W
 

To
no

a 
Is

la
nd

s 
19

 
F

e
b

. 
13

, 
19

51
 
.
.
.
.
.
.
.
.
.
.
.
.
.

..
. 

15
°s

 
17

5°
\V

 
0

·0
3

R
 

N
58

°E
 

N
32

°\
V

 
86

° 
0-

99
9 

+
0

-0
3

5
 

N
32

°W
 

20
• 

Ju
n

e 
29

,1
94

8 
..

..
..

..
..

..
..

..
..

. 
16

°S
 

17
3°

\V
 

O
•O

lR
 

N
47

°E
 

N
43

W
 

86
° 

0-
99

6 
+

0
-0

8
7

 
N

42
°W

 
21

 
F

e
b

. 
25

, 
19

52
 

..
..

..
..

..
. 

17
°S

 
17

3?
0 W

 
0-

00
H

. 
N

3
7

?5
E

 
N

52
°5

W
 

87
° 

0
-9

5
1 

-0
·3

09
 

N
52

?5
W

 
2

2
• 

A
u

g
. 

6,
 1

94
9 

..
..

 
. 

. 
. ,

 
..

. 
19

}0 S 
17

4i
0 W

 
O

·O
lR

 
N

4
5

°E
 

N
45

°W
 

8ü
° 

0-
90

3 
+

0
•4

2
9

 
N

52
°W

 
23

 
Ju

ly
 

27
, 

19
52

 
..

..
..

..
..

..
. 

2o
i0 s 

11
9°

w
 

0
·0

7
R

 
N

l7
°E

 
N

73
°W

 
88

0 
0·

88
3 

+
0

-4
7

0
 

N
73

°W
 

24
* 

S
ep

t.
 

8,
 1

94
8 

..
..

..
..

..
. 

21
°s

 
11

4:
0 w

 
O

·O
O

H
. 

N
2

8
°E

 
S

62
°E

 
87

° 
0-

74
3 

+
o

-6
70

 
N

59
°\

V
 

K
er

m
ad

ec
 I

sl
an

ds
 

25
 

A
u

g
. 

28
, 

19
.5

1.
 .

..
..

..
..

 
. .

 . .
 . 
. . 

. 
21

°s
 

17
8°

E
 

0
·0

9
R

 
N

4
7

°5
E

 
N

42
?5

W
 

87
0 

0
-9

99
 

-
0

-0
53

 
N

42
?5

\V
 

2
6

t 
N

o
v

. 
22

, 
19

49
 

··
··

··
· 

..
.

..
. 

29
°S

 
11

8°
w

 
0

-0
0

R
 

N
4

9
?5

E
 

N
40

?5
\V

 
86

° 
0·

99
9 

+
0

-0
35

 
N

40
°5

\V
 

27
 

S
ep

t.
 

11
, 

19
52

..
..

 
. .

 . 
. .

..
..

..
..

..
 

29
°s

 
17

7°
\V

 
O

·O
O

R
 

N
3

3
°E

 
-

9ü
° 

1
·0

00
 

0
·0

00
 

N
57

°W
 

28
 

M
ar

. 
23

, 
19

51
. .

. 
. 
. .

 . .
 .

 . 
. 

. 
. 
. .

 . 
31

°s
 

18
00

 
0

·0
4

R
 

N
3

3
°E

 
N

57
°W

 
86

° 
0

-9
06

 
-0

·4
2

3
 

N
59

°W
 

N
ew

 Z
ea

la
nd

 
29

 
S

ep
t.

 2
9

, 
19

53
. 

. 
. 

. 
. 
. .

 .
 . 

. 
36

;0 s 
17

7°
E

 
0

·0
4

R
 

N
54

°E
 

S
36

°E
 

87
° 

1
·0

00
 

+
0

-0
1

7
 

N
36

°W
 

30
 

Ja
n

. 
13

, 
19

54
 

..
. 

. 
. 

. 
. .

 
. 

. 
49

°s
 

16
5°

E
 

O
·O

O
H

. 
N

4
3

?5
E

 
S

4
6

°5
E

 
86

° 
0-

98
8 

+
0

·1
5

6
 

N
45

°5
\V

 

• 
A

lt
er

 W
eb

b
, 

H
cl

er
en

re
 1

0.
 

t 
A

lt
er

 H
o

d
g

so
n 

a
nd

 S
to

re
y

, 
R

el
er

en
ce

 3
. 

P
in

n
e 

h 

D
ip

 
D

ip
 

S
tr

ik
e 

D
ir

ec
ti

o
n

 
C

'o
m

po
nC

'n
t 

N
2

6
·5

E
 

72
° 

0·
80

9 

N
57

°E
 

89
0 

0-
97

0 
N

42
°E

 
s

1°
 

0-
99

-l
 

N
l9

°E
 

72
° 

0
-5

08
 

S4
6°

\V
 

88
° 

0-
99

8 
S5

0°
w

 
85

° 
0·

91
9 

N
9°

E
 

69
° 

0·
93

0 
S2

3
?5

\V
 

-
-

S7
2°

\V
 

87
° 

0-
99

9 
-
-

90
° 

·9
27

 
N

15
? 5

E
 

73
° 

0·
95

2 
N

l4
?5

E
 

70
° 

0
·9

7
l 

N
3

3
?5

E
 

71
° 

0
-9

9-
l 

N
3

°5
E

 
76

° 
0-

99
4 

S
86

?5
W

 
8

1°
 

0·
98

6 
S6

0°
\V

 
87

0 
0-

97
8 

N
7

?5
E

 
71

° 
0-

97
9 

N
6

1°
E

 
88

° 
0-

99
3 

ss
s0 w

 
88

° 
0-

99
8 

N
48

°E
 

85
0 

0-
99

8 
N

3
7

°5
E

 
72

° 
0·

99
9 

S3
8°

\V
 

65
° 

0-
98

2 
N

17
°E

 
62

° 
0·

99
9 

S
31

°E
 

48
0 

0·
99

8 

N
4

7
?5

E
 

87
0 

0
-9

99
 

N
4

9
?5

E
 

88
° 

0-
99

9 
N

33
°E

 
84

0 
1·

00
0 

s3
1

°w
 

66
° 

0-
99

8 

s5
4

°w
 

89
0 

0
-9

99
 

S
44

?5
\V

 
s1

0 
0·

99
8 

D
ip

 
C

o
m

p
o

n
en

t 
-

+
o

-5
8

8
 

+
0

-2
4

2
 

-
0-

10
5 

+
0

·8
6

l 
+

0-
06

9 
+

o-
:!

93
 

+
0

·3
(i

7
 

+
 -0
·0

5
l 

0-
37

,5
 

+
0-

30
(;

 
+

0-
2:

!9
 

+
O

·
ll

l 
+

0
-

10
8 

+
0

-1
64

 
+

0
·2

0
8

 
+

0
-2

0
2

 

-0
· 

12
2 

+
0

-0
7

0
 

+
0

-0
7

0
 

-0
-0

5
2

 
+

0
-1

9
2

 
+O

·O
~O

 
+

0
-0

7
0

 

-
0

-0
,5

3 
+

0
·0

7
0

 
0·

00
0 

-0
•0

7
0

 

+
0

-0
5

2
 

+
0

•0
7

0
 

t-
:)

 
0 :
, -c
i c-:
 

::0
 

...,.
 

')
 

►
 

>-3
 - 0 '/.
 

::r
. 

C
 

>
:j

 

>-3
 :c t'

j 0 C
 
~
 - ~ -0 ~ 0 0:

:, rn
 

t=:
l 

;:::;
 

--:
 

:- >-3
 

0 ;:::;
 

,-:
 



l•:.\HTlIQl . . \J.;:1 ,::-; OF TIii-: :-iOl .TII\\î •>n' l'.\('IFIC, HJ.iO-l!l.il 20î 

Table XXYII is dividecl into three principal columns. The first column gi\·es the 
time, location and depth of focus of the enrlhquakes and nssigns numhers to them. These 
numbers \\·ill be used in subsequent tables ancl diagrams. In nssign in g; number:-;, the 
earthquakes ha\·e been grouped by geographical areas, and within each area the shocks 
have been arranged by latitude, from north to south. 1Yithin a particulnr area increasing 
number therefore in<licates increasing southern latitude. "\Yhere two earthquakes h:n-e 
the same latitude they are listed in chronological order. 

Since there is no way of recognizing which of the two planes obtnined in any :-;olution 
is the fau lt plane it is necessary to ha,·e two principal columns, corresponding to the pos
sibilities a and b shown in the diagrams. In Table XXVII the plane which 'trikes into 
the northeast quadrant has been designated a, that which strikes into the northwest 
quadrant being called b. The diagrams of the present paper are consistent with this 
convention ; it has been necessary however to change the published de 'ignation in the case 
of earthquakes 5 and 6. 

For each of the possibilities a and b the strike and dip of the plane, and the direction 
of clip, have been listed. In each case too a unit ,·ector, drawn in the direction of displace
ment has been resoh·ed in the direction of strike and in the direction of dip. Where the 
dip component indicates that the hangingwall moved up the footwall, presumably indica
tive of a state of compression, a prefix + has been used. Conversely, where the dip 
component indicates that the hangingwall moved clown the footwall, indicating a state of 
tem,ion, a prefix - has been attached to the dip component. 

NATURE OF 'l'HE FA LTii\G 

By comparing the displacement in the strike direction with thn.t in the dip direction, 
we find thn.t in all but three cases the faulting is strike-slip, or tran ·current. The three 
possible exceptions are pro-vided by the non-defined solution of earthquake 8, by the partially 
defined solution of earthquake 4, and by case a of earthquake 24. In the two former cases, 
which are not closely clefined, transcurrent faulting is not rulecl out. It must therefore 
be concluclecl that in the southwest Pacifie the faulting is predominantly trnn:-;current. 

FoCAI , 
DEP'l'II 

·O\llt 
·Uîll 
·U51l 
-U~H 
-u:m 
·U2 1l 
•UW 
·Uüll 

TABLE XXYIII 
R clut,ion of Comprp~siona l ( + ) and T en ·iona l ( - ) Dip Componcnt s To Fot al l)ppth 

. \HE .\ 

80!0111011 
Kew Tonµ;a ]._:(' l'llladl'(' .'\cw H ei>rides Fiji fal a nds 

hl~ 

faland s Isl a nd, Zea la nù 

1--=- 1 + - --1 11· + + - 1 + - 1 + -
1 

+ 

1 Il Il 

Il 
2 

1 1 J 2 
\) 1 

-

Il 
Total 

-
Il + 

Il J 
1 
1 

1 1 
1 :l 
1 

1 
2 12 

- --
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Admitting that the strike component is the principal one, can we draw any inference 
from the sign of the dip component? In Table XXVIII the ign of thi component, as 
defined in the paragraph abo,·e, has been summarized for each geographical area and for 
each focal depth. It is clear that there i. no simple relationship between the ign of the 
dip component and the focal depth of the earthquake , although it may well be that 
where the dip componen t is so small its sign is a mat ter of accident. 

·we conclude that faulting is trnnscurrent n.nd that the direction of dip disphcement Î ' 

apparently random. 

DIRECTION OF FAULTING 

Direction of Strike 
Figures 24, 25 and 26 have been prepared to inve tigate whether there is any ystematic 

direction of faulting in the various geographic areas. In Figure 24 the strike direction of 
each of the planes a and b for the New Hebrides earthquake have been plotted, the direc
tion of the line indicating the direction of the strike and the length of line indicating the 
focal depth of the earthquake according to the indicated cale. Recalling that plane a i 
constrained by definition to lie in the northea t quadrant and plane b in the northwest one, 
it is quite clear that there i no ystematic arrangement of trike direction. This i true 
whether we consider the data as a whole or consider specific ranges of focal depth. It 
will be recalled that numbers were assigned to the earthquakes in the order of their dis
tribution from north to south; the erratic distribution of the number in the figure how 
that there i no systematic variation of trike direction with epicentre location. 

Figures 25 and 26 present similar data for the Tonga and Kermadec earthquakes. 
While the data in the e case are too few to allow a final conclusion to be drawn, certainly 
there is no clear indication of any relation between trike direction and either focal depth or 
geographical location. 

New Hetx-ides 

w 

1-'1<:L HE 2-1 
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23 
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FH:nm 25 

Kermadec 

Direction of Dip 

The dip of a plane is more significant than ib, stri ke, for it i;; a true vector quantit:v 
giving both the direction and amount of dip. In order to indicate hoth these quantitie:-
we shall make use of a stereographic projection of the type shown in Figure 27. The 
upper ection of the figure represents the sphere of the earth with an epicentre at E and a 
line EP, striking the earth at P, representing the clip direction of a plane. \Yhereas 
norrnaJly in the fault-plane work we have used the anticentre of the earthquake a:-; the 
pole of projection , we shall here use the epicentre itself as the pole , and project 011 the 
equatorial plane. This has the advantage that point:-- near the nnticentre of the earth 
quake, uch as P , will plot into a finite region. 
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The lower section of the diagram indicates the map produced by the projection. 
The point P projects into a point P' at the same azimuth as P, and at a distance = cot o from 
the centre. It will be helpful to make one further obser\'ation about the projection. 
Ruppose that , in the upper section of the diagram, a plane be dra,rn through EP perpen
clicular to the paper . EP would represent the dip direction of this plane. In the pro
jection the plane "·ould become the straight line P'Q', at right angles to the line joining P' 
to the centre of the map. 

Turning now to the data on dip given in Table XXVII, we plot the clip , ·ecton; of planes 
a and b in the projection just described. The results for the X ew Ilehricles are shown in Figure 
28. In plotting all the data on a single figure we are essentially regarding the clip rnctors as 
free vectors, and mo\'ing them to a single origin. Dip vectors associated with planes a h11\"e 
been inclicated by open symbols, those associatecl with planes b by closed ones. It is 
worth stressing once again that the clesignation of plane a as that one striking into the 
northeast quadrant was arbitrary, and there Ü, no assurance thnt the open symhols, for 
example, do clesignate a connectecl system. Xe,·ertheless it is remarkable that except for 
earthquake 1.) the open syrnbols lie beh,·een parallel lines striking X 58° \Y and representing 
planes, one clipping ~\Y at an angle of s:3° and the other clipping XE at an angle of 8-1°. 
:-;imilarl~-. ,Yith the exception agnin of epicentre 15, the closecl symbols are confined beb,·een 
lines striking X 1:3° E and clipping X \Y nt an angle of 86° and ~E at an angle of 8:3°. If we 
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FIGlRE 28 

were to interchange the designations a and b for earthquake 15 there would be no inron
sistencies in the pattern. This interchange is quite justifiecl since the original designation 
was arbitrary. 

'\Ye ha,'e then the surprüüng conclusion that the clip Yectors of the Xew Hebricles 
earthquakes lie nearly parallel to a pair of \'ertical planes, one striking X 13° E , the other 
K 58° ·w. Is it significant that the mean of these t ,rn directions is X 22? ;'5 E, almosL 
exactly the direction of the geographical feature'? 

The plot of equi,·alent data for the Tonga-Kermadec-Xew Zealancl earthquakes is 
gi,·e11 in Figure 29. In this case the closecl symbols lie parallel to a plane striking X :3:3° E 
and clipping to the l\' \ \' at an angle of 8ï 0 ± .5°. The open symbols lie so closely grouped 
a round the origin that it is not possible to define a plane. In this case in f act the clip ,·ec
tors might he said to define a single direction. 

\Yith only one set of planes clefinecl it is not possible to i1l\'estigate whether the mean 
direction of the planes is the same as the direction of the feature , but in this case it ,-eerns 
improbable. The mean direction of the Tonga-Kermadec-Xew Zealancl feature i,- nbout 
X 2-1° E. The solid symbols in Figme 29 clefine an angle X 3:3° E ; to gi,·e the proper rnean 
the open ,-ymbols would hil\·e to tlefine a plane striking X 1:3° E. There is no e,·idence in 
,-upport of this direction. Ho\\'e\'er, e\'en \\'ithout this, the alignments :-;ho11·n in Figure:-; 
2 and 29 must be regarclecl as remarkable. 
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blgo - Kermadec - N Z 

FIGURE 20 

Direction of the N11ll Veclor 

It may be objected that the patterns shown in Figures 28 and 29 depen<l on an arbi
trary designation of planes a and band that this renders the conclu ·ion · of no significance. 
There i,' one line in each fault-plane solution which aYoids this criticism. This is the line 
joining the two points of intersection of circles a and b. Provided the solution is closely 
defined, we can determine in each case the direction and clip of this line. The e have been 
summarized in Table IXXX. 

,Yhat is the significance of this line'? It is a line common to both plane a and b, 
ancl therefore perpendicular to the motion Yector, whichever plane represents the fault. 
1t is in fact the axis of the displacement couple, and as such it is the one line in space which 
certainly undergoes no motion. For that reason we may call it the null 1•eclor. 

In Figme :30 ,Ye hn,·e plotted on the special projection already describecl the pointR 
of ernergence of the null ,·ectors for the :\l'ew Hebrides earthqunkes. Because solutions 
-1- and 8 were not ,Yell defined it has not been pos::;ible to clefine the null rnctors in those 
cases. \Yith the exception of enrthquake 7, ail the null Yectors lie between planes ::;triking 
X 22° Y\' and dipping respecti,·ely 2° to the :-,\Y and 7 ° to the XE. If we were to except 
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earthquakes 10 and 13, the clips of these planes could be reduced to 85° and 84° respectively. 
As already sta ted the direction N 22° Eisa Yery good ,·alue for the strike of the geographical 
feature. 

Figure 31 presents the equivalent diagram for the null vectors of earthquakes of the 
Tongn.-Kermadec-N ew Zealan<l area. The Yectors clearly define a plane striking N 24° E 
and dipping to the NW at an angle of 79° ± 9°. If earthquake 22 is ignored, this <lip is 
87° ± 5°. As state<l earlier, the best average direction for the geographic feature is N 24° E. 

We have then the conclusion that the null vectors in southwestern Pacifie earthquakes 
lie parallel, within narrow limits, to planes having the strike of the geographic feature. 

It is generally agreed, on the basis of the epicentres and focal depths of earthquakes, 
(see for example, Gutenberg and Richter9), that the foci of New Hebrides earthquakes 
clefine a plane having the strike of the feature and dipping to the .r E at an angle of some 

TABLE XXIX 

S·rn1KE AND Drr OF THE NuLL VECTORS 

Ea rthquake 

1 1 

Earthquake 

1 1 

N umber Strike Dip Xumber Strike Dip 

Solomon Islands Tonga Islands 

1 
1 

S87°E 
1 

50° 19 N 66°W 85?5 

20 :\'7°E 82?9 

X e11· Hebrides Islands 21 X28°E 71 ?8 

22 865°\\' 62?8 
2 :\'27?5\Y 75?8 

23 ~1-!oE 61?5 
3 X8°E 79?3 

2-± S23?5\\' -!7?8 
5 S20°E 85?2 

6 S28?5E 66?-! 
Kermadec Islands 

7 N56·5E 60?6 

9 :\'65°\Y 87° 25 X6°E 86° 

10 :\'43°\\· 68° 26 ?\6°\Y 85?2 

11 x:32°\\· 65?5 27 X33°E 8-!o 

12 ~21°\Y 66?2 28 S-!l 0 \\' 65° 

J :3 Xl-l?5E 69?7 

l-l :\'20°\Y 7-l ?3 Xew Zeala nd 

15 :\'20°\\" G9?5 
29 S19°.E 86?5 

10 Î\-l-lo\y 77?8 
30 S21 °\\' 80?3 

17 :\'25°\\' Gï?9 

Fi ji hlaml~ 

18 
1 

X\J 0
\\ · 

1 

82?9 
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70°. ~imilnrly the foci of the Tonga-Kermadec earthquake:-; appear to define a plane ha\·
ing the strike of the feature and clipping to the :-,;\y at an angle of about -l.'> 0

• It :-;houle! 
be remarked that, \\·hile the plane:-; clefined hy the null \·ector:-; are apprnxirnatel_\' ,·ertical 
they both have a :-;light pref erence for the direction of clip defined b)· the eart hquake l'oci. 

One other point is wort h rnaking. It wi ll he recalled that incrensing number indicalC':-
increasing southern latitude within any feature . Exarnining Figme :30, we find a :--)·:--tematic 
progres:-;ion through points :3, 5 and(), and a close grnuping of number:-; 10 to 17. This 
latter group of points derive from earthquakes lying between 20° ~ and 21 ° ~- The range 
of latitude inYoh·ecl in Figure 31 is much greater than that for Figure :30, but the steacl)· 
progression of points 19, 20, and 21 and the close grouping of points 2.:5, 2G and 27 prnbabl)· 
hm; significance. It seems po:-;sible that not only do the Yectors for an entire featme 
define a plane, but also that the \·ectors for a particular part of the feature define a unique 
direction. Substantiation of thi.· point will ha\·e to await the accumulation of much more 

data. 

Is there any relationship between point of emergence of the null \'ector and focal 
depth'? The focal depths of the earthquakes haxe been indicated in Figures 30 and 31 
by ymbol . There does not seem to be any systematic distribution of the deep or inter
mediate focus symbols. 

Two earthquakes, number 1 in the Solomon Islands and number 1 in the Fiji faland:,;, 
haYe been omitted from this discussion. At the point of epicentre 1 the Solomon Islands 
have a strike of about S 60° E, so that null \'ector strike of S 87° E does not differ too much 
from the direction of the feature. It is almost impossible to ar-;sign a direction to the Fiji 
group of islands, against which to check the direction of the null vector. Aline connecting 
the islands woulcl strike slightly west of north, which would be consi:-;tent with the null 
yector direction of N 9° W. s\..t least it may be concluded that there i:,; no ob,·ious in
consistency shown by these two earthquakes to the conclusion that the plane of the null 
vectors i::, approximately parallel to the strike. 

Drscussrnx 

Until analysis similar to that of thi:,; section ha:,; been appliecl to earthquakes of other 
areas the patterns found in the southwest Pacifie must be regarded a:,; local ones. So far 
their physical significance i:,; uncertain, but one conclusion may safely be drawn. The 
correlation between the strike of the geographical featme and the plane definecl by the 
null vector can scarcely be accidental. rnder the circumstances, the techniques of the 
f ault-plane project recei\·e a considernble degree of confirmation, for in the hands of t wo 
different operators, and over a period of five years, it has produced results which are not 
only consistent with them:-;eh·es but which also indicate relationship:,; with the geogrnphical 

feature · of the men. 
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CONCLUSIONS 

Thirty earthquakes, 16 of them associated with the New H ebrides feature and 12 of 
them with the Tonga-Kermadec-New Zealand feature , and occurring over a period of 
more than five years have been analysed by the fault-plane techniques by two different 
irwestigators. These fault-plane solutions would support the following conclusions : 

1. Faulting in the southwest Pacifie is predomina tely transcurrent along steeply 
<lipping planes. 

2. There is no consistency in the strike direction of the fau lts, nor any systematic 
vari ation either with la titude, depth of focus or position on the associated arcuate feature . 

3. Vect ors drawn in the direction of maximum dip of the two planes obtained in any 
solution tend to lie parallel to two nearly vertical planes; the relationship between the 
strike of these planes and the strike of the associated feature is not clear. 

4. Defining the null vector as that vector common to the two planes, and therefore 
perpendicular to the displacement couple whichever plane represents the fault, it is found 
that the null vector has a strong tendency to lie parallel to an almost vertical plane having 
the strike direction of the associated geographic feature. There is also the suggestion, 
which the data are too few to establish for certain, that for any closely associated group 
of epicentres there tends to be a unique direction for the null vector. 

5. These relationships, although their physical significance is still obscure, tend to 
confirm the validity of the techniques of analysis used in these studies of earthquake 
faul t-planes. 
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Direction of Faulting in Sorne of the Larger Earthquakes 
of the North Pacifie , 1950-1953 

BY 

,JoH.\' H. IIoonsos 

ABSTRACT 
Th e- d irc-ct ion of faul t ing is determined fo r I l earth quak('s occurring in the north Pacifie during llw years 

l!l50-l!l5:3. One or these is the grcat Kamcha tka c-arthquake or Xovc mbN .J., J!l52. Il is Rhown that this carth
quake \\·as probably a double one; soluti ons a re presen tC'd fo r each of the postula tecl shocks. 

Combining the present solu t ions \\"i th those publishecl earlier provid r>s 2.J. solutions fo r considerat ion. These 
indicatc- tlmt in Alaska, British Columbia and \Yashingt on faulting may be normal, thrnst or lranscurrent with 
no pattern yct apparent in t he direction of slrike or dip or the planes. In olher a reas or the north P ac ifie l ranscurrent 
faulting on sleeply dipping planes seems lo be the rnle. The slrikc d irect ion or the planes seems Lo be random, bu t 
the d ip veclor and the null veclors appear to liC' parallel to nearl_\· ve rtical pla nes. These planes probabl)' have 
some trc(onic significance, a llhough so far il has not becn possible lo establish ils exact characte r. 

INTRODUCTION 

A paper bas recently been published1 gi-ving fault plane solutions for a number of 
southwest Pacifie earthquakes. The present paper gives solutions for 11 earthquakes 
in the north Pacifie ; the two are to be regarded a companion papers, the same form of 
pre ·entation being followed in each. As in the earlier paper, it is assumed that the reader 
is familiar with the methods of the project. 

The solutions here presented deri,,e from questionnaires circulated in May, 1952 
and in March, 1954. 

PRESENTATION OF THE DATA 

Table I lists the earthquakes for which olutions have been attempted, in three 
groups. In the first of these no pattern was apparent, either because the earthquake 
was too small or because the beginning was complicated. vVhatever the cause, the 
distribution of compressions and dilatations was random. The second group consisted 
of fü,e earthquakes, all lying within ½0 of 50½0 N, 156½0 E , all with a focal depth of 60 
km., and all occuning between July and November, 1953. No solution could be obtained 
for these earthquakes, but for a different reason. Here whole groups of stations would 
be consistent among themselves, but the several groups could not be brought into a single 
solution. It seems clear that some mechanism more complica ted than failure under a 
couple is responsible for these earthquakes. In order that others may study these inter
esting cases all the motion data collected are listed in T able II, together with the distance 
and azimuths of each of the contributing stations from each of the epicentres. 

The third group of earthquakes consists of those for which solutions have been 
obtained. Table III lists the data on which the solutions are based. 

The nota tion used in T ables II and III has been described in earlier papers. 

' J . li. llodgson, " D i1·(•ct ion of Fault ing in Somc of thr Largl'r Earlhquakrs of the Soulh\\"Psl Paci fie, 1950-
l!li'i~", P ublirntions of the Dominion Ohscrvatory, 18, ~ o. 9, HJ5ü. 

2J9 

7):~ (i 2 
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TABLE I 

L1;;T oF EARTHQUAKEs Coi,;sm 1rnEo 

1 

II 

1 

Epicentrf' 
Focal Date (G.:\I.T.) Dcpth :\[agnitude Remarks 

cp 
1 

À 

Earlhquake.~ for which the data were Loo Jew lo permit a solution 

April 20, 1950 ... 09:50:44 45°X 150°E 0·00R 6½ Too few data 
Aug. 26, 1950 .. . ... 04 :39:27 65°:K 162°\Y 0-00R 6½ Too few data 
Sept. 2, 1950 ...... 02:47:23 52½ 0 :K 169°\\' 0 -0lR 6¼ Too few data 
Sept. 16, 1950 ...... 21 :58: 15 52½°K 178°E 0·0lR 6½ Too few data 
Jan. 18, 1951. . . ... 21:15:50 52°X 1 n ov.T 0·00R 6¼ Too few data 
Feb. 13, 1951 ...... 22:12:58 56°X 155½0 \Y 0-00R 7 Conflict of data 
June 25, 1951. .. . . . 16:12:32 61°.N" 150°w 0 ·0lR 6¼ Too few data 
July 19, 1951 ...... 20:41:25 51½°:K 17ï½0 W 0·00R 6 Too few data 
Aug. 24, 1951 ... ... 14:21:15 47°X 151°E 0·00R 6! Too few data 
Nov. 6, 1951. ..... 16:40:06 47°N 154°E 0·00R 7 Conflict of dala 
Nov. 8, 1951 . . . .. . 13:45:09 54½ 0 :N 160°\V 0·00R 6¼ Too fe\\· data 
Nov. 12, 1951. ..... 08:09:26 47°:N 154°E 0·00R 6½ Too few data 
Nov. 15, 1951. ..... 19:42:12 52½0 N 160½0 E 0·00R 6¼ Too few data 
Jan. 5, 1953 ..... 07 :48: 17 54°1\ 170°E 0 -00R 6¾ Conflict of data 

Earthquakes for which the data were sufficient but inconsistent 

July 1, 1953 ... ... 02:59:35 50½ 0 N 157°E 0·005R 6¾ Conflict of data 
July 22, 1953 .... . . 05: 11: 15 51°N 157°E 0 ·005R 6¾ Conflict of data 
Sept. 4, 1953 .. .... 07:23:05 50°N 156½E 0 ·005R 6¾ Conflict of data 
Sept. 23, 1953 ... ... 02:14:36 50½ 0 :K 156°E 0-005R 7 Conflict of data 
Nov. 10, 1953 ... ... 23:40:20 50~ 0 N 157°E 0·005R 7 Conflict of data 

Earthquakes for which solutions have been obtained 

Feb. 28, 1950 . . .... 10:20:58 46°N 143½0 E 0 ·05R 7¾ 
March 27, 1950 .... . 13:04:40 53½ 0 N 173°E 0·00R 6¾ 
June 27, 1950 ...... 15: -U:54 45½0 X 140°E 0-00R 6¾ 
June 22, 1952 ... 21:41:53 46°N 153½0 E 0·00R 7 
Xov. 4, 1952 . 16:58:24 52½0 X 159°E 0·00R 8{ 
Xov. 29A, 1952 .... 08 :22:34 53°N" 160°E 0·00R 7 
Xov. 29B, 1952 . . .. 23:46:25 56°:\1" 155°W 0 ·00R 6¾ 
Jan. 12, 1953 ... 17:23:39 49~ 0 N 156°E 0-00R 6¾ 
Feb. 25, 1953 . .. 21:16:18 56°X 156i 0 \Y 0·00R 61 
Mar. 5, 1953 . . . 21:01:23 51°K 158°E 0·005R 6{ 
Oct. 5, 1953 ... 04:31:40 53½ 0 X 160½0 E 0·00R 6} 
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T A BLI •: llI 

D ata on T"·r lw Earl hq ua krs fo r \l'hich So l ut ions " ·r n • Ob lain r d 

--

1 1 

Feb. ,\ fa rd1 June . June No,·. 1 No,·. Nov. No,· . Jan. Feh. ~farc-11 Ü C' t. 
RT ,\ TIO i 2~. 2ï , 2ï , 22. 4A , 4B , 29A, 2913 , 12, 2.5 , ,5, ,5, 

1950 1950 1950 1952 1952 19.52 19,52 1952 1953 1953 1953 1953 
------- --

Aberdeen . ( D ) C ( D ) DD C 
DO DO 

.Algeria Uni ver~ily . ( 0 ) C D 
AliC"ante . . C C C (D ) (C) C 

(CC) DO (CC) DO DO DO cc 
Al meria .. C D (D ) (CC) C C C (C) ( 0 ) D 

DO 
Apia . C 
A1 a1)uni . . D 
Arrala . ... .. C C 
Athens ...... D (C) (C) C (C) (C) 

rC 
Auckla nd ..... D D D 
Bandung ... C D D (C) 

DDD 
Base!. .......... C D C C C C C D C C 

cc 
Belgrade D C C D C D C D C (C) 
Berkeley . C C C D C C D D C C 

(cC) dD cC 
Ben n uda-Columbia . D D C C 

cC 
Besançon .......... . . DO 
Bogota . .. .. .. . . cc;i C C (C) (CC) 

DO DO 
Bologna .. C D 
Bombay . C 
Boulder City ......... C C 
Bozeman C D C D D D C 
Brisbane .... D D D C (C) D C C D (C) (C) 

DO 
Budapest . C (D ) ( D ) (D ) C 

DO 
Bulle ... (D ) C C (C) D D C C 
Calcu t ta ... (D ) C 
Cartuja .. ( D ) D C D D (D ) C (C) ( 0 ) D 

DD DO (CC) (CC) DO (CC) DD 
dD PcP =C 

ChiC'ago-
U.R.C.G.H .. ....... ... . . . . . D (D ) (D ) D (D ) 

C hina La ke .. C C 
C hin r hina . cc (CC) (C) 
Chris tchu rc h ........ D D 

(DO ) 
C hur ...... . .... C C D C C 
Cincinna ti ... . .. C C (D ) C C C D C C 

(dD ) C'C 
Cleveland .... C C C C C D C C 

C' C C'C 
College .. . . D C D D ( D ) C D C D 
CollmbNg . ( D ) C C C 
Colombo .. . . . (C) 
Columbia .. C C C (C) C D C C 
Copenhagcn .. C C (D ) C (D ) 

DO 
PC' P =C PcP =C 

De Bil l. ... C C C C C (C) C C 
(CC) C' C (dD ) 

Djaka rta .. D ....... ... .. . . . ...... . ...... .... D (C) (' C (C) 
DD cc (dD ) (rC) DD 

DDD 
Faye l le ville (C') C D D C C 
Flo,enre ... C C C D C C 
Fresno (' C D D C C (C ) D D C 

(dD ) cC cl D 
Fukuoko. C D D (D ) D C C C 
Grnha m,town . 

.. 1 
o; 

ll aiw<'e .... C C D 
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TABLE III- Conlinued 

Data on Tw<'lvc Earthquakes for which Solutions wcre Obtained- Conlinued 

-----

1 Feh l ., r.ceh I J,~ '""' 1 Xo,·. Xo, . . Xo,. Xo, 

,--
Jan. F<'h. i\ larrh Or t. 

1-iTAT!O); 28, 2ï, 2ï, 22 , 4.\ , 4B, 29A, 29B, 12, 25 , 5, -5, 
1950 19,50 1950 1952 l 952 1952 1952 1952 1953 1953 1953 1953 

------ ------1----------------- -1---1---

Halifax . C D (D ) C D C C 
Han·ard . C C C C 

cc 
HC>lwan (C) D n D D D (D) (D ) 
Hiroshima . . D C 
Hong Kong . . . . (C ) C C C C C 
H onolulu . . . (C) C C (C) (D) (C ) 
Huancayo .. D ', 
Hungry Horsc . C C C (C) D C (' 

rC 
Hyderabad . . D D ....... . . . (D) 
JC>na . . ... C 
Jersey . C 
Kiamata .. .. (C) D 
Kalocsa ...... C (D) D C (D) 
Karapiro . ... D 
Karlsruhe .... C (C) C C (D) C (D) D C 

PcP=D PcP=C 
Kew . .. . .. C D C C C C C 
Kirkland Lake . C D (D) C C D (C) C 

(CC) dD 
Kiruna .. . .. .. . ··· · · · . . . C C C C C C C 

dD PcP=C 
Kodaikanal . D 
K oti .. .. .... . . C C (C) C C ........ . .. . ... C 
K sara . . . . .......... . D D 
K umagaya .. .. C 
La Jolla .... C 
La Paz .. . . n; cc;) (C;) n; (D;) cc;) 

DD (CC) DD cc (CC) DD cc cc DD 
La Platta . .. cc o; 
Leipzig . (D) 

DD 
Lincoln . C C (D) C D C 
Lisbon .. C (D) D C D C 
Maebashi . C 
Malaga .. (D) D C (D) 

cc DD 
Manilla . D (C) D C C 

dD 
Matsushiro .. . C D C C D (C) C C C 

(DD) 
:\lerida .. (D) 
Mes,ina . D C 
i\i ineral. . C C C D C (C) C C 

dD 
Mount Hamilton . C C D D C C C (C) D D C C 

(CC) cc 
(dD) cC (cC) Pc-P=D 

Mount Wilson . C C D* 
Xagoya . C 
~ernuro . D C D (C) C 
Xeuc-hâtel . (D) ······ · ... . ... . . .... .. .. . . .. C C 
Xew DC>lhi C ]) 

XC>w Plymouth . D 
Xcw York City 

College .. . C C ( D ) 
rC 

1 . . . . . 

O,akH . . C C 
Ottawa C C C D 

1 

(' C C C C 
DD DD 

CCC 
Pali,HdC's C (D ) 

:-i 

C C (' 

Palo ,\lto C D 
(dD ) 

Palomar C C D D D D D C C 

• :--ee note in text re Pasadena group of stations. 
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T .\ BLE HI - Continuer/ 

D a ta on T wl' lvc Ea rthquakes fo r 1d1ich Solution~ 11·e1·c Ob tained- Conlinued 

Feb. ~l a rc· h Ju ne Ju ne No,·. No,·. No,· . N o\'. ,fan. Feb . 1 Marel1 Oct. 
RT .\TIO N 28, 2ï , 2ï , 22, 4.\, 4B , 29.\ , 29B , 12 , 2.'i , 5, ,5, 

1950 19.50 1950 19,52 19,52 1952 1952 1952 19,53 1953 1953 105:3 
·---

Pu .... adC'na (.' C D * 1) (' D D C C 
Pa,Y ia .. C (D ) C C 
Philadc lph ia C C C (C) C 
Pierce Ferry . (' C C 
Pie termarit zburg (C'; ) D', 
Pitt ,hurg h . D D 
Poona . . .. . D C 
P rague ... C D C C C C D C C C 

cc (DD ) 
cC 

PC"i ' = C 
Preto ria ..... n; c; 
Pueblo . . .. D 
Quet ta .. D ( D ) 
R a1lid C'it y C (D ) C D D C 
R u. th[arnha m C ( D ) C C C 
R eno . . . . C C C D C D D D D 

(cC) 
PcP =C 

R c,olulc Bay . .. C C C C (D ) C 
DD 

R eykjal'ik . . ... C 
cc 

Riven;id c .. C C D * C D D C C 
Riverview. D C . ...... . · ·· · · · ·· C D D 

cc 
(c-C) (cC) dD dD 

( PcP = C ) 
Rome .. C D C C C C D C 
Saint Loui ~. (' C C 
Rait La ke C ity ..... C C D (D ) D D D C C 
San Jua n. (D ) D C D C 

cc 
Santa Clara .. (D ) (D ) (C) C ( ' ) D (C) C 
Sap1)oro ... C' C D (C) C C C 

DD 
Rc·orc,shy Sund . C (D ) 

PcP = C 
(CCC) 

Sc,alllc, . . C ( D ) C 
Sendai C 1) D (C) C C C C 
Sc-l'en Fa ll s . D C 
Sha, ta . C C C' D C C 
:-:;hawinigan Falb . (' C D C C 

dD 
Shi llong .. . ..... .. C C 
Sitka .. . ... (D ) ( D ) (D ) (C) (C) (C ) C 
Skalna te Pleso . C 
Stara Dala ... . . C 
State C'ollcge . C 
~ l ra...;hou rg .. 1 (' C C C C C (C) C C 
Stut tga rt . :i (' C C C C C D C C 
~u va .. D 

( DD ) 
DDD 

:-;zeµ;Nl C 
T ac· uhaya . C D (C) . ....... · · ••· D 
T a 11 1anra:--;:--et . (C) D 
T ananari \"(' . (C) 

C'C 
TinC'maha .. (' (' D * C D ]) C C 
T okyo (' ]) D ( D ) C C 

dD 
Tric, te .... (' 

1 

C (' (D ) (C' ) C (' 
T uai ((' ) .. . . . . . . . . (C' ) 

* Ree note in tcxl rc l'a,adena group of stat ions. 

71 >186 :\ 
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Data 011 Twl'lvt• 1•:arthquakps for whi<"h Solutions 11·prc ObtainPd- Conclurlerl 

F<'IJ. ~l ar<'h .June . June );°o\' . '.\01·. );°()\', );° 0 1· . .Jan. Feh . ~lar<'h Od. 
ST,\TIO '.\ 2~. 9 -_,. 9-

- 1 ' 22. .JA, .JB. 29.\ , 29B , 12. 9 · -.J, 5. 5. 
1950 1950 1!),jQ 19,52 1952 1952 1952 19,;2 19.53 19,53 1953 1953 
-------- ------------- 1--1----

TUf'!-iOll (' C 1) D (' D (C' ) D C C 
(DD) 

l'ede ]) D C' ( D) 
PC'l,=D 

'Gkiah ]) J) 
1 Cpp,ala . . (' C (' C C C C C' C 

(CC') 1 

Pd,=C ( Pd,=C ) 
ViC'(oria . C (' C D D D D C 

cc 
cC cC 

\\'ajima C C 
\\'ellington . D 
\\'es ton D C D C 
\\'itteYcen . . (D ) . . D ... 

1 

C 
Zurich . C (C ) C C C C C D C C 

Two of the earthquakes listed in Table I occurred on the same day, ::'\ovember 29, 
1952. To simplify reference to these earthquakes the dates have been called Nov. 29A 
and Nov. 29B. The theory ,vill ubsequently be advanced that the earthquake of 
November 4, 1952 was a double one. In Table III the postulated shocks have been 
referred to as Nov. 4A and No,·. 4B, 1952. 

ANALYSIS OF THE DATA 

Earthquake of 10:20:58, Feb. 28, 1950. <f> = 46°N, À = 143! 0 E 

T ABLE IV 

Total K umber of Observations ....... . .. . . 

N umber of Inconsistent Observations ..... . 

p 

88 

14 

P ' 1 

5 

2 

pp 

6 

2 

pP PPP PcP 

9 1 1 

5 0 0 

Total 

110 

23 

The solution for this earthquake is given in Figure 1, the data being summarized 
in Table IV. The number of inconsistencies is about normal, and the solution cannot be 
much in error. It might be argued that circle b should have been made larger, to separate 
Helwan and Ksarn. Thi1:, ,rnuld ha,·e made Honolulu correct, but would have made 
Athens and the PcP obsel'\'ation of Prague incorrect. In any e,·ent the t\\'o solutions 
do not differ much geologically. 

Earthquake of 13:04:40, March 27, 1950. <f> = 53 ~0 N, À = 173°E 

The solution for this earthquake is shown in Figure 2. As shown in Table Y, there 
are 7 incon:-;istencies out of a total of 48 obserntt ion,;. X one of the inconsistencies is 
senous. It might ho\\'e,·ei· be noticed that circle b i,-1 clefinecl by the ob,;ernttion at 
Brisbane, which obsen,ttion is described as doubtful. The position of the circle may not 
be as ,,·ell defined as it appears to be. 
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TABLE y 
p pp 

Total number of Obse1Tations. . . ... . . . .. . .... 45 2 

Xumber of Inconsistent Ob:errntions .... . . .. . . 6 1 

Earthquake of 15:41:54, June 27, 1950. rf> = 45½0 N, À 

TABLE VI 

140°E 

Total K umber of Observations ...... . .. .. . . .......... . 

Tumber of Inconsi ·tent Obsen·ations ..... .. ..... . . ... . 

p 

49 
3 

pP 

1 

0 

pp 

3 

1 

T otal 

4 

7 

Total 

52 
4 

None of the inconsistencies which are listed aboYe is serious, but there are 4 other 
inconsistencies which have been concealed. These corne from four station of the P asadena 
group, indicated by * in T able III, all of which reported a very small initial hort
period compression followed by a much larger and longer period dilatation. These four 
station observations have been interpreted as dilatations. This was clone because the 
separation farther north in California was so sharp that it was concluded that the 
short-period disturbance was from orne preceding disturbance. 
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Earthquake of 21 :41 :53, June 22, 1952. <j) = 46°N, À = 153 ~0 E 

The Rcore for this earthquake is Rhown in Table YII, and the solution is illu. trnted 
in Figure 4. ircle a accomplishes a ,·ery satisfactory separ:üion, both in North America 

T.\BL8 VII 
p pp pP PcP P ' 1 Total 

Total Tumber of Obse1Tations ... . ... 66 6 3 2 1 78 
K umber of Inconsisten t Observations ....... .. . 16 2 0 0 1 19 

and in Australia, the only seriom; inconsistencies being Sitka and Fayetteville. Circle 
bis not so well defined. It might well be drawn with a shorter radius, to make Budapest 
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and Lisbon correct and Cartuja, Rome and Belgrade wrong. The position chosen gives 
the better score : in any event the two Rolutions would not differ significantly from a 
geological point of Yiew. 

Earthquake of 16 :58 :24, Nov. 4, 1952. <j) = 52 ~0 N, À = 159°E 

In a paper read before the Eastern Section of the Seismological Society of America, 
Hutchinson2 discussed the epicentre of this earthquake and of its several a ftershocks 
and ad,,anced the hypothesis that the main shock had a focal depth of about 40 km. 

2 Il. O. llu tchinson , "Tlw K amchatka Earthquakt'~ of .\"ovember l!J52" , Earlhquakc Notes, 25, :i--J , :iï--J 1, 1 \l51. 
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This conclusion was based on the existence of a very large secondary phase which occurred 
at rnnny stations about 12 seconds after the initial movement. Hutchinson interpreted 
this phase as pP. 

In the discussion which followed the reading of the paper the question was a ked 
,Yhether a first-motion study had been attempted. Hutchinson replied that an attempt 
had been made, but that there were many conflictions. Someone observed that confu ed 
first motion seemed to be characteristic of very large earthquakes and might indicate 
that in these cases the speed of fault propagation might be comparable with the speed 
of seismic wa ves. 

First-motion data had already been collected by the author. Examination of these 
data suggested that the earthquake might in fact be a double one, and that the large 
second phase, interpreted by Hutchinson as a pP might be the P of a second ·hock. To 
test this hypothesis the P - H times of al! reported phases were compared with the times 
calculated from the Jeffreys-Bullen tables. The results of this compari on are shown in 
Table VIII. 

TABLE nn 

Travel-lime of Rcporlctl Phases for the Kamchatka Earthquakc of Xov. 4, 1952, Compared wilh lhoRc 
Calculated from lhe J effreys-Bullen Tables 

Stalion 

Xemuro .... . . .. . . . . ........................ . 
Sapporo .......... . ...... . . .. ...................... . 
Sendai .. .. ................... . . . .. . . .. . .. . . . . 
Maebashi . . . ....... .. ... . .. . .... . .. . . . .. . .. . . 
Kumagaya . . . . . . . . . . . .. .... . 
\Yajima ... .. .. . .. . . . . .. ............ . 
Tokyo. . . .. . . . . . . - • - • · • • · · · · · · · · · · · · · · · · · ·1 
:\Ialsushiro ... . . .. . . .... .. . 
Osa.ka .... . .. ... . .. . ... . . .. ............ . ........ .. . . 
Koehi .... .................. . 
Collcge . . . . ... . ...... ... . 
Sitka . . .. . . 
Rcsolutc Ba.,· ... 
Honolulu . . . 
Hong Kong ..... . 
\ïctoria . . . . . . . ... . ........ . .. . 
Seattle . . 
:\1anilla 
l:kiah .. . .. 
Buttr .. 
BPrkclP.v ..... . 

Hanta Clam .. . 
:\It. 1 lamilton P . . . .. 

Boz(•nuu1 . . 
Kiruna .. . 
FrP!--llO. 

llivrr~id<· . 

Palomar ..... 

12·9 
15·2 
19·1 
21 ·5 
21 ·6 
2l·ï 
21 ·8 
2l -8 
2-1 ·6 
26·4 
29·2 
36-ï 
,1,1.0 

,15.5 
-1,5·6 
,Iï-2 
,13.;3 
-18·5 
5:3 ·2 
5-1·5 
51 ·G 

55· l 
5,5 .;3 

55 .5 
55·!) 
5(i · l 
60 ·2 

60·9 

Calc.-Obs. 

9 
l 
9 
9 
9 
5 
ï 

-12 
- 9 

+ 2 
- l 
+ 2 
+ ,1 
-10 
+ 1 
- 2 
- 2 
-11 

+ l 
+ l 
-11 
-U 
+ ➔ 

6 
;3 

+1 
+ •I 
-10 
+11 
- 3 

I 

(C ) 

D 
(C ) 
C 
C 

D 
C 

(C ) 

C 
C 

C 

C 
C 
C 

II 

C 
C 

C 
C 
C 

C 
C 
C 

C 

(D ) 

C 
C 

C 

C 

D 
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T.\BLI•: \'Ili ('011/'/1ufrd 

Trav<•l-linws of H<'po1·l<'d Phas<'S for thP l{anwhatka Ea1thquakc• of .\ov. 1, J\l,'i:2, C'ompar!'d 11ith thosp 
CalrulalC'cl from tlw Jpffn',,·s-llullPn TablC's 

Upprnla . . . 
TucRon . .... ... . 
Lincoln . .... ......... . 
Kirkland Lakr 
Abrrdrrn P ... . 

PP . . . 
Ottawa . .. . . 
:-;kalnatr .. . . . . .. . 

8talion 

Cincinnati .... . ... .. ..... . ... . . 
Prague . . . . . . 
Bandung .... . 
Rathfarnham . . ......... .. ....... .. .... . . . .... . 
Pi lt sburgh .. . 
Budapest ... ..... .. ...... .. . .. .......... . . 
J,;-ew .. . . . . 
\Ycston . . . .. . . 
Kalocsa.. . . . . . . . . . . . . . . . . . .... . .. .. . . ....... . 

tuttga.rt. .. . . . . ... .. ... . ... .... .. . ... . .. . . . . . 
Strasbourg ... . . ..... . . .. . . . . . ..... . ...... .. . . 
Halifax ... .. . . . . . . . . ........ .. . .. .. ... .... . ........ . 
Belgradr ... .... . ............... . . . ........ . 
Philadelphia .. . ..... .. . . . . . . .. .. . . .......... .... .. .. . 
Basci ... ... . ..... ... ... .. . . . .. ...... ..... . . 
JCl'RC'Y ... ' . ' . '.' . .. ' . . .. ' . . .. ' . . .. ' ... . ' .. ' ' . . ''' ' 
Trieste. . . . . ....... . ...... . . .. . • . . . • ... • • • • • • • • · 
Columbia . . . . . . . . . . . . . . . . . . . . ....... . .... . ... . 
Pa via ......... . .. . . . . . . . . . .. . . . 
Bologne . . . . . . . . . . . . .. .. ...... . 
Florence ..... . . . . ........... . ... . . . .. . .. .. ........ . . 
BriRbane .. . . . . . . . . . . . . . . . ..... . . . . .. . 
Rome . .... . . . .. . . .. .. ... . ......... ..... ... . . . . . . . 
Tacubaya. . . . . . . . . . . . . . . . . . . . . . . . . . .. . .... . . ... . 
Pueblo .. . . . . .... . .. . . . .... . .. ..... . . . . .. . . . ..... . 
:\krida . . . ... . . . . . .. . .. .... . . . . . .... . ...... . 
IIrhrnn .. 
Rivervirw .. 
Alicante ... .. ' . ' . ' ' ' ' . . . . ' . . . . . . 1 

Lisbon . . . . . . ..... . .. . . . . . .. . .. .. . . .. . 
Carluja . . . . . .. . . .... . 
Alnwria P .. . ..... . . . ... . ......... . . . ....... . . 

PP... .... . . . . . .... .... . 

:\W~a.. .. . . ·· · · · · · ·· .. 
Auckland . . . . . ..... . .. . ..... . ... . ...... . 
.\pw Pl~·mouth .. . . 
Kiamata . . 
Christ ('hurch . . 
S,tn Jwtn .. .... . 
Tam,rn1·ass<'l .. . . . 
Chinrhura . . . 
Bogota P .. . . 

PP .. . . 
La Paz P ' .. . 

PP . . . 

G:l · li 
(i5-2 
GG-:l 
(iÏ ·Ï 

(i!)-1 

ï J. (i 
ï2•(i 
ï:l · :l 
ï:l -:l 
73.5 
ï:l ·G 
7cl·l 
7-1•5 
74·8 
75.3 
75.4 
75.7 
76·2 
7G·4 
7G·5 
7G·5 
7ï·2 
ïï-2 
7ï-G 
79·1 
7U·l 
79.3 
80-0 
80 -0 
8l·4 
81 ·7 
82-5 
85·7 
8G·O 
86 · 1 
87·6 
88·-l 
8!)·2 
8!)·4 

8!)-8 
!)(),2 

!l2 -:l 
!)5- 1 
\lli·O 
\)!) ·2 

IOL · 1 
lOli· 1 
lOï •;3 

128· 1 

C'alr .-<)bs. 

2 

+ 
8 
8 
() 

,5 
2 
G 
8 
1 

+ 2 
l 
8 
l 
ï 
4 
3 
0 
7 

+ 2 
4 

-16 
5 
:l 
G 
ï 
3 
4 
4 

-10 
-ll 

!) 

:l 
7 
8 
;3 
4 
6 
2 
5 

-1:l 
-27 
-18 
-15 

:i 
- :i 

- 5 
-10 
-J:l 

l 

+ 1 

I Il 

C 
C' 

( D ) 
D 

C 
DD 

D 

( D ) 

C 
C 
D 

(D ) 
C 

D 
D 

C 
C 
C 

D 
C 
C 

C 

C 

D 
C 

(C ) 
C 

D 
D 

(D ) 
D 

C 
C 

D 
D 

(C'C J 

]) 

]) 

l) 

l) 

1) 

(' 

]) 

(C l 
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Examination of the table shows that the residuals obtained by subtracting obse1Ted 
times from calculated times ,·aries as much as -12 secs. to + 11 seconds. This certain ly 
suggests some discrepancy in H time. It was decided that phases with a residual of Ü" ±-1 ' 
would be assigned to a first shock with an H time of 16: 28 : 24, while those with a 
residual of -11" ± 4" would be assigned to a second shock, with an H time of 16 :2 :34. 
Pha es whose residuals fall outside the indicated limit · are not used, since it i · not clear 
to which shock they belong. The table indicates, by entry of the first-motion obser
vation in column I or II, which shock the particular phase has been a ·signed to. 
P arentheses enclosing a motion observation indicate that it is inconsistent with the 
solutions shown in Figures 5 and 6. 

b 

0 Mcnlla 

®@ 
b 

a 

\ 

Figure 5 
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Figure 5 presents the solution for the first shock, Figure 6 for the second. The 
number of inconsistencies in the first shock as shown in Table IX is large, probably 
reflecting the small size of this initial shock. On the other hand the solution for the 
second, and larger, shock has only b\'O inconsistencies as shown in Table X. 

T ADL8 IX 

Total l\umber of Obsel'\'ations .. . . .... . .... .. . 
Kumber of Incon istent Observations . . ....... . 

p 

42 

pp 

2 
2 

p ; 
1 
1 

Total 
-15 
11 
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Figure 6 

TABLE X 

Total Xumber of Observations .. .................. . 

/ 
/ 

I 

2 
a 

FlllU PLANE f'R(M;CT 
~ of Ne,. 4, ~ H•l6 ~ l4UT 

,P •52:t• N l,, 159• [ 

h •OOO R 

p Comp-lMO'I O P OdatatO'I 6 

p ~ • p [)~ 6 

v,,1 o.•crcc 

N umber of Inconsisten t Observations ....... .. .... .. . . . 

p 

29 
2 

pp 

2 
0 

2:l ,i 

Total 
31 

2 

If Hutchinson's interpretation i:-, correct, all the obserYations plotted on Figure 6 
as P 's should be plotted on Figure 5 as pP's. For a normal focus earthquake pP plots 
at about the same extended distence as P but at the opposite azimuth, and is plotted with 
a phase change due to the reflection. Comparing Figures 5 and 6 it i8 clear that nothing 
but confusion ,rnuld result if the transposition were to be carried out. This i1, an addi
tional argument in fa,·our of the present interpretation. 

There is a good deal of similarity between the solutions; in both case:-, ,Ye ha ,·e steeply 
tlipping planes, one lying apprnximately north-south, the other ea:-,t-west. It shoulcl be 
noted however that the-motion directions differ in the two cases. 

Earthquake of 08:22:34, Nov. 29, 1952. cf> = 53°N, À = 160°E 

The solution for th is earthquake is shown in Figure 7, while the data are summarized in 
Table XI. The score is rnther poor. This reflects some of the uncertainties. For 
example, circle a might corne inside Pa,·ia and \Yi tte,·een, and circle b might be c.lrawn to 
make Halifax wrong and Columbia correct. In short , there seems to be some doubt 
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close to the line, and many of the incon istent observation are called doubtful by our 
collaborators. In spite of the poor score it eem probable that the solution is very 
nearly correct. 

TABLE XI 

Total Number of Observations . .......... . 

T umber of Inconsistent Observations ... .. . 

p 

47 
13 

P' 1 

1 

0 

pp 

11 

2 

Earthquake of 23:46:25, Nov. 29, 1952. cf> = 56°N, À. = 155°W 

pP 

5 

2 

PPP PcP 
2 1 

1 0 

Total 

67 
1 

The only serious interpretational difficulty arose in California where Mount Hamilton, 
Fresno and Santa Clara reported unqualified compre sion ,vhereas the rest of California 
reported weak dilatations, \Yith many station: making no report. ,\. different solution 
than that shown in Figure 8 might have been drawn to make the separation in California, 

TABLJ,} XII 
p pp ppp PcP Total 

Total Xumber of Observations . . ..... . ..... . .... 49 10 2 2 63 
Xumber of Inconsü,tent Ob::;ervations ............ 9 4 0 0 13 
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Figure 8 

but this would have made a great many other stations inconsistent. The score given 
in Table XII is reasonably good, and it is probable that the solution is reasonably 
correct. 

Earthquake of 17:23 :39, Jan. 12, 1953. cp = 49½ 0 N, À. = 156°E 

It was mentioned earlier that the second group of earthquakes listed in Table I, 
haYing their epicentres in the Yicinity of 50~ 0 l'\, 156~ 0 E, seemed to deri\·e from n, more 
complicated mechanism than that po:-;tulated in these :-;tudies. The present earthquake 
lies in about the same area, and exhibits some of the clifficulties experienced in the main 
grnup. The tentatiYe solution for this earthquake is :-;hown in Figure 9. 

K ote first of all that the stations in the northweHt quadrant of the map, repre:-;enting 
Europe and Africa, are fairly evenly di,·ided hetween compre:-;sions and dilatation:-;, but 
in a ranclom sort of way. Actually, if all the :-;tationH ,rnre plotted, the re:-;ults would 
be numerically in fayour of cornpresHion:-;: moreü\·er the dilatation ob:-;en·atiom, are nearly 
all called quest.ionable, or limited in some way. On the whole there seems to be :-;orne 
justification for taking Europe to be compres:-;ional. 

Turning now to the K orth _\.merican station:-;, lying in the northea:-;t q undran t, i t 
seems clear that there ü, a separation between ea:-;tern and we:-;tern :-;tations, although 
the exact point of separntion is not clear. Circle a ha:-; been clrnwn to make College 
consistent. By shortening up the radius of this circle pP Djakarta might have been 
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Figure 9 

made consistent a well, but this would have been at the expense of pP De Bilt and P 
Karapiro. The circle is probably not much off its true position, but it hould be noted 
that the unqualified observations at Tucson and Honolulu are made incon istent. The 
position of circle a being admitted, that for circle b i closely limited by the orthogonality 
criterion and the separation in southeast Asia. 

The core for the solution is shown in Table XIII. In appraising the number of 
inconsistencies it should be noted that many stations mentioned a double begim1ing, an 
eP followed in 2 seconds by an iP. This might account for errors at the weaker stations. 

TABLE XIII 
p P' l 

pp pP PcP Total 
Total N"umber of Ob. erYations ............ 50 1 5 6 1 63 
~umber of Incornü tent ObserYatiom;. ..... 11 1 1 3 1 17 

Earthquake of 21:16:18, Feb. 25, 1953. <p = 56°N, À = 156 ~0 W 

The solution for this earthquake ü, :-;hown in Figure 10. . \.s ::;ho,rn in Table XIY, 
the number of inconsi::;tencies is about normal. Two 0Toups of these are worth discu ·sing. 
The Spani::;h :-;tation:-;, Cartuja, .\..licant, and ..\.lmeria, (only Cartuja is shown) all give 
compre:-;sions, which are inconsistent. Such a ·olid ::;elf-consistent group of ·tatiorn,, 
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inconsistent with the solution, constitutes a serious criticism of it. A second inconsistent 
group is presented by Bogota and Chinchina, both of which give unqualified compressions. 
The reader should bear these two groups in mind in entluating the solution. 

TABLE XIV 
p P' 1 

pp pP PcP Total 
Total Number of Observations . . . . ........ 67 2 G G 3 84 
Number of Inconsistent Observations ... .. . 1G 0 2 0 0 18 

Earthquake of 21 :01 :23, March 5, 1953. cf> = 51 °N, À = 158°E 

In anfring at the solution shown in Figme 11, two groups of stations presented 
serious difficulty. Firstly the dilatations recorded at Almeria, Cartuja, Helwan and 
Quetta, together \Yith the PcP at Uppsala suggested that a compressional circle shoulcl 
be drawn to lea,·e these stations on the outside. This circle coulcl have been drawn to 
include College and PP San Juan and ReykjaYik in the OYerlap, but it could not at the 
same time take account of the compressions recorcled generally in ~\.sia . 

• \. second problem was the separation suggested in Am,tralia by the fact that River
Yiew and Brisbane inclicate opposite senses. It has not been pos:-;ible to accomplish 
this separation, which is unfortunate since the Brisbane observation i:-; regarded as good 
by om collaborator. 
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Figure 11 

Despite these doubts the score for the solution, as indicated in Table XV, is very 
satisfactory. 

TABLE XV 
p P{ pp pP PcP Total 

Total Number of Observations .. . . . . . . .. .. 71 2 8 5 3 89 

Number of Inconsistent Observations ..... . 8 1 2 2 2 15 

Earthquake of 04:31 :40, Oct. 5, 1953. <f> = 53½0 N, À = 160½0 E 

The score for this earthquake, as shown in Table XVI, is very good. Despite this 
there are some doubts as to the exact position of the circles, although the approximate 

TABLE XVI 
p P' 1 

pp pP PcP Total 

Total Number of Observations . . ........ . . 84 1 5 2 1 93 

Number of Inconsistent Observations . ... . . 12 0 0 0 0 12 

position is not in question. For example (see Figure 12) Bandung and Djakarta, both 
of which recorded compressions, could have been made con istent by an increase in the 
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radiu of circle a but this would have made at least five other stations wrong (Helwan, 
Upp ala, Kiruna, PP Almeria and PP Cartuja). Despite this problem, it is clear that 
the solution cannot be much in error. 

SUMMARY AND DISCUSSIOK 

In the fault-plane project to date, solutiom,, or partial solutions ha,·e been obtained 
for 24 north Pacifie earthquakes. This number compares favourably with the 30 ·olutions 
which were a,·ailable for discussion1 in the southwest Pacifie. In the present case howe,·ei· 
the epicentres are spread out o,·er a much wi<ler area, and there are not sufficient data 
for any one arc to allow an independent discussion such a.· that given for the New Hebrides 
arc. Instead we shall be guide<l by the findings in the ·outhwest Pacifie and im·estigate 
whether similar patterns may exist in the north Pacifie. 

Data for the 24 solutions available are summarized in Table XVII; the table includes 
data taken from three earlier papers 3

' 
4

' 
5

• As in the analogom; table of the earlier paper 
there are three principal columns. The first fo,ts the earthquakes, gives the pertinent 

3 J. H. lloclgson and \\'. G. :\Iilnc>, "DirPction of Faulting in CPr(ain Earthquakc of tlw Xorth Pacifie" , Bull. 
Sc is111. Soc. , 1111 ., --l.1, 221-2--12, J!J5L 

• J . li. llodg~on and H. 8. StorPy , "Din•clion of Faultinii; In Rome of the L:trgl·r Earthquakl•s of HJHl" , Hull. 
S1im1. Sot . . 1111., --1·1, 5ï-8:l, 1H5--l. 

• J. Il. llodgson, "Fault-PlanP Rolution for tlw Tango, Japan Earthquakl' of \lt,rch ï, l!l2ï " , Bull. Sl'i., 111. Sor . 
..1111., .J;'i, :3ï-.J.1, l\l55. 
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data nbout them , and attaches numbers to thern. These numbers luwe been assigned 
in a clockwi:-;e direction around the Pacifie: on the .\si::rn sicle they nm from south to 
north , in the Aleutians from ,,·est to east, and in Xorth .\merica from north to south. 

The :;;econd principal column in Table XVII gives the :-;trike and clip of plane a and, 
supposing it to represent the fouit, gi,·e:-; the projection , in the direction of :-;trike and in 
the di rection of clip, of a unit , ·ector clram1 in the direction of the displacement. f,;imilar 
information for plane b is given in the third principal column. \Yhere possible in Table 
XVII the designation a ha:-; been given to that plane Rtriking into the northeast quadrant, 
the designat ion b to that plane striking into the northwest quadrant . In two cases 
(earthquakes 3 and H)) neither plane strikes into the northeast quadrant so that the 
system breaks clown. 

It should be stressed that the de:,;ignation of a particular plane a:,; a or b is quite 
arbitrary, and there is no reason to belie,·e that the planes listed as a are 111 any \Yay 
related. The de::;ignation is simply a matter of c01wenience. 

NATURE OF THE FAULTL\"G 

Examination of Table XVII shows that for those earthquakes numbered 1 to 18 
inclusive the strike component i much greater than the clip component. Thi indicates 
strike-slip, or tran current, faulting. Within the limits of these studies then, strike-slip 
fau lting is the rule in Pacifie earthquakes from Japan through the Aleutians as it was 
in the outh,Test Pacifie. It is only when "·e corne to the earthquakes of Alaska and the 
British Columbia coast that different conditions obtain. In this area only one earth
quake, the Queen Charlotte Islands shock of August 22, 1949, resulted from transcurrent 
faulting. Three others (numbers 19, 22 and 23) were the result of normal faulting while 
one (number 24) apparently resulted from thrust faulting. 

These findings may be summarized as follows: strike-slip faulting is the cause of ail 
north Pacifie earthquakes itwestigated except for those in .\laska and off the coast of 
British Columbia and Washington. In these latter areas normal, thrm,t and strike
slip faulting ail occur. 

TABLE X\'III 

lklationship of Comprrssional ( +) and T Pnsional (-) Dip Compo1wnls lo Focal DPpt h 

F o('al 
Dcplh 

.Japan \ ïadi\'ostok 
.\rca 

Sakh,din 
I ,lancl, 

Kurilc 
blancl s 

Arca 

Kamchatka .\l eu tian 
Islands 

-1 + . - 1 + - + 1 - ! + - + - 1 + -

·08 1L. 1 1 Il 

·O.:rn ... 
·03 1L. 

·O IIL. 

·00 lL . 

Surfaee . . 

4 •) ., ., 

.\la,ka 

+ 1 ---

British 
Columbia 

and 
\\"a~h ington 

C'oa,t 

+ 

3 

Total 

+ 

1 n 11 
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In Table XYII a sign has been assigned to the dip component of displacement in 
each case, a negatÏ\·e sign indicating a tension displacement, a positi,·e sign indicating a 
thrust displacement. These data haYe been collected in Table XVIII, where they are 
listed by geographical location and by focal depth. While the data are too few to permit 
a final conclusion, it does not appear that either tensions or compressions are associated 
particularly with any arc or with any range of focal depth. 

DIRECTION OF FAULTIXG 

The earlier paper on southwe t Pacifie earthquakes1 dealt with bocks principally 
associated with two features, the New Hebrides arc and the Tonga-Kermadic-New 
Zealand arc. Each of these arcs has a relatively simple form and can be approximated 
to by a single direction This simplified the attempt to relate features of the fault 
solutions to features of the associated arc . In the present case there are a large number 
of arcs to be considered. Most of these have high curvature so that there is no ingle 
direction which can be associated with any arc. Add to this the fact that we have much 
fewer solutions for each arc and it becomes clear that only a very tentative analysis of 
the data may be attempted. 

For the purpose of thi analysis the north Pacifie will be divided into three areas, 
the northwest Pacifie, from Japan through Kamchatka, the north Pacifie consi ting of 
the Aleutian , and the northeast Pacifie, comprising Alaska and the Briti h Columbia 
coast. 

The strike direction of the fault-plane for the northwest Pacifie group is investigated 
in Figure 13. The earthquakes are numbered according to the same system u ed in 
Table XVII, the two sets of numbers corresponding to planes a and b. Recalling that 
plane a by definition was that striking into the northeast quadrant while plane b was 
that striking northwest, it is clear that there is no uniformity of strike direction. In 
this area numbers were assigned from outh to north. If the planes associated with a par
ticular arc were to have a common direction we should expect to find a consecutive group 
of numbers (as, for example 9 to 13) associated with a single direction. This does not 

N 

Strike D1recl1011s Japon - Kamchatka 

Figure 13 
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occur. In Figure 13 the focal depth of the earthquakes are indicated by the length of 
the line. It is obvious from the figure that there is no relationship between the depth 
of focus and the direction of the planes. 

Figures 14 and 15 give the equivalent data for the north and northeast Pacifie areas 
respectively. While the data are scanty, there is certainly no clear indication of a syste
matic arrangement to the direction of planes a and b. 

'O 

Direction of Dip 

N 

Strike Directions -
Aleutions. 

Figure 14 

N 

23 

Strike Directions 

Alaska - Washington . 

Figure 15 

,., ·~. 

In the earlier paper on southwest Pacifie earthquakes1 it was shown that the dip 
vectors for the earthquakes associated with a particular arc have a tendency to lie parallel 
to one or other or a pair of planes, steeply dipping but bearing no obvious relationship to 
the direction of the associated feature. This was demonstrated by diagrams drawn with 
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an inYerse stereographic projection in which the epicentre of the earthquake rather than 
its antipodal point is used as the pole of the projection. It is a property of the projection 
that a plane passing through the origin, having a certain strike direction and a dip ô will 
project into a line with the same strike direction and at a perpendicular distance = cot ô 

from the origin. 

This projection has been used in Figure 16 to study the dip vectors of the earthquakes 
lying between Japan and Kamchatka. The open symbols have been used to refer to 
planes a, closed ones to planes b. Examination of the figure shows that the open symbols 
tend to lie in a direction N 70°W, and that the closed ones tend to lie in a direction 
N 38°E. There are two exceptions to this, earthquakes 2 and 7. By interchanging open 
and dark symbols for earthquake 7, which is justified since there is no significance to the 
designations a and b, this earthquake can be brought into line. This leaves only one 
shock, number 2, inconsistent. 

We conclude that for all but one out of thirteen earthquakes, the dip vectors define 
a pair of planes. One of these planes strikes N 70°W and dips to the southwest at an angle 
of 88° ± 6°, the other strikes N 38°E and dips to the northwest at an angle of 86° ± 8°. 
The uncertainties are not standard deviations but simply the limits necessary to include 
an 'observations. 

. , 

I• •• 

,. 
•' 
L .... l.ti. I 

N 

•• 

•• 

, .... 

:i.. Uni l)shn:e 

.Qip.._,tors~--

Fècol Deptt, Pore 0 Pore b 

Srix:e-0OOR 0 • 
0 ·0IR- 0 03R 0 • 
004R-0 08R A • 

Figure 16 

Figure 17 gives similar information for the Aleutians. Admitting that the data are 
too few to permit any final conclusions to be drawn, two directions seem to be favoured, 
one striking N 23°W and dipping to the southwest at an angle of 86?5 ± 2?5, the other 
striking N 61°E and dipping to the southeast at an angle of 88?5 ± 1?5. 
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The points of emergence of the dip vectors for the area from Alaska to Washington 
are shown in Figure 18. Within the limits of the present data it seems clear that the 
arrangement here is random. It has already been shown that this section of the Pacifie 
is unusual in that transcurrent faulting does not predominate ; the random orientation of 
the dip vectors is another indication that this area differs from other circum-Pacific ones. 
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Direction of th e Xull î ' ectors 

The null vector is, as defined in the earlier paper1, the vector joining the points of 
intersection of the two circles. It is drawn always in the sense from the epicentre to the 
other point of intersection. In the southwest Pacifie it was found that the null vectors 
lay nearly parallel to an almost ,·ertical plane having the strike of the feature with which 
the earthquake was associated. 

The strike and clip of the null vectors for north Pacifie earthquake · have been given 
in Table IXX, and the null vectors for the area from Japan to Kamchatka have been 
plotted in Figure 19. Here two planes appear to be defined, one striking 47°W and 
dipping to the northeast at an angle of 86° ± 4°, the other striking J 34°E and dipping 

Earlhquakc 
Xumber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

JO 

11 

12 

13 

Strikc 

X orthwesl Pacifie 

S3-!0
\\' 

X:H?5E 

:\'47°\Y 

X-!8°\\' 

X53°E 

X62 .5E 

X-!2°\Y 

S5°\Y 

X47°E 

X36°E 

X-H 0
\\ ' 

X2°E 

:\'30°\r 

TABLE XIX 

Strike and Dip of lhe Xull Vectors 

Dip 

61?6 

-!6?1 

6-!?-! 

51 ?6 

7-!?3 

73?0 

65?3 

55?9 

65?7 

67?5 

83?6 

62?2 

65?0 1 

1, 

Earthquake 
Xumber 

1-! 

15 

16 

17 

18 

l9 

20 

21 

22 

23 

2-! 

Strike 

X orth Pacifie 

Xl7°E 

S57?5E 

X orthcast Pacifie 

:\'30°\\' 

Xot Defincd 

S6:~?5E 

X69°E 

X 17°\\. 

S-1.7?5\Y 

Dip 

71 0 

90° 

6-!?8 

61?3 

oo 

67?8 

29?6 

9?7 

1;0 the southeast at an angle of 86° ± 4°. Two earthquake lie out ide the indicated 
boundaries, numbers 8 and 12. These might be regarded as defining a north-south 
striking plane, but until many more earthquakes have been reduced for this area it i , 
better that they be regarded as exception·. 

The equirnlent diagram for the Aleutians is given in Figure 20 . Here a single 
direction appears to be defined, striking :X 75°"\Y and dipping to the ·outhwest at an angle 
of 8r5-2~5. There is one exception, earthquake number 16. In this case the data 
are so few that the interpretation must be regar<led only as a tentative one. 
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Finally, in Figure 21 , are plotted the null \'ectors fo r the area from Ala.,ka to \Yash
ington. The scale of this diagram i::; only 1 10 that of earlier diagrarns, so that the linear 
arran gement indicated may be more apparent than real. The fact that point 19 is at 
an infinite distance dictates one strike direction of N 30°\7\T, and this direction appears 
to satisfy earthquakes 23 and 21 , if we take the clip as northeast at an angle of 65° ± 25°. 
A second plane, striking N 53°E and dipping to the southea,;t nt an angle of 65°, conta ins 
the \'ec tors fo r earthquakes 22 and 24. 
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Figure 21 

In the earlier paper it was shown that the null vectors of the N"ew Hebrides earth
quakes, for example, lie close to a vertical plane having the strike of the New Hebrides 
arc. Similarly the null vectors of the Tonga-Kermadec-New Zealand earthquakes 
define a nearly vertical plane haxing the mean direction of that feature. \\7hat inter
pretation are we to place on the directions defined by Figures 19 to 21? 

Earthquake epicentres for the area covered by Figure 19 may best be studied in 
Figures 17 and 18 of Gutenberg and Richter's6 "Seisrnicity of the Earth". Examination 
of these figures will show that the earthquake epicentres make a very complicated pat
tern and it is probable that interpreters will differ in determining trends. The following 
interpretation has much in its favour. 

In Figure 17 a line drawn through the point 30°N, 130°E and striking N 3 °E is a 
good approximation to the bands of islands, -volcanoes and normal-focus earthquakes 
stretching through Japan, the Kuriles and Kamchatka. The line is, of cour e, only an 
approximation to a number of separate systems, the Japan arc and the Kurile arc, for 
example, appearing as scallops on the general line. On the continental ide of this line 
the foci become increasingly deep with their distance from the line, as if the line corres
ponded to an outcrop of a plane, or system of planes, dipping tü\rnrds the continent. 

A second line, drawn through the point 30°N, l-!0°E, and striking T 30°W appear · 
necessary to account for a number of deep-focus earthquake:-;. There does not eem to be 
an accompanying trend of normal focus earthquakes associated ,Yith this direction. 
HO\rn,·er another trend does seern to exifit for normal focus enrthquakes. This would 
be defined by a north-south line running along the 1-Hst meridian. 

i; Il . (:u t!' nlwrg und C. F . Hicht!'r, 8 fiN111icily of the E arlh 111ul ltcla !fd J>hnw:11nw , Princl'l on l ' nivl'rsi tr Pr<'ss, 
J !l J!l. 
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In summary, it appean, thnt three directions might be definecl b)' enrthquakes in 
this area , one :X :3c 0 E, another :X :30°\Y and a third north-south. The first of these 
directions corresponds ,·ery closely to the direction X :34°E def-ined in OUI' Figlll'e rn 
wh ite the second is in fair agreement with the direction :X 47°\Y. There is e,·en some 
indication in Figll!'e Hl, frnm earthquakes , and 12, of a north-south direction. 

, \dmitting that many more earthquakes must be reducecl before the directions def-inecl 
in our Figure H) may be acceptecl, and aclmitting further that the trend directions in this 
section of the Pacifie are open to question, ne,·ertheless there does appear to be some 
agreement between the directions of the null Yectors and the directions assumecl by the 
ear thquake epicentres . It should be pointecl out that there i:c:; an essential clifference 
between the results found in the soutlrn·est Pacifie and those suggested here. In the 
southwest Pacifie the null ,·ectors of the K ew Hebrides earthquake:; lie parnllel to a plane 
haYing the direction of the Ke"' Hebrides arc, while the Tonga-Kermadic-Xew Zealand 
shocks ha-ve null Yectors associated with the plane through that feature. In the north 
Pacifie however this close association no longer obtains. Earthquakes 3 and 4, for example, 
which lie in the 8akhalin Islands and so are associated geographically with the north-south 
trend ha-ve their null Yectors associated with the northwest trend. Similarly the Kurile 
earthquake number 7 and the Kamchatka earthquakes numbers 11 and 13 ha,·e null 
Yectors associated with the northwest direction, ,,·hile the Vladivostock earthquake 
number 2 has its null Yector associated with the northeast system. If these trends should 
continue \\·hen more data are aYailable it \Yill be necessary to conclude that the as:;ociation 
of epicentres \Yith particular arcs is more complicated than many authors haYe supposed. 

Gutenberg and Richter's Figure 7 gi,·es the epicentres in the area covered by our 
Figure 20. Here two directions may be detected. The western Aleutians trend about 
K 70°\V, the eastern AleutianR about K 70°E . As shown in our Figure 20 the limited 
number of earthquakes so far available appear to define the direction N 75°\Y, closely 
parnllel to the trend of the western Aleutians, but we should note that epicentres 17 and 
18 lie south of the eastern half of the arc, almost as if they were on an easterly extension of 
the western Aleutians. 

Turning now to the area from Alaska through the British Columbia com,t to ::-;eattle 
we find two directions defined in Figure 7 of "Seismicity of the Earth" . A line drawn 
through the length of Yancom'er Island passes thrnugh severnl epicentres and, continued 
to the north, pas:-;e:-; along a line of sea mounts. This line has a direction 1\ 55°\Y. A 
second line drnwn along the length of the Queen Charlotte Islands passe:,; thrnugh a line 
of sea mounts to the :-:;outh and through a number of earthquake epicentre:-s lying inland 
frnm Nitka. This line hns a direction X 1.5°\Y. There are thus t\,·o directions, X .5;'5°\Y 
and ?\ 15°\Y; it is not clear with which of these our direction X 30°\Y should be associnted. 
There are no obvious tectonic trends conesponding to the second direction, X .5:3°E . 

Discussion 

In the earlier paper 1 the correlation between the directions clefined by the null ,·ector 
and the directions of the nssociated geogrnphic features wns regarded as a c-ontirmation 
of the techniques of the fnult plane project , for it seemed rnry imprnbable that the cor
relation could be a matter of accident. In the present examples the correlation ha;; not 
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been so definite, partly because the number of solutions available for any particular 
feature is lower, and partly because the tectonic trends in the north Pacifie are less clearly 
defined than they were in the southwest Pacifie. 

CONCLUSIONS 

Twenty-four earthquakes from various parts of the north Pacifie have been analysed 
by the fault-plane techniques. These fault-plane solutions would support the following 
conclusions. 

l. Throughout most of the north Pacifie faulting is predominantly transcurrent, on 
steeply dipping planes. A notable exception is provided by the area from central 
Alaska through British Columbia to Seattle. In this, normal, thrust, and trans
current faulting occur. 

2. There is no consistency in the strike direction of the faults, nor any systematic 
variation with latitude, depth of focus or position on the associated geographic 
feature. 

3. Vectors drawn in the direction of maximum dip of the two planes obtained in the 
solution tend to lie parallel to two nearly vertical planes; the relationship be
tween the strike of these planes and the strike of the associated feature is not 
clear. In the area from Alaska to Seattle the dip vectors appear to be randomly 
oriented, another indication of the anomalous nature of this area. 

4. The null vectors associated with particular tectonic provinces exhibit a tendency 
to lie parallel to nearly vertical planes. The direction of these planes appears 
to be related to the tectonic trends of the areas, insofar as such trends can be 
established. 
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A Gravity Survey of the Vicinity of Ottawa 

SVEND SAXOV 

ABSTRACT 

A detailed gravity survey of an area of about 400 square miles in the vicinity of Ottawa has been completed. 
Calibration factors for the various gravimeters employed are assessed and the adopted values of gravity for a short 
range calibration base line reported. 

The gravity measurements are presented in the form of Bouguer anomalies plotted on a geological base map 
prepared by the Geological Survey of Canada. Cm-relation of the gravity anomalies with the geology and with the 
magnetic anomalies are discussed. The results of local traverses over certain major faults are also given, and are 
compared with results obtained with the torsion balance some years ago. 

INTRODUCTION 

;I'he geology of the area in the vicinity of Ottawa presents a number of features of 
interest to the geophysicist, which are capable of investigation by gravimetric methods. 
Interesting and definite relations were established some 20 years ago between results 
obtained with the torsion balance1-namely, differential curvature, gravity gradients, and 
deduced gravity anomaly-and the Gloucester and Hazeldean faults, which showed that 
the structures can be traced by gravity methods and that the throw of the Gloucester fault 
can be estimated fairly well from the gravity results. Measurements with a mag
netometer also showed that the line of maximum vertical intensity corresponded 
fairly well with the fault plane at Hazeldean (South). Since then a careful study2 of the 
geology of the area has been made, and a report which includes a map in two sheets, 
showing the geology in considerable detail, has been published. 

Apart from their usefulness for geodetic purposes, it seems likely that the results of 
a systematic gravimeter survey of this area might record appreciable effects associated 
with the surface geology, which would possibly serve as a guide in the interpretation of 
other gravity surveys where the geology is not so well known. Gravimeter determinations 
were therefore planned at one-mile intervals over the area, covering it as uniformly as 
possible. Most of the observations were made in June and August of 1950. 

The Ottawa sheet of the National Aeromagnetic Series covering the same area as the 
geological map was published3, and a number of detailed gravimeter observations were 
made along traverses crossing certain prominent magnetic anomalies. In addition, detailed 
gravimeter traverses were made over the Gloucester and Hazeldean fault zones for com
parison with torsion balance results obtained in 1928 and 1929. 

1 Miller, A. H., Geol. Surv., Canada, Mem. 165, pp. 197-209, 1931, also Publications of the Dominion Observ
atory, vol. XI, No. 6, 1940. 

2 Wilson, Alice E ., Geol. Surv., Canada, Mem. 241, 1946. 
3 Geol. Surv., Canada, 1950, Sheet 31%'. 
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OBSERVATION AND REDUCTION OF DATA 

(a) The Regional Gravity M easurements 

Although a number of gravity observations had recently been made in Ottawa and 
vicinity, additional measurements were required to obtain a detailed gravity map of the 
area. These were completed during the summer of 1950, with observations approximately 
one mile apart where possible. The stations are all located at easily identifiable places, 
for example, cross-roads, railway stations, schoolhouses and other permanent points. This 
should facilitate future measurements. 

Severa! observers, using different gravimeters, contributed to the work. A. H. Miller 
measured several stations using the Humble gravimeter in 1945, and the Atlas gravi
meter in 1948 and 1949. During the first two weeks of June 1950, M. Beer measured 
almost one-third of the stations with the Atlas gravimeter. G. D. Garland, M. J. S. Innes 
and M. S. Reford all made measurements during the summer of 1950, using North Ameri
can Gravimeter No. 85 and Worden Gravity Meters Nos. 42 and 44. Approximately 
two-thirds of the stations were determined by the writer with the North American Gravi
meter No. 85 during the first ten days of August 1950. In September additional sta
tions were laid out to complete the gravity network and at the same time obtain checks 
on several stations previously measured. 

Each field trip was begun and concluded with an observation at the Dominion 
Observatory gravimeter station. Although no field trip extended beyond one day, some 
were long enough to render repeat readings at one or more stations desirable for the 
determination of instrumental drift. 

(b) The Performance of the Gravimeters 

Five different gravimeters were employed at various times for different portions of 
the regional gravity measurements in this report. It was therefore important that the 
performance of the various instruments be examined and their calibrations matched to 
ensure a homogeneous set of values. This was accomplished by observing concurrently 
with three of the gravimeters, the North American and the two Worden instruments, at 
a series of 17 stations extending along the highway through Ottawa from Prescott, Ontario, 
to Maniwaki, Quebec. These gravity stations lie approximately on a north-south line 
over which the change in gravity is about 124 mgals., sufficiently large to provide relative 
calibration factors to an accuracy of about one-tenth of one percent. 

The observations were made in a series of closed loops to permit an accurate estimate 
of "zero" drift for each instrument. Differences in gravimeter scale readings, corrected 
for drift, are listed in columns (2), (4) and (6) of Table I, while the corresponding differ
ences in gravity are given in columns (3), (5) and (7). 

The gravity differences provided by the North American Gravimeter No. 85 (col. 3), 
are based upon an adopted1 calibration factor of O • 2315 mgals. per division. These 
differences were accepted as standard to provide relative calibrations of O · 10254 mgals. 
per division and O • 11185 mgals. per division for the W orden gra vimeters, No. 42 and No. 44 
respectively. 

1 lunes, M. J. S. and Thompson, L. G. D., Publications of the Dominion Observatory, vol. XVI, No. 8, 1953. 
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The diff erences between the various sets of measurements, columns (8), (9) and (10), 
are qui te small and vary from O · 01 to O · 13 mgals. The root mean square diff erence 
between successive pairs are ± 0 · 06, ± 0 · 08 and ± 0 • 05 mgals. The probable error 
of each instrument therefore, in measuring the same gravity difference, is somewhat smaller 
than these amounts, and it seems safe to conclude that the relative calibrations have 
been well determined and that all instruments are capable of providing values of gravity, 
consistent with each other. 

AJ3 no similar looping program was carried out with the Humble and Atlas gravi
meters, the consistency of the gravity results with these instruments was determined by 
repeating some of the observations with the North American gravimeter. Comparisons 
were made at both Humble and Atlas gravimeter sites over the full gravity range of the 
survey. No systematic differences for either instrument were observed and the maximum 
diff erence was found not to exceed O • 3 mgals. 

( c) The Prescott-M aniwaki Base Line 

Column (11) in Table I gives the mean difference in gravity from Prescott, Ontario, 
for each of the 17 stations. These diff erences have been weighted inversely as the 
standard deviations of the three instruments. The weights assigned are 2, 2 and 5 
for the North American No. 85, Worden No. 44 and Worden No. 42, respectively. The 
final values of gravity are given in column (12) and are based upon an adopted value of 
980 · 622 cm./sec2

• for the national reference pier in the Dominion Observatory. 

AJ3 has been shown, this group of stations is well connected and will provide a useful 
baseline for checking the behaviour and calibration factors of gravimeters in the future . 
Its usefulness as such will increase as measurements are repeated and more refined values 
of gravity obtained. To facilitate the re-location of the stations at a later date, sketches 
are given in the Appendix indicating their positions relative to features which may be 
easily identified. 

( d) The Elevations 

Known elevations such as bench marks and points along railway lines, as well as those 
from the topographie map were used for most of the gravity stations. However, it was 
not possible to locate ail gravity stations at points of known elevations and it was therefore 
neoessary to employ one or two aneroid altimeters. By repeating measurements it was 
possible to obtain an elevation correct to within 5 feet or less. Comparison of deduced 
barometric elevations, with either elevations given on the map or those estimated from 
the elevation contours, shows that the adopted elevations are usually correct within 5 feet 
and that the maximum error for any of the stations is not likely to exceed 15 feet. Five 
feet in elevation corresponds to a diff erence of approximately one-third of a milligal in 
the Bouguer anomaly and to one-half a milligal in the Free Air anomaly. 

( e) Principal Facts for Gravity Stations 

The principal facts concerning the gravity stations are collected in the table given in 
Appendix B. The stations are listed according to increasing latitude. The longitudes 
and latitudes were scaled from topographie maps on a scale of one mile to an inch. The 
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value of observed gravity for each station given in column (6) is quoted to four decimal 
places, and as has been shown in the previous sections, most values are likely to have that 
accuracy. 

The Free Air and Bouguer anomalies are listed in the last two columns of the table. 
They have been computed in the usual manner and are based upon the International 
Gravity Formula for gravity1 at sea level and an assumed mean density of 2 · 67 gms./ cc. 
for the surface rocks. 

No systematic correction for the terrain effects has been made but these effects have 
been calculated for 3 stations. Inspection of the topographie contours on the Ottawa 
one-mile sheet shows generally that the topography is fairly level and uniform, and the 
terrain correction for these areas is not likely to exceed O · 2 mgals. Large diff erences in 
elevation, however, occur only for a small portion of the surveyed area northwest of Hull, 
where the Precambrian Shield enters in a southeasterly direction. For this reason terrain 
corrections were evaluated for stations No. 278, 280 and 286, and found to be 2 · 6, 1 · 9 
and 0·3 mgals. respectively. The corrections, if applied to the gravity values for the sta
tions concerned, reduce by about one-half the anomaly difference between these stations. 

SUMMARY OF GEOLOGICAL STRUCTURAL RELATIONSHIPS 

The area under consideration is an interesting one as it occupies the border 
zone between two of the chief physiographic divisions of eastern Canada, the Ottawa
St. Lawrence Lowland underlain by flat-lying Palœozoic formations, and the more 
rugged Laurentian Highlands of the Precambrian Shield. The geology and structural 

1 Swick, C. H., U.S. Coast and Geod. Surv., Special Publication No. 232, 1942. 

~ Ri.,~.ACOZOIC. F°'ORMATIONS 

E2J PRECAMBR.tA.N RocK 

FIGURE 1. Map of Ottawa area showing main structural elements and location of gravity profiles. 
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relationships have been well examined and described by A. E. Wilson1 of the Geological 
Survey of Canada, and these are illustrated on the geological map2 (in pocket) on which 
the gravity results have also been plotted. 

The most important structural elements of the area whose gravitational effects are 
examined in a later section, are a number of large fault-blocks of Palreozoic rocks which 
occupy the greater part of the area, and two small wedge-shaped or triangular exposures 
of Precambrian rocks. The latter, which according to A. E. Wilson, have been brought 
to their present position by faulting and are, therefore, in fault contact with and partially 
bounded by the Palreozoic formations, lie the one to the northwest from the city of Hull 
and the other to the west in March and N epean townships. 

Two major faults or fault zones, the Gloucester and the Hazeldean (see also Figure 1) 
eut across the Palreozoic rocks in broad arcs throughout the central part of the area. The 
former trends to the southeast while the latter trends in an easterly direction. The 
northwestern extensions of these, together with the Eardley fault which intersects the 
Gloucester fault west of Hull, form the contacts between the Palreozoic formations and the 
Precambrian rocks mentioned in the previous paragraph. Movements along these faults 
have been such that the rocks within the central area between the Hazeldean fault to the 
southwest and the Gloucester and Eardley faults to the north can best be described as a 
large fault block varying from about 5 miles in width near Gloucester station to a maxi
mum of about 12 miles over most of the region to the west. The block is tilted to the 
northeast, thus exposing rocks which are progressively younger in that direction. 

A large block, bounded on three of its sides by faults, lies directly east of the city of 
Ottawa. It forms the down-thrown side of the Gloucester fault and is so tilted to thesouth
east that the throw of the fault varies from about zero near Hull to nearly 1,200 feet 2 
miles northeast of South Gloucester where the oldest and youngest Ordovician strata 
have been brought into juxtaposition. These relationships may be more clearly under
stood from an examination of the geological sections shown in Figures 2 and 3. 

RESULTS 

(a) Density M easurements 
To interpret the variations in the Bouguer gravity anomalies the densities of the 

underlying rocks in the vicinity of the gravity stations must be known. The densities 
of about 80 specimens collected from the various geological formations in the Ottawa 
district are summarized in Table II. The mean densities, standard deviations of mean 
values and the number of specimens sampled from each formation are given. 

It is diffi.cult, if not impossible, to know how representative these results may be of 
the actual formation densities. Although the standard deviations provide some measure 
of their uncertainty, lacking suffi.cient data for more precise computation, the means have 
been calculated without regard to the volumes of different rock types in each of the 
formations. N evertheless, the results appear suffi.ciently precise to permit certain 
generalities to be noted. The Ordovician rocks appear to have the most consistent 

1 Geology of the Ottawa-St. Lawrence Lowland, Ontario and Quebec, Geol. Surv., Canada, Mem. 241, 1946. 
2 Prepared by the Geological Survey of Canada. • 
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densities with deviations ranging from 0-01 to 0-07 gms./ cm3
• The Oxford dolomites 

and Ottawa limestone are the heaviest, having mean densities of 2·72 gms. / cm3• and 
2-69 gms. / cm3• respectively. The lightest rocks are the sandstones which have mean 
densities of 2 · 43 gms./ cm3• for the Rockcliffe formation, 2 • 58 gms. / cm3• for March 
formation and 2·52 gms./cm3

• for Nepean sandstone. Intermediate to these density 
groups are the shales which have densities of about 2-62 gms. / cm3• regardless of age. 

The mean density for ail Precambrian rocks tested is 2-66 gms./cm3• It will be 
shown in a later section that the densities of the underlying Precambrian rocks in this 
area are most likely more variable than suggested by the table. 

(b) General F eatures of the Gravity Field 

The gravity stations, their numbers and corresponding Bouguer anomalies in units 
of tenths of milligals (1 x 10-4c.g.s. units) are drawn on the enclosed map. Contours of 
equal anomaly are shown at one-milligal intervals. The anomalies have a range of 30 
mgals., increasing from a minimum of -39 near Kingsmere, northwest from Hull, 
to a maximum of nearly -9 mgals. near South Gloucester. These two areas of con
trasting anomaly are probably the most outstanding features of the gravity map. The 
coïncidence of the more negative anomalies over the Precambrian granitic rocks to the 
northwest, together with the fact that low densities were found for these rocks (see 
Table II) strongly suggest that the granite itself is at least partly responsible for the 
gravity minimum. The Precambrian rocks near South March station are granite gneisses 
with considerably higher densities and correspondingly larger gravity anomalies. 

Because of this large control by the Precambrian rocks, correlations between the 
Palœozoic formations and the anomalies are not too obvious. At first it might appear, 
for instance, that the gravity high near South Gloucester is largely controlled by the 
dolomites and limestones of the Oxford (Beekmantown) formation which were found to 
have densities (2-72 gms.jcm3

.) considerably higher than most of the rock specimens 
measured. However, if it can be assumed that the mean density of this formation is 
about O • 1 gms./ cm3• greater than the mean density of the surrounding rocks, and 
that its thickness does not exceed1 300 feet, then its maximum gravitational effect is 
estimated2 not to increase the total anomaly by more than four tenths of a milligal. Since 
the lower Palœozoic formations (March and Nepean) have considerably lower densities, it 
is necessary to conclude that the Gloucester high is largely controlled by the underlying 
Precambrian rocks. 

There is, however, some correlation between the anomalies and the Palœozoic rocks 
where the latter are thick enough. This is particularly noticeable northeast of the 
Gloucester fault where the anomalies are generally more negative than they are to the 
south. The variation in the vertical displacement of the Gloucester fault is also evident 
from the gravity data. Where its throw is greatest to the southeast, the contours tend to 
parallel the fault. Near Ottawa, however, where the throw is considerably less, the gravity 
contours eut directly across the fault zone and are nearly normal to it. 

1 W ell records on file with the Geological Survey of Canada, show thicknesses as great as 260 feet for tLe Oxford 
formation in the Ottawa district. Near South Gloucester, the Oxford is likely to be considerably less thick. (See 
Geol. Surv., Canada, Mem. 241, 1946, p. 34.) 

2 On the basis of the simple Bouguer formula for an extensive plateau. 
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In addition to the gravity features discussed above, less pronounced mmuna and 
maxima occur at several places within the map area. For example, a gravity minimum 
with an amplitude of about 2 mgals. occurs about a mile south of Eagleson Corners. 
An unusually thick mantle of overburden or drift might account for much of this anomaly, 
since 100 feet of drift suitably distributed is capable of producing an anomaly of about 
one mgal. Although no direct evidence is available, it is noticed that the gravity 
stations supporting this anomaly are situated in a low-lying area sou.th of the escarpment 
of the Hazeldean fault zone, where depths to the bedrock surfaces are probably much 
greater than usual. Other gravity maxima and minima of similar amplitudes occur along 
the Ottawa River. 

( c) Gravity and M agnetic Profiles 

Other features of the gravity field will be studied from the profiles, whose positions 
are shown on the location map (see Figure 1). Geological sections for the profiles have been 
taken from the Geological Survey of Canada Maps 413A, and 414B. Variations in the 
intensity of the total magnetic field also shown in profile have been obtained from the 
aeromagnetic map1 for the Ottawa area. 

( i) Profile A - A' 
This profile, which shows the data for a north-south line through South March 

station is illustrated in Figure 2. The anomalies rise from comparatively low and uniform 
values over the block of Palreozoic sediments lying south of the Hazeldean fault to a 
maximum over the Precambrian ridge in March township. On the basis of the thicknesses 
shown and the densities given in Table II, the mean density of the Palreozoic section 
is 2·65 gms./cm3., or 0-06 gms./cm3• lower than the densities obtained for the Pre
cambrian rocks. The trend of the gravity anomalies is therefore consistent with the mea
surements of density, but it is interesting to note that the increase in the anomaly is 
quite small2 over the fault zone with the steepest gradient about half a mile further 
north. Although other causes may contribute, the low gradient over the fault is thought 
to be due to the local eff ect of low density sandstone (N epean) which lies immediately 
north of the fault and in contact with the more dense limestone (Black River) to the 
south. This is the interpretation given by A. H. Miller3 to explain the gravity gradients 
he observed with a torsion balance in 1929. His profile which is about 3 miles to the east 
is shown in Figure 3. For comparison, the results of detailed gravimeter measurements 
made by the writer in 1950 along the same line are plotted. The indications of the 
two types of instruments are in remarkably good agreement as the peaks of the gradient 
profile occur at the places where the gravity curve is the steepest. Miller showed that 
the unusual form of the gradient curve, including the minimum directly over the fault, 
agreed with the calculated profile and the assumed geological section. 

It is also interesting to note that, with the exception of the Precambrian rocks, the 
mean densities used by Miller agree to within 2 per cent of those in Table II. To make 
the calculated gradient curve coïncide with the observed values he found it was necessary 

1 Geol. Surv., Canada, Geophysics Paper No. 8, 1950. 
2 Theoretica.lly the gravity anomaly due to a vertical fault reaches half its peak value directly over the fault. 
3 Miller, A. H., Geol. Surv., Canada, Mem. 165, 1931. 
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to assume a mean density of 3 · 0 gms./ cm 3. for the Precambrian rocks. On the basis 
of a vertical displacement of 600 feet for the Hazeldean fault and the mean densities from 
Table II, the calculated anomalous effect of the fault is only about O • 5 mgals. On the other 
hand, if a density of 3 • 0 gms./ cm3• is assumed for the Precambrian rocks, the calcu
lated effect becomes about 2 · 6 mgals., which is in much closer agreement with the observed 
values. 

•100 

•080 

~•060 
<( 

Cl 
:::; 
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i•o•o 

HAZE LDEAN ~AULT SOUTH 

800 1200 1400 
FEET 

NORTH 

1600 
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0 "' :o 

-so 

1880 

> 
:b w 

FIGURE 3. Relative Bouguer gravity anomalies and gravity gradients along a profile over the Hazeldean fault at 
Hazeldean South, Ontario. 

Along the remainder of profile A-A', there is little or no correspondence between 
the magnitude of the anomalies and the geological section, and it must be concluded 
that the cause is due to topographical or lithological variations, or both, within the 
Precambrian. North of Shirley Bay, on the Ottawa River, the gravity curve reaches a 
second peak having about the same amplitude as the high near South March station. 
From the Ottawa River, gravity decreases at a uniform rate of more than 2 mgals./mile, 
and this gradient is maintained to the northern limit of the profile. 

It might be considered that the steep gradient reflects a general thickening of the 
Palreozoic formations toward the Eardley escarpment where they are down-faulted against 
the Precambrian rocks, and to an accumulation of unconsolidated sediments south of the 
fault. However, calculations based upon thicknesses illustrated show that the maximum 
deficiency from these sources is less than 2 mgals. Another factor that may decrease 
the Bouguer anomaly in this area is an unusually great thickness of sandstone at the base 
of the Ordovician. According to A. E. Wilson the thicknesses of the basal sandstones 
are quite variable depending upon the irregularities in the Precambrian floor upon which 
they were laid down. Their greatest recorded thickness is about 500 feet. An equal 
thickness for the Nepean sandstones south of the Eardley escarpment would account for 
another milligal of the gravity low, so that the maximum deficiency we can assign to 
possible variations in the Palreozoic column (from that shown in the section) is less than 
3 mgals. The greatest part of the negative anomaly, therefore, must arise from a rather 
rapid decrease in density within the Precambrian rock masses. 
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( ii) Profile B - B' 
The gravitational low over the large down-faulted block extending eastward from 

Ottawa (Figure 4) is apparently due to the density contrast between the block of sedi
mentary rocks and the denser rocks (Precambrian rocks with a thin veneer of lower 
Ordovician sediments) which lie south of the fault. The effect of the fault-block appears 
as a local anomaly superimposed upon a broader regional trend decreasing to the north. 
Assuming a uniform regional gradient of O · 4 mgals./ mile, this local eff ect has been 
estimated and is illustrated as the residual profile in Figure 4. 

The theoretical gravitational effect of an extensive body having the same cross
section as the fault-block is shown for comparison. The calculations are based upon the 
densities given in Table II with the exception of those listed for the Precambrian rocks. 
For the latter a density of 2 · 9 gms./ cm3• was assumed to bring the residual and calculated 
profiles into near coïncidence over the Gloucester fault zone. While this may seem large 
for the Precambrian rocks, higher densities than these are obtained for basic granite 
gneisses in other parts of the Canadian Shield. The fit between the two curves is reason
able and shows that the greater part of the variation in gravity may be explained by a 
deficiency caused by the Palœozoic rocks and uniform anomaly gradient decreasing to 
the north. 
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FIGURE 5. Relative Bouguer gravity anomalies and gravity gradients along a profile over the Gloucester fault near 
Leitrim, Ontario. 

Figure 5 shows the gravimeter and torsion balance2 results for a detailed north-south 
traverse over the Gloucester fault zone at Leitrim, about a mile to the east of profile 
B- B'. The vertical displacement (or throw) of the fault here is estimated to be about 
1,500 feet. In contrast to the Hazeldean fault, the distribution of density is such that a 
gradient maximum is produced over the fault. This was observed with the torsion balance 
and confirmed by the form of the gravity profile. 

1 Miller, A. H. and lunes, M. J. S., Publications of the Dominion Observatory, vol. XVIII, No. 2, 1955, 
2 Miller, A. H., !oc. cit. 
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( iii) Comparison of Gravity and M agnetic Data 

Total magnetic field intensities have been plotted in Figures 2 and 4 for comparison 
with the gravity anomalies. The profiles in Figure 2 are strikingly similar largely because 
the two maxima occur at the same points. The general tendency is for both gravity and 
magnetic anomalies to be more positive over the exposed Precambrian rocks on the up
throw side of the Hazeldean fault, or where the Palreozoic mantle is less deep. The 
rather sharp maximum north of Shirley Bay may be the expression of rapid variations 
in the magnetic properties within the Precambrian floor or to a buried ridge of heavy 
Precambrian rocks. In contrast, variations in magnetic intensity along the line B - B' 
(see Figure 4) are quite small, as might be expected considering the greater thicknesses of 
sedimentary cover along this line. It is noted, however, that small magnetic maxima 
coïncide in position with points of higher gravity anomaly. Generally then, the magnetic 
data would appear to reflect structures within the Precambrian rocks in much the same 
way as the gravity results. 
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FIGURE 6. Bouguer gravity anomalies and total field magnetic anomalies for the line 
C - C' near Harwood Plains. 

To examine more closely the correspondence between the two types of anomalies, 
detailed gravimeter traverses were made over prominent magnetic anomalies shown 
within the Ottawa map area. The location of the traverses are shown in Figure 1 and also 
on the gravity map. The Harwood Plains traverse (C- C') crosses a narrow east-west 
trending magnetic high with a relief of about 1,200 gammas (see Figure 6). This high 
extends from an area of exposed Precambrian rocks to the west, and is therefore probably 
related to a more magnetic phase of the gneissic basement rocks. The Bouguer gravity 
anomaly profile for this traverse is shown, together with the total field magnetic anomaly, 
as recorded at a height of 1,000 feet. It must be pointed out that the exact position of the 
peak of the magnetic profile is uncertain, as a spacing of fl.ight lines for the aeromagnetic 
survey was rather wide (about a mile). However, there is a small gravity maximum of 
about O • 7 mgal. relief approximately corresponding to the peak of the magnetic curve. 
This would appear to indicate that both eff ects are due to a more basic band of the Pre
cambrian gneisses, which is denser and more magnetic than its surroundings. 
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A similar traverse (D- D') was made along the road extending southwesterly from 
Johnston Corners, across a roughly circular magnetic high of about 1,000 gammas relief. 
The Bouguer anomalies and also the magnetic profile are given in Figure 7. Although 
the regional gravity increase to the northeast has not been removed, the local maximum 
of about 1 milligal near mile 1 • 5 is evident. The peak of the magnetic curve is indicated 
to be somewhat to the northeast of this point, but as before, its position is uncertain 
because of the spacing of fl.ight lines. It is probable that both maxima are related to a 
phase of the basement rocks. The profile does cross a possible extension of the Hazeldean 
fault, at the point indicated on Figure 7 but no definite indication of the fault can be seen 
on the gravity profile. 
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FIGURE 7. Bouguer gravity anomalies and total field magnetic anomalies for the line 
D - D' near J ohnston Corners. 

In conclusion, therefore, it may be noted that relatively minor gravity anomalies are 
to be found in association with the strongest magnetic highs of the area; and although the 
correlation between the two is only of a very general character, it is probable that both are 
due to more basic phases of the Precambrian gneisses underlying the sedimentary rocks. 

SUMMARY 

It has been shown that the major features of the Bouguer anomaly field as observed 
throughout the Ottawa district are made up of 2 parts: (1) large scale regional effects 
due to density changes within the underlying Precambrian rocks, (2) the effect of varia
tions in the thickness of the Palœozoic rocks, regarded as local eff ects with amplitudes no 
greater than 6 mgals. Prominent local effects were found in the case of certain major 
normal faults which cross the area, and which had been previously investigated with the 
torsion balance. 

Gravity observations over areas of positive magnetic anomaly showed a correlation, 
suggestive of the presence of denser, more magnetic phases in the Precambrian basement. 

The gravity values for a base line between Prescott, Ontario, and Maniwaki, Quebec, 
suitable for the calibration of gravimeters to one part in a thousand, are given. 
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Station Observed Gravity Anomalies 
Longitude Latitude Elevation Gravity Name Free Air Bouguer 

0 I 0 I Ft. 

Dominion Observa tory ............ 75 42·9 45 23·6 274·3 980-6220 -0·0171 -0·0265 
................................. 75 43·6 45 14·1 308 ·6135 - ·0082 - ·0187 
. . ............................. '. 75 40·2 45 14·2 286 ·6218 - ·0021 - ·0118 
Little Island ............. . ....... 75 42·5 45 14·6 256 ·6185 - ·0088 - ·0175 
.................... ' ........... . 75 38·9 45 14•7 313 ·6208 - ·0013 - ·0120 
................................ 75 53·2 45 14·8 330 ·6029 - ·0178 - ·0290 

............................. . ... 75 50·9 45 15·0 319 ·6055 - ·0165 - ·0274 

.. ······ ............... . ......... 75 35.5 45 15·0 353 ·6199 - ·0011 - ·0109 

. . ····· · .................. . ...... 75 54.7 45 15·1 390 ·5983 - ·0171 - ·0304 

................................ ' 75 47.7 45 15·1 305 ·6104 - ·0130 - ·0234 

.................. . .............. 75 41·8 45 15·1 276 980·6187 -0·0075 -0·0169 

.. ······ ......................... 75 44·2 45 15·2 296 ·6142 - ·0102 - ·0203 

............... . ................. 75 52·7 45 15·3 338 , ·6033 - ·0173 - ·0288 

................................ . 75 40·9 45 15·3 301 ·6197 - ·0044 - ·0146 
Manotick Station ....... . ........ 75 37.3 45 15·3 327 ·6213 - ·0004 - ·0115 
.................... . ' ........... 75 32·4 45 15·3 292 ·6215 - ·0035 - ·0134 
............... ' .......... ' .. ' ... 75 58·4 45 15·4 450 .5937 - ·0166 - ·0319 
. ' ....................... ' ..... '. 75 53·8 45 15·4 352 ·6014 - ·0181 - ·0301 
............. . ................... 75 57•1 45 15·5 414 ·5976 - ·0162 - ·0303 
Stittsville Station ...... . ......... 75 55·2 45 15·5 398 ·5981 - ·0772 - ·0308 

............. . ................... 75 36·9 45 15·6 327 980-6220 -0·0001 -0·0112 

................................. 75 49·6 45 15·6 310 ·6072 - ·0165 - ·0271 

............................... . . 75 51·2 45 15•7 318 ·6051 - ·0180 - ·0288 
Fallowfield Station ............... 75 46·2 45 15·7 305 ·6138 - ·0106 - ·0210 
................................. 75 42·6 45 15·7 284 ·6182 - ·0082 - ·0178 
Greeley ......................... 75 33·6 45 15·8 311 ·6229 - ·0010 - ·0116 
................................. 75 39.5 45 15·8 330 ·6215 - ·0006 - ·0118 
Greeley ...................... . .. 75 33·8 45 15·9 307 ·6233 - ·0011 - ·0116 
................................. 75 31 ·0 45 15·9 299 ·6222 - ·0030 - ·0132 
Old Stittsville .................... 75 56·2 45 16·0 413 ·5980 - ·0167 - ·0307 

............... . .................. 75 42·8 45 16·0 298 980·6172 -0·0083 -0·0184 

................................. 75 42·1 45 16·0 291 ·6195 - ·0067 - ·0166 

................................. 75 51·5 45 16·1 315 ·6045 - ·0195 - ·0302 

.............. . .................. 75 48·2 45 16·2 390 ·6058 - ·0113 - ·0246 

................................. 75 44.7 45 16·2 327 ·6145 - ·0085 - ·0196 

. . ......... ...... . ............... 75 35.7 45 16·2 347 ·6226 - ·0015 - ·0103 

.. ······ ......................... 75 56·9 45 16·3 413 .5973 - ·0178 - ·0318 

................................. 75 45·6 45 16·3 320 ·6131 - ·0107 - ·0216 

........................... . ..... 75 52·1 45 16·5 322 ·6038 - ·0202 - ·0311 

.. ······ ............. . ........... 75 59.9 45 16·6 428 ·5965 - ·0176 - ·0322 

........ . .................. ' .. ' .. 75 37.7 45 16·6 350 980·6217 +0-0002 -0·0117 

................................. 75 46·9 45 16•7 338 ·6113 - ·0114 - ·0229 

................................. 75 31·6 45 16·7 274 ·6258 - ·0029 - ·0123 

................................. 75 55·0 45 16·8 343 ·6042 - ·0182 - ·0299 

............................. ' ... 75 45·1 45 16·8 312 ·6154 - ·0100 - ·0206 
................................ 75 40·1 45 16·8 301 ·6234 - ·0030 - ·0132 
South Gloucester .... . ....... . .... 75 34·2 45 16·8 336 ·6231 - ·0000 - ·0114 

. . ······ .......... ' .... . ......... 75 50·3 45 16·9 382 ·6038 - ·0151 - ·0281 

. . ............... . ............... 75 43.3 45 16·9 300 ·6187 - ·0079 - ·0181 

................................. 75 52·9 45 17·0 318 ·6049 - ·0201 - ·0310 
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PRINCIPAL FACTS FOR GRAVITY STATIONS NEAR OTTAWA, ONTARIO-Continued 

Station Observed Gravity Anomalies 
Longitude Latitude Elevation Gravity No. Name Free Air Bouguer 

0 ' 0 ' Ft. 

51 Johnston Corners ........ . . ... . . . . 75 36·2 45 17•1 387 980·6218 +0·0031 -0·0101 
52 . . ... ... . . .. . . . .. ... . .. . ..... .... 75 45.5 45 17-2 308 ·6168 - ·0095 - ·0200 
53 .... ....... . ... .. ... . ............ 75 30·1 45 17·2 286 ·6258 - ·0026 - ·0123 
54 .. . ····· ... .. ' ................... 75 55.3 45 17-3 328 ·6056 - ·0190 - ·0302 
55 ..... ... .... .. .. ... ... ' ... . . ... .. 75 33 ·0 45 17·3 291 ·6269 - ·0011 - ·0110 
56 . . ··· ··· .. . . .. ..... ..... ... . .. .. . 75 52 -2 45 17·5 358 ·6052 - ·0169 - ·0291 
57 ................................. 75 41•7 45 17·5 268 ·6243 - ·0062 - ·0153 
58 .. .... ...... .. .... ... . .. .... . . . .. 75 57.3 45 17•6 376 ·6011 - ·0194 - ·0322 
59 . ..... ..... . . .... . .. ... .... . .... . 75 38 ·2 45 17 ·6 329 ·6235 - ·0015 - ·0127 
60 Hazeldean . . ..... . . . . .. . .... ... 75 53·6 45 17·7 340 ·6063 - ·0177 - ·0293 

61 .. ······ . . .. ..... . . . ... . . . . . ..... 75 44·4 45 17•7 302 980·6189 -0-0087 -0-0190 
62 .. ······ .... . ....... . . ... ........ 75 47.4 45 17·8 313 ·6148 - ·0127 - ·0237 
63 .. ······ . .. ... ' . ...... . ...... ' ... 75 40•7 45 17•8 295 ·6237 - ·0047 - ·0148 
64 .. ······ ... ' . ........... ' ........ 75 36·7 45 17·8 398 ·6222 + ·0034 - ·0102 
65 .. ........ .... .......... ...... ... 75 34·8 45 17·8 387 ·6233 + ·0035 - ·0097 
66 ..... ...... .. .. .......... . ....... 75 31·6 45 17·9 266 ·6282 - ·0031 - ·0122 
67 Gloucester Station ................ 75 38 ·4 45 18·0 356 ·6224 - ·0006 - ·0127 
68 ...... . ...... ' ................ ' .. 75 50·0 45 18·1 368 ·6095 - ·0125 - ·0251 
69 Merivale Station ......... ...... .. 75 44·1 45 18·1 298 ·6204 - ·0082 - ·0184 
70 Eagleson Corners ................. 75 52·8 45 18·2 364 ·6076 - ·0149 - ·0273 

71 . .. ···•· ... ....... . .. . .... ' .. ' ... 75 46·1 45 18·3 303 980-6161 -0·0124 -0·0227 
72 ' ... .. ... ... .... ' ...... . . .. ...... 75 33·6 45 18·3 322 ·6269 + ·0002 - ·0108 
73 ' . ..... ....... .. .... . .... . . ' ..... 75 30 -7 45 18·3 264 ·6265 - ·0056 - ·0146 
74 ......... '.' .......... '. ·•.' .. ' .. 75 30·4 45 18·4 265 ·6254 - ·0068 - ·0158 
75 ........... ' ..................... 75 56·8 45 18·5 322 ·6071 - ·0199 - ·0309 
76 ......... ..... ... . ... .... ..... ... 75 55-0 45 18·5 306 ·6085 - ·0200 - ·0304 
77 ' ................................ 75 42·6 45 18·5 297 ·6229 - ·0064 - ·0165 
78 ' ........................ . ....... 75 38 ·8 45 18·5 370 ·6224 - ·0001 - ·0127 
79 . ....... ' ..... ' .. . ... ' ... . ...... ' 75 51·5 45 18·7 354 ·6086 - ·0157 - ·0277 
80 ' .. . .. .. ... .. .... . ... . ........... 75 59.9 45 18·9 389 ·6018 - ·0194 - ·0327 

81 ' ... ... . . . . ..... ... . . ...... . .. .. . 75 48·1 45 18 ·9 312 980-6151 -0-0134 -0-0241 
82 . . . ... ... .. .. ' .. ' . ... . ... . ... .. .. 75 41 ·2 45 18·9 302 ·6240 - ·0055 - ·0157 
83 ...... .. ....... . .. . .... . .. . ..... . 75 35.5 45 18·9 297 ·6279 - ·0020 - ·0121 
84 .. ··· ·· · .. ... . ... . .. . ........ .... 75 44.5 45 19 ·0 314 ·6185 - ·0100 - ·0207 
85 . ....... ' .. ' ' ....... ' ....... ' .... 75 38·0 45 19·0 328 ·6249 - ·0022 - ·0128 
86 .. · ·· ··· . .. . .. ...... . ............ 75 32·2 45 19·0 274 ·6261 - ·0061 - ·0154 
87 ..... ... . .. ... ' .... .. ....... ' .. . . 75 55 .7 45 19·2 356 ·6096 - ·0152 - ·0273 
88 . ' . . .... ........ ' ... ' ............ 75 37.5 45 19·2 324 ·6267 - ·0011 - ·0122 
89 . . ... .. .. ' ' ...... . .. . . . .... . .. . '. 75 59 ·1 45 19.3 342 ·6051 - ·0212 - ·0328 
90 ' .. ····· .. . ..... ' ..... . . .. .. . ... . 75 53·1 45 19·3 295 ·6118 - ·0189 - -0290 

91 . .. . . . .... ........ .. .. . . .. ...... . 75 46·7 45 19.4 316 980 -6134 -0·0155 -0·0263 
92 Merivale . . . . .... . . . ..... . .... . .. 75 43 ·1 45 19·4 302 ·6226 - ·0075 - ·0178 
93 ........ ' ........ .. . . ...... .. . ... 75 37·1 45 19·4 315 ·6270 - ·0020 - ·0127 
94 ' .............. . '.' .. .. ' .. ' .... '. 75 34 ·2 45 19 ·4 278 ·6276 - ·0048 - ·0143 
95 Bells Corners ... . ................ 75 49.7 45 19·5 301 ·6130 - •0175 - ·0277 
96 ' .. ... . ............ . .... . ... ' .... 75 50·2 45 19 ·6 294 ·6132 - -0180 - ·0280 
97 ' .. .. ... ....... ' ................ ' 75 36·5 45 19 ·6 322 ·6264 - -0022 - ·0132 
98 .... ...... . .. ' .. ' . .. ..... .. .. ' . ' . 75 30·9 45 19·6 267 ·6252 - ·0086 - ·0177 
99 ' . ...... .......... . . .. . . .. .. ..... 75 58 ·2 45 19·7 304 ·6102 - ·0203 - ·0307 

100 ' . ........ ........ ' .... . .. ' .. ... ' 75 39 .4 45 19•7 380 ·6211 - ·0022 - ·0152 
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PRINCIPAL FACTS FOR GRAVITY STATIONS NEAR OTTAWA, ONTARIO-Continued 

Station Observed Gravity Anomalies 
Longitude Latitude Elevation Gravity 

No. Name Free Air Bouguer 

0 ' 0 ' Ft. 

101 .. ······ ..... ' ................... 75 42·2 45 19·8 279 980-6234 -0·0095 -0-0190 
102 Leitrim .... . ............... . .... 75 36-1 45 19-8 337 -6241 - -0034 - -0148 
103 Bells Corners Station ... . ......... 75 48-7 45 19-9 284 -6158 - -0168 - -0265 
104 ................................. 75 56-0 45 20·0 318 -6132 - -0164 - ·0273 
105 ............................ ' .... 75 51-4 45 20-0 280 -6146 - -0186 - -0281 
106 ...................... . . ' ........ 75 45·1 45 20·0 287 ·6179 - -0146 - -0244 
107 ................................. 75 33-2 45 20-0 276 -6252 - -0084 - -0178 
108 South March Station ............. 75 54.9 45 20·2 283 -6139 - -0193 - -0289 
109 ........ . .......... ' ......... . ... 75 36·3 45 20-2 319 -6249 - -0049 - ·0158 
110 ................. ' ............... . 75 53.7 45 20·3 226 -6158 - -0228 - -0305 

111 .. . ........ ' ..................... 75 41·1 45 20-3 336 980-6228 -0-0056 -0-0170 
112 ......................... ' .... . .. 75 38-0 45 20-3 326 ·6246 - ·0047 - ·0158 
113 .. ······ ......................... 75 59-1 45 20-4 410 -6045 - -0170 - -0310 
114 .. ······ ......................... 75 50-4 45 20-4 219 ·6196 - -0199 - -0274 
115 ................. ' ............... 75 43·6 45 20·4 287 -6209 - ·0122 - -0220 
116 ........ . .................. . ..... 75 36-9 45 20-4 313 -6243 - -0064 - ·0170 
117 ............... ' .. ' ......... ' .... 75 34.7 45 20-4 289 ·6260 - -0069 - -0168 
118 ..................... . ........... 75 47-2 45 20-5 254 ·6179 - -0185 - -0271 
119 .............. ' ................ '. 75 41·3 45 20-6 317 -6225 - -0080 - ·0188 
120 ................................. 75 37-2 45 20·6 305 -6248 - -0069 - ·0173 

121 ........... ..... ' ........... ' .... 75 31-5 45 20-6 264 980-6262 -0-0094 -0-0184 
122 ........................ ' ........ 75 43.9 45 20-7 288 -6206 - ·0128 - -0227 
123 ........................ ' ........ 75 42 ·0 45 20-7 272 -6248 - -0102 - -0195 
124 ............................ . .. '' 75 40-0 45 20-7 321 ·6256 - ·0048 - -0157 
125 Graham Bay Station . . ............ 75 48-4 45 20-8 222 ·6200 - ·0198 - -0274 
126 ........... . .......... ' .......... 75 41-7 45 20·9 297 -6237 - -0092 - -0193 
127 ........... . ..................... 75 36-6 45 20-9 295 -6252 - ·0079 - ·0180 
128 ........................ . ........ 75 59.9 45 21-0 390 -6083 - -0160 - -0293 
129 ................................. 75 57-1 45 21-0 337 ·6118 - -0175 - -0290 
130 ......................... ' ....... 75 54.4 45 21-0 246 -6166 - -0212 - -0296 

131 .. . .......... ' ....... . ........... 75 52-6 45 21-0 222 980-6188 -0-0213 -0·0289 
132 Graham Bay ..................... 75 49·1 45 21-0 232 ·6191 - -0200 - -0279 
133 ................................. 75 45-9 45 21-1 274 -6175 - -0179 - -0272 
134 ................................. 75 33.5 45 21-1 270 -6261 - -0096 - -0188 
135 ............ ' .... ' ............... 75 30-1 45 21-1 253 ·6279 - -0094 - -0180 
136 ............ ................... '. 75 51-0 45 21-2 211 -6205 - -0210 - -0282 
137 ................................. 75 42.4 55 21-2 286 -6227 - -0117 - ·0215 
138 ................................. 75 38-8 45 21-2 309 -6243 - -0080 - -0185 
139 . ..................... ' ......... . 75 38-6 45 21-2 310 -6239 - -0082 - -0188 
140 South March .................... 75 56-0 45 21-3 256 ·6174 - -0200 - -0287 

141 ............................... '. 75 31·8 45 21-4 261 980-6267 -0-0103 -0-0192 
142 .... ... .......................... 75 59-1 45 21·5 334 -6110 - -0193 - -0307 
143 '. ······ ........ ' ..... . .......... 75 44-3 45 21-5 311 ·6187 - -0138 - -0244 
144 ................... . ............. 75 35-1 45 21-5 277 ·6273 - -0084 - -0178 
145 Strathearn Station ................ 75 55-3 45 21-6 226 ·6196 - -0211 - -0288 
146 ................................. 75 47.5 45 21-6 256 ·6199 - ·0179 - -0266 
147 ........................... ' ..... 75 32-2 45 21-6 261 -6268 - -0105 - ·0194 
148 ................................. 75 40-9 45 21·8 267 -6267 - -0104 - -0195 
149 ................................. 75 53-0 45 21-9 196 -6208 - ·0232 - -0298 
150 City View ....................... 75 44-0 45 21-9 322 ·6192 - -0128 - -0238 
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PRINCIPAL FACTS FOR GRAVITY STATIONS NEAR OTTAWA, ONTARIO-Continued 

Station 
Observed Gravity Anomalies 

Longitude Latitude Elevation Gravity No. Name Free Air Bouguer 

0 I 0 I Ft. 

151 ............ . . ' ........ ...... ... . 75 37-1 45 21 ·9 282 980-6271 -0·0087 -0-0183 
152 ...... .... .. .. ... .. ...... .. ..... 75 58·4 45 22·0 332 ·6131 - ·0182 - -0295 
153 .. ..... . .. .. . .. ... . . . ... . .... ... . 75 34·0 45 22 ·0 262 ·6281 - ·0098 - ·0187 
154 .......... . .. .. .. .... .. ....... .. . 78 46·3 45 22·1 264 ·6210 - -0169 - ·0259 
155 Ellwood . .. .. . . . .. . . .. . ... ....... 75 39.9 45 22-1 288 ·6250 - ·0105 - ·0203 
156 .. .... ....... ... .. .... . . ........ . 75 30·7 45 22-1 259 -6284 - -0099 - -0187 
157 Britannia Bay . ...... . .......... . 75 48 ·0 45 22·4 219 ·6234 - -0191 - ·0266 
158 . ...... .... ... .... ... . .. .. ...... . 75 39·2 45 22-4 304 ·6250 - ·0095 - ·0199 
159 .. .. ... .. . ... .. . .. .. . ....... ..... 75 35.9 45 22·4 276 ·6285 - ·0087 - ·0181 
160 .. ...... ... ... ' . ... .. . ... . ... . .. . 75 57.5 45 22-6 310 ·6161 - ·0182 - -0287 

161 Ramsayville Station .... .... . . .. . . 75 34·0 45 22·6 242 980-6301 -0 -0106 -0 ·0188 
162 .. ....... . . . ' .. .. .. . . . ... . .. ... . . 75 32·6 45 22-6 237 ·6294 - -0117 - -0198 
163 . ......... . ... . .... .. .. . . . . ' . .... 75 45·2 45 22-7 260 ·6213 - ·0178 - ·0267 
164 .. ..... .. . . . ... .. . . .. .. . . ... .... . 75 40·0 45 22-7 289 ·6250 - ·0114 - ·0212 
165 .. ... . ... . . ...... .. .. . . . . ....... . 75 42·4 45 22·8 251 ·6252 - ·0149 - -0234 
166 Wychwood ... . ..... . ........ ... . 75 50·4 45 22·9 205 ·6237 - ·0208 - ·0278 
167 Woodroffe ....................... 75 46-5 45 22·9 223 ·6248 - ·0181 - -0257 
168 Harwoods Plains .. .. . ... . .. ...... 75 58-2 45 23-0 282 ·6177 - ·0198 - ·0294 
169 . . .... . .. .. .. . .. . . ........ .. . ... . 75 56·8 45 23 ·0 222 ·6218 - ·0213 - -0289 
170 . . ······ .. . ........ .. . .. . . . .. ... . 75 49 .4 45 23-0 207 ·6240 - -0205 - -0276 

171 .. .... .. .. ... ' ' . . ... . . . . .. ... . . . . 75 37.7 45 23·0 280 980-6270 -0-0107 - ·0202 
172 .. ..... .. .. . .. ....... .. .. . . . ..... 75 31·1 45 23-0 243 ·6299 - -0112 - ·0195 
173 Deschênes Mills .. . . . .. . .. . ... . . . . 75 48·3 45 23·2 203 ·6260 - ·0192 - -0260 
174 Billings Bridge .. .. . . . . . .. .. ... ... 75 40-6 45 23-2 208 ·6296 - ·0151 - ·0222 
175 Lauren tian View .. ... ... . . . ...... 75 44-0 45 23·4 240 ·6247 - ·0174 - -0255 
176 Hawthorne Station . .... .. . .... . . . 75 35.7 45 23·5 221 ·6239 - ·0111 - ·0186 
177 ... .. ... .... ' .......... .. .. . . ... . 75 47 .5 45 23-6 201 ·6272 - -0188 - -0256 
178 Westboro Station ... . . . . .. . .... .. . 75 45-6 45 23·6 219 ·6244 - -0200 - ·0274 
179 Ottawa . . ..... . . . . .. .. .. ... . ... . 75 41-9 45 23-6 218 ·6273 - ·0171 - ·0245 
180 .. .. ....... .. . .... . .. . . . .... .. . . . 75 36·6 45 23-6 248 ·6300 - -0115 - -0200 

181 ........... .. . . . ... . .. .... .. ..... 75 33-1 45 23·6 247 980 -6300 -0-0116 -0-0201 
182 .. ... ... ..... .. .... . .. . .. .... . ... 75 30-9 45 23-7 253 -6312 - -0101 - ·0187 
183 .. ... ... ....... . .. ' . ... ... . . . ... . 75 59-0 45 23 ·8 246 ·6208 - -0213 - -0297 
184 Aylmer . . . .. . . .. . . .. . . . . . . • • • • • • 75 50·9 45 23·8 276 -6194 - -0199 - ·0293 
185 Gatineau Country Club .... . .. .... 75 49-8 45 23 -8 280 ·6202 - -0186 - ·0282 
186 Ottawa . ........ . .. . ... . .. . . . . .. 75 41-1 45 23 ·8 205 ·6285 - ·0174 - ·0244 
187 . .. ..... . . .. .. .. .. . ..... .. .. ..... 75 34.9 45 23 -8 252 ·6314 - ·0101 - -0187 
188 .. ..... . . .... . .. ' ...... ' ... .. . . . ' 75 40·1 45 23 ·9 213 ·6298 - ·0155 - ·0228 
189 . . · ···· · ....... .. ... ... .... .... ' . 75 55-2 45 24-0 249 ·6230 - -0191 - -0276 
190 Aylmer . .... ... .. ... ............ 75 51·8 45 24 -0 197 ·6252 - ·0217 - -0284 

191 . . ...... .. .......... . ' . ... .. . . . . . 75 48-4 45 24-0 297 980-6207 -0-0169 -0 -0270 
192 Ottawa . . ....... ... .. . .... . .. . . . . 75 44·8 45 24·0 201 ·6253 - -0213 - ·0281 
193 .. ..... .. .. . . ....... . ... .. . . .. .. . 75 38 ·9 45 24 -0 268 ·6275 - ·0128 - ·0219 
194 . .. ... ... . ..... . . . . . ........ . . . .. 75 37 .4 45 24·1 256 ·6293 - ·0123 - -0210 
195 Malwood Station . ... . .. . ... .. . . .. 75 59 .9 45 24 -2 223 -6212 - -0236 - -0312 
196 . . · ·· · ·· .. . .. ........ . .. . .... . ... 75 47-6 45 24 -3 288 ·6219 - ·0169 - -0268 
197 Ottawa ......... . ...... . ..... . .. 75 41 ·4 45 24 ·4 224 ·6271 - -0179 - -0256 
198 .. · ···· · .. . . . .... . . . ........ .. . .. 75 31 -0 45 24 ·4 242 -6336 - ·0098 - -0180 
199 Bate Island . . . . ............... . .. 75 45.4 45 24 -5 197 ·6260 - -0218 - ·0285 
200 Ottawa West Station .. .... .. . ... . 75 43 .5 45 24·5 185 ·6265 - ·0224 - -0287 
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PRINCIPAL FACTS FOR GRAVITY STATIONS NEAR OTTAWA, ONTARIO-Continued 

Station Observed Gravity Anomalies 
Longitude Latitude Elevation Gravity 

No. Name Free Air Bouguer 

0 ' 0 ' Ft. 

201 ··· ····· ......................... 75 33.7 45 24-5 256 980·6313 -0·0109 -0·0196 
202 . .......... .. ........ ........... . 75 51 ·0 45 24·6 347 ·6167 - ·0171 - ·0289 
203 .... ............. ........ ........ 75 57·6 45 24-7 282 ·6195 - ·0205 - ·0301 
204 ................................. 75 49·8 45 24-7 356 ·6169 - -0162 - ·0284 
205 ............ ........ ... .... ...... 75 48·5 45 24·8 334 ·6177 - ·0176 - ·0290 
206 ·············· ..... . ..... .... .... 75 45·8 45 24·8 193 ·6269 - ·0217 - ·0282 
207 .. ······················ ......... 75 52·6 45 24·9 360 ·6176 - ·0154 - ·0277 
208 Ottawa .... ......... ..... ....... 75 43.9 45 25·0 179 ·6262 - ·0240 - ·0301 
209 Ottawa ......................... 75 43·0 45 25·0 174 ·6276 - ·0231 - ·0290 
210 Ottawa ......................... 75 40-0 45 25·0 193 -6307 - ·0182 - ·0247 

211 Blackburn Station ................ 75 33.9 45 25•0 229 980·6340 -0·0115 -0·0193 
212 Val Tetreau ....... .. .......... . . 75 44·6 45 25·1 188 ·6264 - ·0231 - ·0295 
213 ···· ···· ......................... 75 56·8 45 25·2 378 ·6147 - ·0170 - ·0299 
214 Cyrville ......................... 75 38·0 45 25 ·2 222 ·6316 - ·0148 - ·0224 
215 ..... .. .......................... 75 35.7 45 25·2 219 ·6346 - ·0122 - ·0196 
216 .. ... ........ .................... 75 53.9 45 25·3 218 ·6248 - -0221 - ·0296 
217 ...... ........ ................... 75 32·0 45 25·3 230 ·6358 - ·0101 - -0179 
218 ........ ........................ ' 75 52•7 45 25·4 405 ·6147 - ·0149 - ·0286 
219 Ottawa ......................... 75 42·0 45 25•4 238 ·6248 - ·0204 - ·0285 
220 ........ ......................... 75 51·1 45 25·5 453 ·6123 - ·0128 - ·0283 

221 Hull ............................ 75 43·2 45 25·5 179 980·6294 -0-0216 -0-0277 
222 ................................. 75 49·0 45 25·6 358 ·6171 - ·0172 - -0294 
223 ................................. 75 31·0 45 25·8 265 ·6350 - ·0082 - ·0173 
224 ................................. 75 57.9 45 25·9 330 ·6184 - ·0189 - ·0301 
225 Hull ...................... ······ 75 42·6 45 26·0 160 ·6294 - ·0241 - -0295 
226 Ottawa ......................... 75 40·6 45 26·0 235 ·6279 - ·0185 - ·0265 
227 ......... .... .................... 75 36·6 45 26·1 263 ·6323 - ·0116 - ·0206 
228 ................................. 75 54·1 45 26·2 400 ·6144 - ·0168 - -0304 
229 . ··········· ..................... 75 52·9 45 26·2 453 ·6125 - ·0137 - -0291 
230 Blackburn ....................... 75 33·0 45 26·2 273 ·6347 - ·0085 - ·0178 

231 .............. ........... ... ..... 75 59.7 45 26·3 254 980·6240 -0·0211 -0·0297 
232 Ottawa, Nat. Res. Council. ....... 75 41·8 45 26 ·3 182 -6296 - ·0222 - ·0284 
233 ......... ······· ................. 75 51·9 45 26·4 439 ·6129 - ·0149 - ·0298 
234 ................................. 75 45·8 45 26·4 311 ·6198 - ·0201 - ·0307 
235 Simmons ........................ 75 49-2 45 26·5 365 ·6169 - ·0181 - ·0305 
236 Hull ......... . ......... ...... ... 75 44·0 45 26·5 224 ·6254 - ·0228 - ·0304 
237 Eastview ........................ 75 38·9 45 26·5 226 ·6316 - ·0165 - ·0242 
238 .. ······· .......................... 75 58 ·9 45 26·8 330 ·6209 - ·0178 - ·0291 
239 .. ······ ······ ............... .. .. 75 55·2 45 26·8 378 ·6163 - -0179 - -0307 
240 ........... .... .................. 75 36·9 45 26·8 317 ·6305 - ·0094 - ·0202 

241 .. ········· ...................... 75 32·0 45 26·8 302 980-6389 -0 ·0024 -0·0127 
242 ................................. 75 42.7 45 26·9 156 ·6316 - ·0236 - ·0289 
243 . ...... ............ .. ............ 75 54·2 45 27·0 363 ·6165 - ·0194 - -0318 
244 ..... ... ..... ... ................. 75 35·2 45 27•0 210 ·6393 - ·0109 - ·0181 
245 ................ .. ................ 75 53·0 45 27·1 388 ·6147 - -0189 - -0322 
246 Rockcliffe .......... .......... . . . 75 40-7 45 27-2 246 ·6320 - ·0152 - ·0236 
247 ....................... ..... ... ... 75 51 ·3 45 27•3 391 ·6147 - ·0190 - -0323 
248 ..... ....... ..................... 75 39.4 45 27•3 198 ·6353 - ·0160 - ·0233 
249 .. ········ .... ........ ... ...... .. 75 30·2 45 27·3 291 ·6407 - ·0024 - ·0123 
250 ................................. 75 48·3 45 27·5 376 ·6176 - ·0179 - ·0307 
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Station 
Observed Gravity Anomalies 

Longitude Latitude Elevation 
No. Name Gravity Free Air Bouguer 

0 ' 0 ' Ft. 

251 .. . .. .... . .... . .... . ....... ' .. . . . 75 33.9 45 27•5 245 -980·6418 -0 ·0059 -0·0143 
252 ...... . . . .... . ...... . .......... . . 75 56·0 45 27•6 333 ·6175 - ·0221 - ·0335 
253 ... .... . . . .......... ... . ..... . .. . 75 46·0 45 27•6 335 ·6214 - ·0180 - ·0294 
254 . ... .. .. . ... ... ....... ... . . . . .. . . 75 54 .3 45 27•7 348 ·6172 - ·0212 - ·0330 
255 ........... . .. . ........... . ...... 75 44.5 45 27-7 179 ·6309 - ·0234 - ·0295 
256 Gatineau Point . ... . ... . . ... . .... 75 41·9 45 27•7 160 ·6348 - ·0212 - ·0267 
257 ........ .... ... ... ..... ... ....... 75 37.4 45 27•7 161 ·6404 - ·0156 - ·0210 
258 ...... .. .... ... .. . ............... 75 49 .4 45 27·8 410 ·6146 - ·0181 - ·0321 
259 .. .............. ............. . ... 75 35·6 45 27·8 159 ·6443 - ·0120 - ·0174 
260 C.P.R. Bridge .. .. ........ . ..... . 75 43.5 45 27•9 148 ·6341 - ·0233 - ·0284 

261 ....... ... .. ........... ..... .... . 75 32 ·2 45 27•9 200 980·6452 -0·0074 -0·0142 
262 .. ······ .... .. .... . .. . .......... . 75 52·7 45 28·0 356 ·6152 - ·0228 - 0·349 
263 ..... .... . . . ..... .. ... ...... . . . . . 75 51·5 45 28·1 354 ·6149 - ·0253 - ·0355 
264 (Orleans) . .. ... . . . ... .. . . . . ..... . 75 32 ·0 45 28·1 220 ·6446 - ·0063 - ·0138 
265 Ironside Station .................. 75 44.7 45 28·4 185 ·6322 - ·0226 - ·0289 
266 ......... . ....... . .... . . ... ... .. . 75 40·2 45 28·4 157 ·6379 - ·0195 - ·0248 
267 . . ······ ... .. ...... . ... . .... .. ... 75 47 •0 45 28·5 345 ·6201 - ·0197 - ·0315 
268 .................... .. .... . .... . . 75 43·8 45 28·6 167 ·6326 - ·0244 - -0301 
269 Orleans ..... .. . . ... ... . ... . ... . . 75 31-0 45 28 ·6 205 ·6480 - ·0052 - ·0122 
270 Breckenridge Station ....... . .... . . 75 57·2 45 28·7 219 ·6284 - ·0236 - ·0310 

271 Talon Station . ...... . ..... . ..... . 75 42-0 45 28-7 179 980·6352 -0·0206 -0·0267 
272 Gatineau ....... . .. . .. . . . ........ 75 38 ·4 45 28·9 148 ·6448 - ·0142 - ·0192 
273 East Templeton . ...... . . . ....... . 75 37.3 45 28·9 152 ·6462 - ·0124 - ·0176 
274 . ........... . ..... . ......... . ... . 75 53·2 45 29·0 347 ·6162 - ·0242 - ·0360 
275 ' ...... . ... . .... .......... . ...... 75 45·1 45 29 ·0 195 ·6310 - ·0237 - ·0303 
276 .. ....... . ............ . .. . .. . ... . 75 40·5 45 29·0 180 ·6382 - ·0179 - ·0241 
277 ......... . .... . . .... .. .. .. . ...... 75 33·0 45 29·0 146 ·6495 - ·0098 - ·0148 
278 . .. ..... . . .. ...... . . . .. . .. .. .. . .. 75 51·9 45 29·1 390 ·6118 - ·0247 - ·0380 
279 .. ······ .. .......... . ... . ..... . .. 75 57·8 45 29 ·2 223 ·6288 - ·0236 - ·0312 
280 ......... . ... . .... . . ... ......... . 75 48·8 45 29·3 343 ·6146 - ·0266 - ·0383 

281 .............. .. ... . . .. ... . ..... . 75 44.9 45 29·3 145 980 ·6354 -0 ·0244 -0·0294 
282 Gatineau Station . . . ... . . . .. . . .... 75 39·0 45 29·3 181 ·6420 - ·0145 - ·0206 
283 . ' .. .... ... . .... ' ... . . .. ... . .... . 75 55.9 45 29·4 331 ·6182 - ·0243 - ·0356 
284 ... ..... ... . ........ .. . . . .. ... . . . 75 42·1 45 29·4 180 ·6361 - ·0206 - ·0267 
285 .. ....... . .. . . .. ... . .... ...... .. . 75 54.5 45 29·5 331 ·6168 - ·0259 - -0371 
286 Kingsmere . . . . ... . .. . . . .. . ... .. . . 75 50·6 45 29·5 810 ·5920 - ·0056 - ·0332 
287 .. .... .. .. ... ..... .. ..... . ... .. . ' 75 40·6 45 29·5 180 ·6390 - ·0179 - ·0240 
288 . .... .. .. .. . . . .. . .... .... ' ... . .. . 75 56·9 45 29 ·6 210 ·6300 - ·0242 - ·0314 
289 ............ .. ... ...... .. .... . . .. 75 38 ·0 45 29·6 199 ·6441 - ·0111 - ·0179 
290 .... ..... ... ..... .. . .. .. ....... .. 75 34·8 45 29·6 177 ·6457 - ·0116 - ·0176 

291 East Templeton Station .. ... . ..... 75 36·4 45 29•7 159 980-6466 -0·0125 -0·0180 
292 ' .. ..... .... . ' ... ... .. ........... 75 48 ·9 45 30·0 337 ·6154 - -0274 - -0389 
293 .. .. ........ . . .... .... .... . . .... . 75 45·8 45 30 ·0 357 ·6195 - ·0214 - ·0336 
294 .... . .. .... .... . . ....... ' ........ 75 56·0 45 17·9 312 -6053 - ·0217 - -0323 
295 .... ... .. . . .. . '.' .. ...... ... .. .. . 75 54·0 45 18·1 364 -6069 - ·0155 - ·0279 
296 .... . ......... . . ........ . . . ... .. . 75 53·0 45 18·8 330 ·6096 - ·0171 - -0283 
297 Ottawa, Victoria Museum . ... . .. .. 75 41 ·3 45 24·8 228 ·6253 - ·0200 - ·0278 
298 Hull . . . .. . .... . ... .. . . .. . . .... . . 75 44·1 45 25·9 225 ·6252 - ·0220 - ·0297 
299 Eastview .... .. .. . . . .. . . . ........ 75 39.7 45 26·2 206 ·6318 - ·0176 - ·0246 
300 .. . ... . . ' .... ' .. ' .... . .. . . . ...... 75 46·7 45 26·7 332 ·6191 - ·0193 - ·0306 

301 Rockcliffe . . ... ... .... ........... 75 40.7 45 26·8 231 980-6311 -0-0169 -0·0248 
302 ' .. ... ...... . . .. .. . . . ... ..... . . .. 75 40·3 45 27·2 197 ·6364 - ·0154 - ·0221 
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Characteristics of Magnetic Disturbance at the 
Canadian Arctic Observatories 

BY 

K. WHITHAM AND E. I. LOOMER 

PART I: CYCLIC FIELD CHANGES ON QUIET AND DISTURBED DA YS 

ABSTRACT 

A selection bas been made of three classes of days at Resolute Bay* (geomagnetic latitude = 83° ) and Baker 
Lake (geomagnetic latitude = 73.7°N) corresponding to "local disturbed", "local quiet", and "local very quiet" 
conditions at a time of sunspot minimum. The disturbance daily variation bas been harmonically analysed, and the 
statistical properties of the cyclic disturbance waves examined. 

Weil inside the polar cap, it has been demonstrated that the form of the disturbance field remains substantially 
constant independent of the intensity of disturbance and the season, and can be well represented by 24-hour waves 
only. The 12-hour waves are only very partially persistent and higher harmonie waves are random. The results 
from Resolute Bay are in excellent agreement with a simple atmospheric dynamo mode!, but modifications of the 
theory lead to contradictions, and the plausibility of the:model is thuS:in doubt. 

In the transitional region to the north of the auroral zone, diurnal disturbance is much more complex and vari
able, changing form as the disturbance increases. The persistent properties of the waves are discussed in connection 
with a number of theories of auroral zone magnetic disturbance, and it is shown that none of these theories satis
factorily explain the observations. 

INTRODUCTION 

The quiet day solar daily variation and the disturbance daily variation in moderate 
and low latitudes have been widely analysed and the findings discussed in detail by Chap
man and Bartels (1940, Chs. 6, 7, 9, 23). Until recently the observational material available 
from polar regions has been very limited and it has been only partially discussed. The 
Dominion Observatory has operated two magnetic observatories in the Canadian Arctic 
since 1948. One of these is situated at Resolute Bay, Cornwallis Island (latitude 74.7° N, 
longitude 265.1 ° E) and the other at Baker Lake, N orthwest Terri tories (latitude 64.3° N, 
longitude 264.0° E). The geomagnetic coordinates of these observa tories are <I> = 83.0° N, 
A= 289.0° E and <I> = 73.7° N, A= 315.3° E respectively, assuming 78.5° N, 291 ° E for the 
position of the north geomagnetic pole. Resolute Bay observatory is thus well situated 
for the study of magnetic phenomena found within the geomagnetic polar cap, and so far 
as is known to the authors, it is the only permanent observatory besicles Thule in con
tinuous operation well inside the auroral zone. Magnetic disturbance at Baker Lake is 
representative of disturbance found in the transitional region to the north of the auroral 
zone. Again permanent observatories in these latitudes are few in number: Calm Bay 
(Tikhaya) magnetic observatory located in Franz Joseph Land at geomagnetic latitude 
71.5° N should be comparable. 

An analysis of the outstanding features of magnetic disturbance at Resolute Bay and 
Baker Lake observatories is described in this paper. Part I refers to cyclic field changes 
on quiet and disturbed days whereas in Part II the transient storm disturbances are 
discussed. The statistical techniques used have been largely those tried for low and 

*A recent decision by the Canadian Board on Geographical Names has assigned the single name 'Resolute' to this location. 
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moderate latitude stations with certain modifications and additions. Wherever possible 
the results obtained have been compared with the predictions of different theories: how
ever, with two stations only this is often an ambiguous process. A similar analysis for a 
denser network of Arctic observatories would be more valuable and such a treatment may 
become possible after the IGY. However, the results discussed in these two papers are of 
great value to any comprehensive discussions of magnetic disturbance because of the 
position of the observatories. 

THE SELECTION OF DAYS 

Continuous photographie registration of three magnetic elements has been carried 
out at Baker Lake since 1950 but at Resolute Bay since mid-October 1953 only. In order 
to use 'records in three components for the same period of time at both observatories, days 
were selected from the period November 1953 to March 1955. At the time these investi
gations began, data were not available beyond March 1955. The number of months in 
each of the solstitial and equinoctial periods is different, but this is thought to be unim
portant since the period is almost centred about the sunspot minimum of April 1954. The 
results obtained should be representative of sunspot minimum: the amplitudes of the 
cyclic changes found are probably only about 70 per cent of the mean for a complete 
sunspot cycle. 

The method in current use for the selection of the international magnetically quiet 
and disturbed days in each month has been described by Bartels and Veldkamp (1955). 
Although the incidence of disturbance is world wide the relative intensity is not uniformly 
distributed. Consequently it seemed more reasonable to use the measured K indices for 
the two stations to select local quiet and local disturbed days, rather than the inter
nationally selected days based on twelve observatories between geographic latitudes 47° 
and 63°. The working criterion adopted was the sum of K, and limits were set so that on 
the average throughout the interval approximately five days per month were disturbed 
and five quiet. However, in order to examine the data seasonally it was necessary to 
change the limits for the winter months at Resolute Bay corresponding to the decrease in 
the average K sum during the winter months. 

Table I shows the relative number of days selected in each season for the observatories: 
at Resolute Bay the criterion of a disturbed day is approximately ~ K 2:: ~ KA v + 5 and 
for a quiet day is ~ K :::; ~ KAv - 5. At Baker Lake the same K limits were chosen as 
for Resolute Bay, although the seasonal change of disturbance intensity is different at the 
two stations. As measured by the average sum of Kin the three seasons, the summer is 
most disturbed in the polar cap whereas equinoctial peaks are found at Baker Lake as at 
middle and low latitudes. Winter is always least disturbed. The data in Table I also 
indicate that in the most disturbed season the average level of disturbance increases at 
the two stations, rather than the intensity of disturbance during the greatly disturbed days. 

Sorne tests were made using the sum of K squared criterion for selecting days: during 
the winter 1953-54 fewer than one in eight days would be changed had this been adopted. 
This criterion modifies the selection of quiet days a little more than the selection of dis
turbed days. For the purpose of selection, it seems sufficient therefore to employ the sum 
of K test. 
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-
LLOYD'S N° of 

I: K N° of N° of N°of 

SEASON MONTHS 
ALL DISTURBED I:K QUIET IK VERY QUIET IK 

DAYS DAYS DAYS DAYS 

R E S O L u T E BA Y 

SUMMER 4 20.3 15 [K ~ 25 26.5 12 [ K ~ 15 13.5 0 

EQUINOX 5 19.7 21 IK ~ 25 
(No K>I) 

26.8 25 I:K..; 15 11.0 3 

WINTE R 8 14.3 43 I:K ;;,. 20 24.9 68 r. K ~ 10 7.2 12 

TOTAL 17 1 7.3 79 25.7 105 8.8 15 3.1 

B A K E R L A K E 

SUMMER 4 19.2 21 I: K ;;,. 25 26.8 26[K~15 12.3 0 

EQUI NOX 5 22.4 61 I: K;;,. 25 28.4 21 I:K .;;; 15 11.4 
( Not more 

3 
thon2Ks 

WIN TER 8 18.5 93 I:K ~ 20 26.2 21 I:K ~ 10 56 14 
>2) 

TOTAL 17 19.8 175 27.0 68 10.0 17 4.3 

TABLE I. Table of selected days at Resolute Bay and Baker Lake from November 1953 to March 1955. 

A further selection of very quiet days was made from the selected quiet days: at 
Resolute Bay the criterion was that no K > 1 during a very quiet day. Fifteen such days 
were found at Resolute Bay, twelve of which occurred during the least disturbed winter 
months and three during equinoctial periods. At Baker Lake only three days satisfying 
this criterion were found, and to increase the number of days, the criterion was relaxed to 
allow days with two K values equal to 2: seventeen days were found. 

MAXN~ MAXN!! 
WHICH WHICH 

N!! COULD N!! COULD N!! 
INOUR OCCUR WHICH DO AGREEMENT OCCUR WHICH DO AGREEMENT 

SELECTION IN 5 INTL OCCUR RATIO IN IOINTL OCCUR RATIO 
DAYS DAYS 

R E S 0 L U T E B A y 

QUIET 71 34 29 0.85 52 47 0.90 

DISTURBED 58 40 32 0.80 

TOTAL 129 74 61 OB2 92 79 0.86 

B A.KER L A K E 

QUIET 49 35 25 072 47 38 0.81 

DISTURBED 121 53 48 0.91 

TOTAL 170 88 73 0.83 100 86 0.86 

TABLE II. Comparison of selected days at Resolule Bay and Baker Lake with international quiet and 
disturbed days, 1954. 
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It is informative to compare this selection of days with the internationally selected 
days, although a simple comparison is not possible. Table II shows the results. At both 
stations more than 80 per cent of the days selected which could be international days 
were in fact so. At Resolute Bay not one of the disturbed days selected is listed as an 
international quiet day (5 or 10 per month) and vice versa. At Baker Lake one of the 
quiet days is listed as an international disturbed day, and four of the disturbed days are 
listed as quiet days (10 per month). This suggests that in future comprehensive programs, 
it may be sufficient in the analysis of Arctic data to examine the days recommended 
internationally. This conclusion is supported from a comparison of the very quiet days 
with the very quiet intervals given by Bartels and Veldkamp (1955). One day only at 
Resolute Bay was selected at a time not common to lower latitude observa tories; this 
day was not selected at Baker Lake. 

HARMONIC ANALYSIS OF SELECTED DAYS 
Methods 

The material for the analysis of daily variation consisted of 24-h mean values in three 
components, X, Y, Z at Resolute Bay and H, D, Z at Baker Lake. These mean values 
were plotted on graph paper with suitable abscissa (400 mm. =24 hrs) and ordinate scales 
(1 mm. =1 gamma on quiet days, and 1 mm. =2 gammas on disturbed days). The hourly 
means are centred on the hour; twenty-five points are shown for each Greenwich day, the 
first being the mean of the first hourly value for the day and the last hourly value of the 
previous day, and similarly at the end of the day. The curves were analysed on a Coradi 
Harmonie Analyser, and in general 4 sets of harmonie coefficients (a1, b1, . . ... a4, b4) 
determined for each day. 

Scaling, drawing, tracking and instrumental errors influence the coefficients. Drawing 
errors do not exceed about ½ mm. with the scales adopted and experiments with the 
analyser showed that results were reproducible using average care to an accuracy of 
about 1½ mm. in 100 mm. amplitudes, and the absolute scale error of the machine was less 
than 0.5 per cent. It was concluded that errors in the coefficients determined by the 
machine, i.e. in a1, b1, 2a2, ..... 4b4 do not exceed 2 percent of large amplitudes or 2 mm., 
whichever is larger. Scaling errors are difficult to estimate, but are unlikely to produce 
systematic errors, unless e.g. the scale constants of the magnetograms are in error. It 
seems reasonable to assume from the observatory records that this source of error cannot 
exceed 5 per cent, and probably doesn't exceed 3 per cent. In practice this means that 
the uncertainties in the determination of nan, nbn do not exceed 5 percent, or 2 gammas, 
whichever is larger. The accidentai errors in any means are of course much smaller. 

N on-cyclic corrections were applied; this procedure seemed best on quiet days in 
view of the existence of the post-perturbation efiect which can be approximated by a 
linear function. It is however, arguable whether a non-cyclic correction is best applied 
to the results on disturbed days, since there seems little doubt that the disturbance daily 
variation (Sn) at times of definite storm commencement is best described as a disturbance 
local time inequality (Ds) and changes amplitude regularly during the development and 
decay of the storm (Chapman, 1952). However, the analysis on disturbed days generally 
corresponds to the determination of the solar daily variation during weak magnetic 
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disturbance where no storm-time can be assigned, and the average cyclic conception has 
meaning. Consequently non-cyclic corrections were applied to all the results, after the 
machine analysis using the form 

where d24 = value in magnetic element of 25th point on graph; 
do = value in magnetic element of 1st point on graph; 

and nbn (corrected) = nbn (measured) + nÂbn. 

RESOLUTE BAY 
HAR~ • NIC 1 2 3 

N C ( Sa' 5ti< r e R C ( Sa' Sb' r e R C ( Sa' Sb' r e R C ( 
DISTURBED DAYS LT 

1' 2 72 
L.T 

72 ·12 
LT. LT .., hrs .., ..... .., hrs. ..,2 ...,2 

"( ""'· 
-X 15 52•8 14-2 436 360 0,22 19•9 1•3 10·9 1•7 136 227 0•10 8,3 1•3 

SUMMER -Y 15 77•0 19-7 225 325 0,00 23·7 l•I 2•1 7•2 296 419 0• 17 7•9 1·3 3·2 5·7 175 141 0·17 2·1 1·2 ~ 2-7 z 15 27•8 3-7 1441420 -0•39 0'2 3·6 3'4 2-8 208 264 0'74 7,4 1•6 
-X 21 83-0 13•9 192 560 0•07 234 1·7 5•4 2•7 115 117 -0<35 10·2 1·4 44 5·0 100 156 -0·27 4·3 14 33 :r9 

EQUIN0X -Y 21 7:Y.i 20-0 300 450 0•27 21•9 1·4 9•0 6•4 150 119 -0•05 11•3 l•I 30 ~:I 161 144 0-30 2·6 1·4 3·8 ~1 Z 21 18•3 6 ·0 112 588 0•37 0'4 2'7 10•6 L•I 77 138 0·00 8•7 1•3 2 7 72 120 0-05 3·5 1 1 26 
-X 42 504 13'5 100 292 0•01 23·7 1•3 4•8 10·5 Ill 150 -0•14 9•4 1·2 

WI NT!:.R -1 :~ 6~~ lt{ ;1,22 ~~ R.r~ ~\'.~ 1'5 0:~ ':i 2~2 f~ g:~ ~:~ 1·3 2·3 l&e 119 175 0•~ 4'4 2-7 0·1 1·9 
?4 li,1 T, R· 1.1 

.QUIET DAYS 
-X 12 39<~ 14•2 91 159 -0•30 1•3 1•6 6-8 0·9 31 78 0·72 7•8 2•8 

SUMMER -Y 12 41•6 19·8 34 152 -0•35 0•2 Z.3 7•2 3•7 89 75 0•39 6-0 1·5 4·3 '5·2 32 44 -0,52 2·5 1-2 2·8 1·2 z 12 6•9 2•7 179 328 -0•33 1•2 1•6 4·4 4•0 139 65 0•14 6•0 2·0 
-X 25 30-3 13•8 132 246 0,48 1•6 1,8 2•6 9.7 74 54 0•2f 10-8 1•3 4.2 5·8 55 30 0•10 5·5 1•4 2·7 5·E 

EQUIN0X -Y 24 30,a 19•2 l80 101 0'46 19•6 1•8 2,4 1•7 30 71 -0•07 8·8 1-6 0·9 7·8 28 29 Q-OC 5·6 1,0 2-5 1•2 z 25 14•2 2·6 153 99 -0•22 4•2 1•4 3,7 4·7 39 45 0•06 8·0 1·1 0-5 3·1 14 26 0 ·14 3'4 1·4 09 2'4 
-X 67 I7,S 13•3 26 93 -0•37 0 ·6 2-4 2•8 10·1 22 30 0•24 7•7 2·4 

WINTER -Y 68 15•8 19-2 63 39 0 •38 19'6 14 3•8 1·5 24 18 -0·24 7•7 1·3 0-6 ~-8 a 10 0·18 30 1·2 0~ 3·2 
Z 67 5•8 6•2 19 37 -0• 15 0·5 1-4 0-2 11·7 13 15 0•12 8·1 1•2 

ALL 6ISTUR8ED -X 78 59:4 13-8 283 499 -0.20 0-8 1'4 2·7 06 119 173 -0•16 9·4 1,3 

DAYS -~ 79 67•8 19-9 354 509 0,35 21•6 1·5 1'9 2·3 269 242 0,29 7•0 1-3 2·5 ~-2 141 161 -0•13 4·4 1·2 2·1 Z-4 
78 21•3 5-0 203 601 -0•14 0•2 1'4 2'8 l·I 125 156 0·36 7·5 1·5 

ALL QUIET -X 104 23'2 13·6 95 167 -0•57 1•8 1-8 2'6 10·6 37 45 0•17 7,7 1·2 
-Y 104 22-2 19•3 149 93 0·52 19•9 1•9 3'6 2•0 36 39 -0•06 ~6 l'i l•0 6·7 17 19 -0-~ 4·6 l·I 0-7 1-5 

DAYS Z 104 7•2 4·3 74 107 -0•2!: 1•6 14 1·3 4,4 36 29 o-ru 6- 1 l•I 
ALL VERY -X 14 9•1 12-7 3 26 -0•45 i~3t'2 2•1 9•9 13 52 0'38 8·1 5·3 

QUIET DAYS -Y 15 8·5 19-1 Il 22 0•0E 2 1-4 2-7 1•8 37 17 OOC 0·O 1·5 0-6 5·7 32 33 0•18 4•7 1·3 lo-c 5-4 z 15 2·6 6·4 10 21 -0·2 I 1·6 1•3 3•3 18 28 -0.09 9•1 1·2 

BAKER LAKE 

HARM0NIC 1 <'. ' N C ( Sa' Sb' r e R C ( s z Sb' r e R C ( s z 
Sb':I 

r e R C ( 
DIST1.JHJ) Dlt!'S H,Z 'f 7• r• "1 

o, 7 z 7 
a, ., 2 .I_g LT. .. .....J LI _7. .,..,..• LT. 2cl rrvntt:.2 , D mns hrs. mins rrins IYs mns ......,., 

h"' 
D 21 51·0 9-4 3E 188 002 23'6 2•3 22-0 4-4 174 159 0•13 6·8 l·I 11·8 104 90 12~ 0.54 2'8 1·9 4-0 1•9 

SUMMER H 21 15·6 20'4 224 424 -0•16 06 1·4 400 3•5 237 129 0"46 &5 1•8 16•( 16-4 161 23 0-24 3-0 1•44-00-1 
z 21 85•4 48 576 672 0-42 21•C 1'6 14•7 10•6 740 540 0•10 6•1 1•2 20·1 6 •7 394 358 -0·07 4'8 1'19~04 

D 61 59•6 9•3, 532 328 024 19•1 1-4 9-8 4•4 253 165 0>15 6•2 1·3 2-1 13-0 104 117 
-~ 

4·2 1·1 4·9 ·2-4 
EQUIN0X H 59 20•5 21•1 °456 1316 g:~ 23·4 1·1 28-5 3•~ 485 544 -0• 14 9•7 1·2 7•( 5·6 206 361 3'4 1•3 3·6 l·0 

z 61 102- 4•2 688 752 21•8 1•1 21·3 100 715 527 -0•03 10•8 1'3 12·( 02 433 420 2-4 l·0 2-9 0 -8 
D 89 33-6 9•4 164 280 0•60 2 1•4 2·1 11•9 5·8 105 129 0•18 7,6 1•2 24 4·5 84 76 0<X 3-6 l'i 3-2 2-6 

WINTER H 91 21•8 19•2 432 720 0•24 22·2 1•4 ~2-4 3•0 325 419 0116 7·8 1•2 6·1 5·0 305 360 0·24 2-9 1·3 4·! 0-9 
z 91 75-6 4-6 l036 772 -0•13 4·2 1·2 12·0 8•9 359 623 -0>05 8•8 1-3 6·1 0·0 285 337 0•17 2·9 1·2 4-C 0·7 

QU IET 0AYS 

29 '-0·09 D 25 24•2 8'5 47 72 -0•14 0•7 1·3 9·5 5•3 41 51 0·05 7,9 1•2 5·7 kl-2 45 5-1 1·3 2·3 1·7 
SUMMER H 21 27·8 20'3 61 97 0·38 21•7 1•6 23•9 3•3 81 80 0·54 10•1 1,8 2•8 ~-2 51 26 I-o-05 5•5 1-4- 3•8 4-9 

z 25 37•3 5-2 173 246 0-07 22'9 1•2 8•4 1·9 173 124 0.53 6•8 14 14•2 6-4 115 45 0•24 1·9 1·7 3'2 0 ·6 
D 21 16-1 8•9 20 60 0·29 22·7 1•9 6·0 4,9 24 21 -0·04 10•9 I •I 1·8 0-0 21 15 0·24 2·3 1·3 5·1 2·7 

EQUINOX H 2 1 18·0 20•1 102 223 071 21•6 ?,7 24'3 3•3 106 142 -0•65 9'6 2'2 8·6 ~-3 116 48 0-06 ~ -1 1·9 4'6 1·2 
z 21 37·0 4•8 351 143 0-26 18·6 1•7 5•3 11·6 85 323 0,03 8'5 2-0 3·2 54 81 84 -0-15 4•5 1·2 5·5 1·6 
D 21 3'4 7•7 

~ 
Il 064 > I• 1 2·2 5•5 6•1 5 9 -0,39 9•5 1·7 1'4 1·7 1 3 -0•23 3-91•7 11·5 2-8 

WINTER H 21 13•2 18•3 33 0.25 :;1•8 1•3 0,4 3•3 8 37 -0•17 8•f 2,1 1·9 6·3 6 13 g-I~ r l•r 1•0
1
4-3 z 21 14•3 4•1 44 -0-21 5•1 1•3 4·3 2·4 14 19 0•35 7,5 1•7 3.- 6 -8 9 7 .3 ·31' 

1
1·8 1·8 

ALL DISTURBED ~ 17 1 45•0 9-3 335 378 0·49 20.8 1•7 11,7 5•1 l '75 168 0•11 6'9 l•I 0-f 44 100 112 -0·0~ 29 l•I :3·8 ,,5 
17 1 20.Z 20-0 428 903 0•12 23·0 l•I ~-o 3•2 382 436 0•03 8·2 1·1 7•1 5-5 258 361 0,22 t\ /:11::? 

~-8 
DAYS z 173 85·6 44 975 822 -0•11 21·9 1·2 14•6 9·6 563 586 -0•09 6'9 l•I 8·8 7-8 388 380 0•11 0·6 

ALL 0UIET D 67 15·2 8-6 64 87 0•51 21·2 1•8 6•9 5-4 28 31 -0•0I 5.9 l•I 2-9:04 25 23 -0'122•8 1,1 2·6 2·5 

DAYS H 63 19·4 1913 73 167 0-63 21·7 2•4 19·9 ~ 68 131 -056 6•6 2•1 5-2 6·3 64 31 o:~2-0 1-6 1•3 1·9 
z 67 29·3 4-9 YJ7 152 0·12 18·2 1·4 5•1 1·4 99 165 0·23 7•9 14 7·2 6-4 89 57 0242'1 1-4 3'() 1·3 

ALL VERY D 17 3-4 7-0 7 6 0•10 19•3 1.1 5·5 6-6 4 3 -0•32 10,5 1'4 1·4 1·7 1 2 0·f~3-2 , 1-4 1·8 3·2 
H 17 13-5 18•7 22 21 0'35 8-4 14 9•3 10'7 6 4 -0-92 10•2 5·2 1·6 ~-1 6 8 0· 14 ~~ 1·3 l·0 5-6 

QUIET DAYS z 17 10·4 4·3 24 17 -0•31 1•5 1·4 3·9 2·9 li 13 0·21 7·5 1·3 3·1 1:i'6 10 14 ,-0·094 1·2 1-7 1·7 

4 
Sa' St,. r 
72· ,.,2 
92 150 0•07 

125 93 -0·03 
77 
42 t :g:?f 

144 56 0•04 

l4 40 0·65 

15 19 0·06 
26 13 -0·05 
Il Il 0·18 

7 9 0·22 

119 82 0·01 

13 16 0·18 

20 29 0-04 

4 

Sa' Sb z r 
7 2 7 2 

----· ---· 113 99 -0·36 
90 165 -0-43 

137 442 0·24 

88 118 -0,02 
288 307 -0·18 
189 176 -0·02 
68 42 -0-18 
165 258 -0·œ 
188 240 0•I0 

12 23 -0·14 
20 29 0·15 
39 68 0·03 
12 18 0-06 
19 50 -0-09 

68 55 0-19 
1 2 0-01 
8 i :8:~~ 9 

82 77 0·13 
199 264 0•13 
211 217 0-09 

12 16 0·05 
19 37 0·03 
42 47 0·0' 

1 1 -0-46 
4 3 -0·08 
4 5 0-09 

TARLE III. Geometrical properties of the clouds of points for four harmonies and three selected classes of 
days at Resolute Bay and Baker Lake observatories. 
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FIGURE 1. Harmonie dials for the 24-h, 12-h, 8-h, and 6-h waves in the diurnal variation of -Y at Resolute Bay, 
N.W.T. The 43 points refer to 43 disturbed days in the winters 1953-1955. The vector from the origin to the star 
on the dia! indicates the amplitude and G.M.T. of the maximum of the sine wave. The average vectors and probable 

error ellipses are drawn. 
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The smoothing corrections were not applied since in the first and second harmonies 
they do not sensibly affect the results; in the fourth harmonie the correction is still less 
than 5 percent. 

Results for Resolute Bay and Baker Lake 

Following Bartels (1935), harmonie dials for 24-h, 12-h, 8-h, and 6-h periods were 
constructed in which each point may be conceived as the end point of a clock hand which 
indicates the time of wave maximum and whose length indicates the amplitude of the 
wave. Analysis of the variability of the harmonies becomes an analysis of the geometrical 
properties of the clouds of points. Dials were constructed for each magnetic component 
in each season for quiet and disturbed days, and for all quiet, disturbed and very quiet 
days. Figure 1 is typical of the results for Resolute Bay showing the mean amplitudes 
and the probable error ellipses, and Table III is a summary of the results for both stations. 
Defining the variance as the quotient of the sum of the squares of the deviations from the 
average divided by the number in the sample, Table III shows the mean amplitude C, 
mean phase e, the variance S,.2, Sb

2 of the Fourier cosine and sine coefficients a and b, the 
coefficient of correlation r between a and b for the sample of N and the axis ratio R. The 
major and minor axes of the ellipse are equal to 0.83 s; and 0.83 S2 respectively where Si2, 

S2
2 are the variances found when the first coordinate axis lies along the major axis of the 

probable error ellipse, and the second coordinate axis along the minor. 

Table IV shows the amplitude, phase and standard deviation of any sample. The 
expected amplitude for the average of N vectors having the same N amplitudes as the 

observed vectors but with phases random is equal to vif times the expectancy 

✓î2;N(a~ + b2

)} i.e. to .J{C
2 t M 2

} where M is the standard deviation in the amplitude 

(M2 = Sa2 + Sb2). The probability that the average vector C is K times as large as this 

✓-{c2 + M
2

} NC
2 

expected amplitude is e-K• where C = K N i.e. K2 = c2 + M 2• 

Thus assuming that the points for the selected days are independent, the probability that 
the mean amplitude C is accidenta! is e-K2

• A small value for this probability shows that 
the directions of the N individual vectors are not random, but does not prove the presence 
of a purely periodic persistent wave in the data because quasi-persistent effects on succes
sive days are known to exist in the solar variation, and this results in a serious reduction 
of the effective number of independent points in any dial. To examine the influence of 
quasi-persistence the data for Y west (-Y) at Resolute Bay in the winter solstice were 

✓c2 + M2 examined, and the expectancies Eh = N computed for the averages of h = 1, 2, 4, 

8, 16, 32 and 64 successive vectors. The results are shown incurves of Figure 2. Quasi
persistence would be indicated by the ordinate increasing linearly with h for small h and 
becoming constant at large h; random waves by a constant ordinate value of unity and 
complete persistence by a slope of 45°. The curves obtained show that the third and 
fourth harmonie waves are random, whereas the first harmonie is noticeably persistent 
and the second harmonie semi-persistent. No striking evidence for quasi-persistence is 
obtained, and so the effective expectancy to be used in calculating probabilities in a dial 

should be N where ais a small number. The test described above together with the fact 
a 
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FIGURE 2. Persistence curves for -Y at Resolute Bay, N.W.T. on quiet days in the winters 1953-1955. 

that quasi-persistence must be Jess important for the data where the number of selected 
days in any season is small suggests that if a= 2 is adopted, no serious errors should arise. 

-C•N 

The column in Table IV showing P1 = e<20•+M•J should then be an over estimate, if 
anything, of the probability that the mean amplitude found was produced by accidenta! 
superposition of random waves. Table IV also shows the standard deviation in the mean 

amplitude calculated on the basis of N / 2 independent points. This is ± ô S = ± v:/
2 

where M 2 = S~ + s: = S! + S~. The standard deviation in the mean phase ô. is calculated 
using the concept of phase variance of the points of the cloud; the phase variance s2 is 

defined s2 = (3
4 
{a2 S~ + b2 S!} which result can be obtained by differentiation. Then by 

analogy ô e = s / .Jfj · 
In Table IV a probability P2 computed from the ellipticity statistic L., discussed by 

Mauchly (1940), is given. L. is defined as 1 !R R 2 where Ris the axis ratio of the probable 

error ellipse. The parameter L. is used to discuss whether the cloud is significantly 
elliptical or not. P2(L.) is the probability that an ellipticity statistic as small or smaller 
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TARLE IV. Statistical properties of the harmonie waves for four harmonies and three selected classes of 
days at Resolute Bay and Baker Lake observatories. 

than the value found for the cloud might be obtained in a random sample of N/ 2 points 
drawn from a circular population. P2 = L0 (N /

2
-

2> after Mauchly (1940). 

Discussion of Seasonal Results for Resolute Bay 

Using the probabilities P 1 it is apparent that whereas the 24-h waves in the horizontal 
components are very persistent, the Z wave is much more variable and in the summer on 
quiet days cannot be well described as a persistent wave. This is not a result of the 
number of quiet days in the summer season being small. The 12-h waves are very ill 
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defined by comparison with the 24-h waves, and the higher harmonies completely random. 
For this reason it was considered worthwhile completing the analysis in 4 harmonies for 
the Y component only at Resolute Bay. In Figure 1 probable error ellipses are shown, 
but the values P2 in Table IV show that with the exception of the winter quiet day data in 
the X component only, the clouds are not significantly elliptical. This trend is true for both 
the 24- and 12-h waves, and soin general the direction 0 shown for the major axis is not 
significant: there is also little evidence for real correlation between a and b in the sets. 

Table V summarises the seasonal trends at Resolute Bay: no statistically significant 
differences appear in the phases of the waves for the quiet and disturbed days in all seasons, 
and no very significant shifts occur seasonally in phase. There is a suggestion that the 
average phase of the horizontal component waves is advanced from summer to winter by 
one half hour. The greater variability in Z and the correspondingly larger uncertainties 
mask any real seasonal shift. These suggest that quiet day effects at Resolute Bay repre
sent a residual disturbance daily variation, and that the development of additional 
disturbance field in polar regions remains approximately constant independent of the 
intensity of disturbance. The quiet day mean horizontal amplitudes vary seasonally as 
would be expected, with amplitudes in summer, equinox and winter in the ratios 1 : O. 75: 
0.41 respectively. (The average K sum from Table I goes as 13.4 : 11.0 : 7.2 or 1 : 0.82: 
0.54.) The disturbed day means are less systematic but the equinoctial and summer 
amplitudes exceed those in the winter as would be expected. The mean Z amplitude data 
is too uncertain to be of much use. 

PERSISTENT 24 hr. WAVES 
RESOLUTE BAY OISTURBED DAYS QUIET DAYS 

AMPLITUDE L.T. of MAX. AMPLITUDE L.T. of MAX. 
T hrs . r hrs . 

SUMMER 52 .8 ± 10.3 14.2 ± 0.6 39.9 ± 6.4 14.2 ± 0.4 
-X EQUIN0X 83.0 ± 8.5 · 13.9 ± 0.3 30.3 ± 5.5 13.8 ± 0 .4 

WINTER 50.4 ± 4 .3 13.5 ::!: 0.1 17,5 ± 1.9 13.3 = 0.3 

SUMMER 77.0 ::!: 8.6 19.7• ::!: 0.3 41.6 ± 6.8 19.8 ± 0.4 
-Y EQUIN0X 73.5 ± 8.5 20.0 ± 0 .3 30.8 ± 4.7 19.2 ± 0 .4 

WINTER 61.5 ::!: 6.6 19.7 r 0.3 15.8 ± 1.7 19.2 ± .o.3 

SUMMER 27.8 ± 14.5 3 .7 ± 1.7 6.9 ± 9.1 2.7 ± 3.7 
z EQUIN0X 18.3 ± 8.2 6,0 ± 1.6 14.2 :!: 4.6 2.6 ± 0.8 

WINTER 24.0 ± 5.0 5.3 ± 0 .6 5.8 ± 1.3 6.2 ± 0.7 

PARTIALL Y PERSISTENT 12 hr. WAVES 

- X WI NTE R 4.8 ± 3,7 10.5 ± 1.0 2.8 :!: 1.2 10.1 ± 0.6 

-Y WIN TER 8.0 ± 4.9 1.2 ± 0.7 3.8 .±. 1.1 1.5 .± 0.4 

z EQUIN0X 10.6 ± ,4 ,6 1.1 ± 0.6 3.7 ±' 2.6 4 .7 ± 1.0 
' -

TABLE V. Summary of persistent seasonal waves at Resolute Bay. 
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It thus appears that disturbance at Resolute Bay merely enhances the quiet day 
daily variation, or alternatively the latter can be regarded as representing the residual 
effect of disturbance daily variation. The exact amplitude relationships depend on the 
criterion used in selecting the days, but the conclusion does not. Figure 3 illustrates this 
conclusion graphically showing the seasonal variation in the mean amplitude and phase 
and the probable error ellipse (circles might have been drawn) for the two classes of days. 

The results for any 12-h waves which show partial persistence (one P1 < 0.05) are 
shown in Table V, and no real differences are apparent. Once again the almost random 
Z wave shows poorest agreement. 

Very Quiet Day Results at Resolute Bay 

The question naturally arises whether there is a real quiet day field distinctly different 
in form from the disturbance variation and which can be detected at a polar cap station. 
To answer this question the selection described earlier of very quiet days was made. The 
last third of both Tables III and IV summarises the features found for the three classes 
of days over the period of 17 months investigated around sunspot minimum. The notation 
is that discussed earlier. 
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The probabilities P1 indicate that the 24-h waves are not random, although once 
again the Z variability on very quiet days is pronounced. The clouds appear significantly 
elliptical except for very quiet days. The correlation coefficient r is real and pronounced 
for the quiet days only in the horizontal components; however, it is significant that the 
signs in rand the directions found for the major axes agree in the three classes very well. 
The harmonie dials of Figure 4 illustrate the three classes of days, and show there are no 
real diff erences in the form of the field. 
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FIGURE 4. Harmonie <liais for the 24-h waves in -X, -Y, Z at Resolute Bay, .W.T., for very quiet, quiet and 
disturbed days during November 1953 to March 1955. 
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The tabular data indicate that the third and fourth harmonies are random, and 
partial persistence can be seen only in the horizontal components on quiet days. It should 
be noted that the 24-h wave amplitudes form much the largest part of the range observed 
in practice, and a theoretical explanation of these terms only would account for more 
than 90 percent of the disturbance field on disturbed days, more than 80 percent on quiet 
days and 60 per cent on very quiet days . 

The ratio of amplitudes weighted according to their uncertainties in the usual manner 
on quiet and disturbed days is 0.35 ± 0.07 with no significant differences in this ratio for 
the three components. The ratio of very quiet day amplitudes to disturbed day ampli
tudes is 0.14 ± 0.04 for all components. It is of interest to note that the average K sums 
on the days adopted, shown in Table I, have corresponding ratios of 0.34 and 0.12. Con
sequently it follows that the K sum is a very good linear predictor of the diurnal variation 
amplitude, or smoothed range. 

Day to Day Changes at Resolute Bay in the Amplitudes of the Disturbance Waves in Dijferent 
Components 

The analysis so far does not indicate how the relationship between the amplitudes in 
X, Y and Z varies from day to day. The 24-h wave amplitude in each of the three com
ponents was obtained for each day of the winter months using the Fourier coefficients 
a1, b1, and the day to day correlations computed. Table VI shows the results. The 
correlations are significantly high, even for the small diurnal amplitudes on the very quiet 
days : the correlations are highest for the class of quiet days, possibly because of irregular 
disturbance and bays influencing the results somewhat on disturbed days, and errors in 
determination of the Fourier coefficients being proportionately larger on the very quiet 
days. In all cases the correlation between the horizontal components is higher than that 
between a horizontal component and the vertical component. This agrees with the 

CORRELATION COEFFICIENTS 

r x,y r X Z • 

OISTURB ED DAYS 0.45 ±0.08 0.35±0D9 

QUIET DAYS 0.70±0.04 0.48±0.06 

VERY QUIET DA YS 0.54 ±0.14 0.30±0.18 

TABLE VI. Correlation coefficients between the first harmonie wave amplitudes at Resolute Bay for very 
quiet , quiet and disturbed days in the winters 1953-1955. 
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experience of Chapman and Stagg (1931), but it is not certain that at Resolute Bay the 
result is not a consequence of the small Z amplitudes found and the larger uncertainties 
in the determination of any one. In any case the systematic nature of the cyclic field 
changes at Resolute Bay is clear. 

Discussion of Seasonal R esults for Baker Lake 

Table VII summarises the seasonal characteristics for the persistent waves at Baker 
Lake. Because of the greater complexity of disturbance at Baker Lake, it was considered 
best to complete the analysis in all seasons for quiet and disturbed days in four harmonies. 
Most of the 24-h and 12-h waves, though highly variable, do show persistence in each 
season, whereas the 8-h and 6-h waves are almost random. Without a fuller examination 
of the influence of quasi-persistence at Baker Lake it is doubtful if the probabilities P1 in 
Table IV really demonstrate the existence of persistent 8-h and 6-h waves. The 12-h 
wave in Z and the 24-h wave in D are only developed on disturbed days. 

24 hr. WAVES 
BAKER LAKE 

OISTURBED DAYS QUIET DAYS 

AMPLITUDE L.T. of MAX AMPLITUDE L. T. of MAX . 

Hi,2 T hrs. T h rs. 
mins. " mins . " 

SUMMER 15.6 ±. 7.8 20.4 ±. 1.4 27.8 t 3.9 20.3 t 0.4 
H EQUIN0X 20.5 ± 7.7 21.1 ± 0.9 18.0 ± 5.6 20.1 :!: 0.9 

WINTER 21.8 ± 5D 19.2 :!: 0 .7 13.2 ± 2.3 18.3 ± 0.5 

SUMMER 51 .0 !: 4.6 9.4 :!: 02 24 .2 t 3.1 8 .5 :t 0.3 

D EQUIN0X 59.6 ± 5.3 9.3 ± 0.3 16 .1 ± 2.7 8.9 ± 0.4 

WINTER 33.6 .:!: 3.1 9 .4 ± 0:4 3.4 ± 1.4 7.7 ± 1.1 

SUMMER 85.4 ± Il. 48 :t: 0 .4 37.3 ±. 5.8 5.2 ±. 0.4 

z EQUIN0X 102 ± 6.9 4 .2 ± 0 .2 37.0 ± 6.8 4 .8 :!:. 0:4 
WINTE R 75.6 ± 6.3 4 .6 ± 0.2 14.3 ± 3.0 4 .1 ± 0.6 

12 hr. WAVES 

SUMMER 40.9 .± 5.9 3.5 ± 0.2 23.9 ± 3.9 3.3 ± 02 

H EQUIN0X 28.5 ± 5.9 . 3.3 :t: 0.3 24.3 ± 4.9 3.3 ± 0.3 

WINTER • 32 .4 :!:: 4.0 3 .0 .:!: 0 .2 10.4 ± 2.1 3.3 .t. 0 .2 

SUMMER 22.0 ± 5.6 4 .4 ± 0.3 9.5 ± 2.7 5.3 ± 0 .4 

D EQUIN0X 9.8 ±. 3.7 4.4 ± 0.5 6.0 .± 21 4 .9 ± 0.5 
WINTER 11 .9 ± 2.3 5.8 ± 0.3 5.5 ± 1.1 6 .1 ± 0.3 

SUMMER 14.7 ± Il . 10.6 ±. 1.1 8 .4 ± 4.9 1.9 :t. 0.8 

z EQUIN0X 21.3 :t: 6.4 10.0 : 0.4 5.3 ± 6.2 11.6 ± 2.1 

WINTER 12.0 ± 4.6 8.9 ± 0.5 4 .3 ± 1.8 2.4 ± 0.5 

TARLE VII. Summary of persistent seasonal waves at Baker Lake. 
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The distribution of the cloud of points is usually not significantly elliptical, although 
the necessary parameters required to define the probable error ellipse are given in every 
case. The exceptions usually occur on quiet days. 

Table VII summarises the seasonal changes for the significant first and second 
harmonies. Any significant vertical differences in L.T. of maximum in the eighteen rows 
occurs for the 12-h Z wave where the phase is advanced by more than 90° on disturbed 
days. The physical consequences of this are discussed later. The amplitudes of the first 
harmonies show a seasonal variation compatible with the average sum of K for the selected 
classes (see Table I) at different seasons. The 12-h disturbed day amplitude in His some
what smaller in the equinoctial months than might be expected; the interpretation advanced 
later requires that the concentrated currents of the auroral zone be further from the station 
on these equinoctial days. 

Very Quiet Day Results at Baker Lake 

If the above results are interpreted in terms of a considerable change of type in the 
disturbance daily variation as the intensity of disturbances changes (the change of type 
being formally represented in terms of the different relative magnitudes of the first and 
second harmonie waves with less important phase changes), it is of interest to examine 
the results for the very quiet days, the selection of which was described earlier. The 
features for the three classes of days, disturbed, quiet and very quiet days, are shown in 
Tables III and IV. 

The very quiet day disturbance shows persistent first and second harmonie waves 
only; the populations are circular and the other harmonies random. Reasons are advanced 
later for estimating that approximately 50 per cent of the disturbance amplitudes on very 
quiet days is produced by residual disturbance: thus no pure solar daily variation on quiet 
days, such as can be derived at low latitude observatories, can be isolated from the Baker 
Lake data. 

However, if corrections for the solar daily variation on quiet days are to be made to 
Baker Lake results, the formal representation of the very quiet day results in terms of the 
first and second harmonie waves is the best approximation. 

Day to Day Changes at Baker Lake in the Amplitudes of the Disturbance W aves in Dijferent 
Field Components 

The procedure used was similar to that described on page 304. The correlations 
between the 24-h waves and 12-h waves in H and Z were computed for the winter 
months on disturbed days for comparison with the systematic results shown in Table VI. 
The coefficients found were + 0.23 ± 0.07 and + 0.21 ± 0.07 respectively for the first 
and second harmonies indicating very poor correlation, in contrast with the results obtained 
at Resolute Bay. Hence the field changes from day to day in different components do not 
change proportionally, although they do increase together. This is considered further later. 

DYNAMO THEORIES 

Dynamo Theory Applied to Polar Cap Disturbance 

The harmonie analysis of Resolute Bay cyclic field changes has demonstrated the 
existence of a unitary phenomenon, expanding from very quiet to quiet to disturbed dayR 
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with no significant change of form. It is suggested therefore that an atmospheric dynamo 
might have this property, and the conductivity, or the amplitude of the driving motion, 
or both, must change for different levels of disturbance. 

Chapman and Bartels (1940, Ch. 23) and Fukushima (1953) have discussed dynamo 
theories and derived the dynamo equation: the derivation given below is added only to 
clarify the concept of conductivity in high magnetic latitudes. Using Martyn's (1948) 
expression for the conductivity in the ionosphere in a region where the magnetic dip can 
be considered 90°, and letting Ox be an axis to the south, Oy to the west and Oz vertically 
downwards, then the current density j has components along the axes 

jx = <T1 Ex - <T2 EY, jy = <T2 E,. + <T1 EY, j. = <To E. 

where <To = e2 -- + ---- + --{ 
n. n n+ } 

m. l'e m_ JI_ fi+ P+ 

<T1 = e2 {E!_ l'e + Il_ JI + Il+ P+ } 
m. 11 0

2 + w0
2 m_ 11 _2 + w_2 m+ 11+

2+ w+2 

<T _ ~ { n. w.
2 + n_ w_

2 
_ . n+ w+

2 
} 

2 - F 11.2 + w.2 P_2 + w_2 P+2 + w+2 

with w = eF w = e F w = e F 
e m.' - m_' + m+' 

and suffi.ces refer to electrons, negative ions and positive ions respectively. Then 
u3 E,.. = jx + (udu1) jy, O'a EY = - (udu1) j,. + jy where <Ta = <T1 + <T22/ u1. Denoting the 
height integrated conductivity by ~ and current density by I 

~a E,. = lx + ~2 ly/ ~1, ~a Ey = - ~2 I,./~1 + ly 

If the motion of the layer is considered horizontal and irrotational, it is associated 
with a velocity potential y; such that if u, v, are velocity components along axes Ox, Oy 

respectively u = -:t, v = -aa:. If 8 is the colatitude, cp the east longitude measured 

from the Greenwich meridian and a the radius of the shell u = - ai/; v = _ai/; . aao ' a sm 8acp 

With the usual notation the vertical magnetic field 

2 M cos 8 2G ai/; 
Z = aa = 2 G cos 8. Then E,. = vZ = a (cot 8 acp) 

2G ai/; 
and Ey = - uZ = a ( cos 8 ao ) 

The existence of a steady current system implies that I,., IY, are derivable from a 
current fonction J such that 

1 
_ _1 _ aJ 

1 
_ ! aJ. 

"' - a sin 8 acp' Y - a ao 

ai/; 
Therefore 2 G ~a ( cot 8 acp) 

ai/; 
and 2 G ~a ( cos o a8) 

1 aJ ~2 aJ --- +--- sin 8 acp ~1 a8 

- ~2 1 aJ aJ 
= ~ sin f) aq, + a f) 
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From these equations it is simple to derive the well known dynamo equation assuming 
uniform conductivity in the region of interest 

{ 
a2f a . at/; } 1 a2J a . aJ 

2 G ~3 cot 0 a<1>2 + ae (sm 0 cos 0 aë) = sin 0 a<1>2 + ae (sm 0 ae) 
showing the enhanced conductivity ~3 is applicable to the polar cap. 

Assuming no obliquity of the earth's axis, if t/; = k11 P11 sin (t + o:11) where t = L.T. 
in degrees i.e. t = cp + t1, t1 being the time of the Greenwich meridian, and P11 is the 
normalized Schmidt spherical harmonie fonction, then the solution of the dynamo equa
tion is 

The magnetic potential 

= - 4 1r i (r)2 2 G ~3 :: k11 P21 sin (t + 0:11
) 

where r is the radius of the earth and it is simpl~ to derive the field components LiX1 south
erly, Li Y1 westerly and LiZ1 downwards. For small 0, 

Li X 1 = C cos (t + ai1 - 90°), Li Y1 = C cos (t + 0:11 - 180°), 
3 r 

Li Z1 = C. 2 0 cos (t + ai1 + 90°) where C = 4 1r. 5 a2 G ~3 k11. 

If the angle between the geographic meridian and a great circle through Resolute Bay 
and the effective pole of the dynamo is {3, then 

Li X. = C cos ( t + ai1 - 90° + /3) 
Li Y w = C cos (t + o:11 - 180° + {3) 
Li Z = C. 2 0 cos (t + o:11 + 90°). 

It would appear best to compare these predictions with the results for the quiet class of 
days: the disturbed class then requires an expansion of 2.9 times and the very quiet days 
a contraction of 2.5 times. 

Using the ratio of vertical to horizontal component amplitudes, 0 = 9 ± 3 degrees. 
Using the phase of the Z wave, o:i1 = 206 ± 12°, and then the phase of -X wave 

requires {3 = 40 ± 12°, and the phase of - Y wave requires {3 = 44 ± 12°. 

Assuming the pole of the dynamo coincides with the geomagnetic pole at 78.5°N, 
291 °E, the geomagnetic colatitude of Resolute Bay is 7° and the angle {3 = 45.6°, in 
remarkably good agreement with the predictions above. It should be noted that in a 
more rigorous treatment with a transformation of the effective pole of the system, geo
magnetic rather than local time should be used: geomagnetic local noon is 3.0 hrs. behind 
local noon at Resolute Bay at the equinoxes and varies by about one-half hour from the 
winter to summer solstices. 

The partially persistent 12-h waves at Resolute Bay are consistent with a P22 term in 
the velocity potential, but the uncertainties in the mean data are such as to make the 

determination of 0 and {3 not possible: however it can be shown that t:: = 2.0 ± 1.0 

so the amplitude ratio of the first harmonie to the second harmonie motions is 19 :1. The 
phase of the semi-diurnal wind referred to these axes is 139 ± 36°. 

We note that if 2G = 0.6 e.m.u., we require 
~.A X 10-9 ~ 3 k1

1 = 8.8 ± 2.0 X 10·5 on very quiet days 
= 23 ± 2 X 10·5 on quiet days 
= 64 ± 5 X 10·5 on disturbed days. 
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Comparison with Earlier Analyses 

The phase angle a11 = 206 ± 12° deduced at Resolute Bay corresponds to ai current 
sheet across the polar cap directed towards the 10.3 hrs. local time meridian. This is in 
approximate agreement with the idealised current system for the disturbance field of 
Chapman (1935), and in close agreement with the results of Hasegawa (1940). However 
this phase angle does not agree with that deduced by Chapman (1919) in his analysis of 
the Sq field for sunspot minimum: referred to the same axes his result was 305°, with a 
change to 294° at sunspot maximum. This discrepancy is not explained by assuming 
that the very quiet day amplitudes at Resolute Bay correspond to a masking of the true 
quiet day effect by residual disturbance. Using Chapman's velocity potential it was 
estimated that C = 13 gammas, whereas the amplitudes of the 24-h waves in horizontal 
components at the sunspot minimum 1954 were 9 ± 2 gammas. The phase of the driving 
motion is thus about 90° different from that predicted by the lower latitude Chapman 
analyses in the dynamo theory of solar daily variation on quiet days. 

Fukushima (1953) has considered the complementary fonctions 

J = C11 tan ~ sin (t + a11) 

and considered this current system responsible for the disturbance field. Inside the polar 
0. l 

cap tan2 1s very nearly equal to2 Pi1 (0) (error less than 3 per cent at 0 = 20°) so the 

expected vertical to horizontal component ratio should be 0 instead of the 20 found above. 
We note that 

Z amplitude . 
X y rt d = 0.30 ± 0.30 on very quiet days, or amp 1 u e 

= 0.32 ± 0.11 on quiet days, 
= 0.33 ± 0.09 on disturbed days, 

and = 0.34 ± 0.12 for (disturbed-very quiet) days. 

There is no obvious change by a factor of 2 in this ratio between the disturbance field and 
the quiet or very quiet day field, although the uncertainties are such that definite rejection 
of Fukushima's solution is not possible. There is also the possibility that interna! field 
contributions might modify these ratios in different ways. 

The Polar Cap Conductivity and the Velocity Amplitude 

In the absence of appreciable ionisation by incoming charged particles it seems 
reasonable to assume 2:1 = 1.2 X 10-10 e.m.u. and 2:2 = 1.8 X 10-9 e.m.u. for a 20 km. 
thick layer at 100 km. height. These correspond to 3.4 X 104 electrons and ions/ cc. at 
100 km. as a yearly average around sunspot minimum. Then 2:3 = 2.7 X 10-8 e.m.u., 
and since on very quiet days 2:3 ki1 X 10-4 = 8.8/ 3.5, 

ki1 = 9 m/sec. = 34 km. / hr. 
The phase corresponds to an air flow from the p.m. hemisphere to the a.m. hemisphere 

(to the Nat 16.3 hrs.). The way in which these very quiet day currents complete their 
circuit is obscure. 

Since there are no important seasonal shifts in phase, which in itself does not suggest 
a heat driven air circulation, but rather a tidal motion, it is possible that the different 

80118-5 
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amplitudes on different days reflect changes in conductivity rather than changes in the 
amplitude of the circulation. This is supported by the relationship suggested earlier 
between the average amplitude and the average K sum, which can be roughly regarded 
as an index of solar particle precipitation. 

The class of disturbed days would require a conductivity of about 2 X 10-7 e.m.u., 
which could be produced by (say) a positive ion and electron density of 2 X 105/ cc. in a 
twenty km. thick layer. It has been shown by Fukushima (1953) that a proton stream of 
1/ cc. moving with an initial velocity of 109 cms./ sec. (500 keV.) produces about 2 X 107 

ion pairs/ c.c. near the bottom of its penetration range, a little above 100 km. from the 
ground. It seems likely therefore that the direct entry of weak corpuscular streams into 
the polar cap during disturbed conditions could easily produce the conductivity required. 
Then statistical variations in the wind and in the distribution of ionization produce the 
large uncertainties described analytically earlier in the day to day features of disturbance. 
The large scale circulation of air from the p.m. to the a.m. hemispheres approximately is 
the only statistically persistent feature in the problem. 

Extension of Dynamo Theory 

In view of the successful numerical aspects of the elementary dynamo outlined above, 
it seemed worthwhile to consider the implications of more refined models, and in particular 
to consider the eff ects produced by the diff erence between the positions of the geomagnetic 
pole and the geographic pole and the effects produced by a diurnally varying conductivity 
on very quiet days. Both these problems have been considered before at differ~nt latitudes. 

(1) Using geographic axes, if the geomagnetic pole has coordinates (Bo, 1>0), then 
Z = 2 G { cos 0 + tan 00 sin 0 cos (1> - </>o) l. Assuming 1/; = k11 P11 sin (t + a11) an exact 
solution of the dyanmo equation is of the form 

J = 2 G ~3 :: ki1 P21 sin (t + ai1) 

- 2 G ~3 tan Bo½ k11 P2° sin (ai1 + Bo) 

+ R ( 0) sin (2 t + a11 - </>o) 

h R . fi h t' - 4R a ( . aR) 2 . 0 t 0 w ere satis es t e equa 10n sin 
0 

+ a 
0 

sm 0 a0 = - sm an o• 

This suggests that the X and Z first harmonie waves should be in phase which is not 
true. The zonal terms are largest in Z, and are 2½ times larger in Z than in X. Their 
magnitude is too small to relate to the phenomena discussed in Part II of this paper. In 
practice the second harmonie amplitudes are known to be unimportant. 

(2) In view of the complexity of the actual field distribution over the polar cap 
region, which corresponds to a complex Z distribution in the lower part of the ionosphere, 
it is of interest to examine the simple case when Z = 2 Gis assumed. In northern Canada 
this is not at all a bad approximation particularly near the auroral zone. Then the solu
tion leads to a magnetic potential 

= - 4 1r i (;_)2 2 G ~a k11 sin 0 sin (t + a11) 
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and the situation is the same as before except that X ;r y = 0 instead of 2 0. Once again 

an effective centre for the motion not at the north geographic pole is required to explain 
the observed phases. 

(3) It has been found that the horizontal movements in the ionosphere in moderate 
northern latitudes show a pronounced 12-h period with a mean velocity of about 30 m/ sec. 
(Briggs and Spencer, 1954). This suggests that the 24-h periods found in magnetic varia
tion may be produced by the semi-diurnal wind movements when allowance is made for 
the diurnally varying conductivity of the layer. Chapman (1913) has examined this 
question using a certain conductivity expression, and recently his work has been extended 
by Chakrabarty and Pratap (1954) who give reasons for using a diurnally varying con
ductivity of the form ~ a: 1 + 2.45 cos x + 2.25 cos2 x where x is the zenith distance of 
the sun. Using this expression the field produced by a semi-diurnal motion has been 
calculated with the aid of the current fonction coefficients found by Chakrabarty and 
Pratap (1954): at the summer and winter solstices the semi-diurnal component amplitudes 
predicted are 70 per cent of the diurnal ones, and a phase change occurs unless a 2 = O. 
At the equinoxes a negligible (2 per cent) semi-diurnal amplitude is predicted. Further
more the predicted phase relationships between the components, and the measured ampli
tude relationships between the diurnal terms do not agree with experience. It is therefore 
considered doubtful whether a semi-diurnal oscillation could be responsible for the fields 
found inside the polar cap, and with the present state of knowledge of atmospheric motions, 
it is considered that detailed calculations are not justified. 

Furthermore using the selected quiet days, the equinox: summer amplitude ratio is 
0.75 whereas examination of vertical incidence ionospheric records for Resolute Bay for 
the year 1954 gives a nmax . ratio of 0.22; the seasonal average of the radio data gives 0.50. 
Thus nmax. of the E layer above the station is an unsatisfactory parameter for the deter
mination of the conductivity in the dynamo layer; this might be expected since the field 
variations are influenced by the integrated effect of conductivity over a wide area and 
height. During the summer months, the average value of nmax• is not appreciably different 
on the selected disturbed and quiet days. 

At Resolute Bay the expression 1 + 2.45 cos x + 2.25 cos2 x represents the seasonal 
variation in nmax. of the E layer no better than Chapman's expression (1 + 1.5 cos x) 2

• 

At the summer solstice when"the sun is-above the horizon for 24 hrs., then nmin in 1954 = 
- nm= 

0.43. Chapman's expression predicts 0.39 and the former 0.40. 

Corrections for Internal Contributions Inside the Polar Cap 
The internai contributions to the observed daily variation have been neglected; it 

would however appear reasonable for very quiet day phenomena to reduce the observed 
horizontal components by multiplication by 0.71 and increase the observed vertical 
components by multiplication by 2.5 to obtain the external contribution only. These 
figures correspond to an external: internai amplitude ratio of 2.5, n = 2, m = 1 and 
neglecting the small phase difference in the internai and external contributions. The 
effective pole of the dynamo becomes east of Greenland and agreement with the geo
magnetic pole disappears. 

80118-5½ 
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This suggests that inside the polar cap, internal contributions to very quiet day 
variations are not so large as the analysis of quiet day variations at low and moderate 
latitudes suggests. When the results from a greater number of stations are published this 
point should be pursued further. Other authors (Vestine et al. 1947) have used correc
tions of 10 per cent inside the polar cap for the disturbance field; since all three classes 
above reflect the same phenomenon this figure might also be applicable to the very quiet 
day variation. 

Application of Dynamo Theory to Very Quiet Day Results at Baker Lake 

Since the very quiet days selected at Baker Lake and Resolute Bay are much the 
same, it is important to compare the Baker Lake data with predictions based on the 
velocity potential described above which fits the Resolute Bay data. We then find that 

(i) the predicted 24-h wave in D is more than four times the observed amplitude, 

(ii) the predicted ratio of~ corresponds to an angle of 16.3°, and the observed 

ratio corresponds to an angle of 22 ± 9°, 
(iii) the angle ai1 required at Baker Lake referred to axes as before is 206 ± 6°, 
(iv) the difference in phase between the two horizontal components is 177 ± 10° 

instead of 90°, 
(v) the angle (3 required at Baker Lake = 144°, whilst the actual angle between 

the magne tic meridian and the geomagnetic meridian is 17°, and 
(vi) similarly unsatisfactory conclusions can be drawn from the second harmonie. 

Generally the results are not compatible with functions of the formP n 1 •2 unless n is 
not small. Presumably this means that there is an appreciable residual disturbance field 
(n known to be large) on very quiet days at Baker Lake. Assuming on these days equal 
~ K products at the two stations, the horizontal components expected at Baker Lake 
should be ,..._, 9 and 6 gammas respectively in 24-h and 12-h components and ,..._, 6 and 3 
gammas respectively in the vertical components. These estimates suggest that approxi
mately 50 per cent of the disturbance on very quiet days is produced by residual disturb
ance (n large), and hence predictions based on the elementary model described above are 
worthless. 

THE DISTURBANCE FIELD AT BAKER LAKE 

We have shown that the application of dynamo theory to Baker Lake observations 
fails for very quiet day phenomena and that the disturbance field present on quiet days is 
different in intensity and form from that present on disturbed days. The implications of 
the formal results presented earlier are best seen in the form of vector diagrams. 

The Magnetic Auroral Zone near Longitude 60°W Geomagnetic 

Harang (1946) has given a graphical representation of the disturbance field deter
mined as a function of geomagnetic latitude and local time using observatories situated 
near geomagnetic longitude 120°E. No corresponding line of observa tories is in operation 
in the western hemisphere, but if the results from Resolute Bay and Baker Lake are 
combined with those from Second Polar Year and other stations (note that both 1954 and 
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1932-33 were years of minimum solar activity) approximate polar plots are possible which 
can be continued beyond geomagnetic latitude 75°. The stations used at different times 
include Thule, Resolute Bay, Baker Lake, Chesterfield Inlet, Fort Rae, Meanook, Agin
court and Tucson. Although geomagnetic position coordinates are used it is simpler to 
consider the plots as local time plots: the refinements in correcting to geomagnetic local 
time are probably not important for the purpose of the diagrams shown. At Baker Lake, 
at the equinoxes the difference between local noon and local geomagnetic noon is 1.2 hrs. 
Figure 5 is typical of many plots, and shows the diurnal variation for all days in June of 
the disturbance field in Z across the geomagnetic meridian A = 60°W. The heavy line 
indicates the horizontal position of any assumed line current system. The similarity with 
Harang's (1944) results is striking, but the latitude range covered is much larger. Figure 
6 shows approximate estimates of the positions of the lines of zero Ll Z and the maximum 
Ll H , and a mean between these. This mean line is regarded as the best approximation to 
the auroral zone. The dotted lines at lower latitudes in the afternoon and evening hours 

June at Sunspot Minimum 

Z Component 

12 

FIGURE 5. Diurnal variation of the disturbance field in Z (ail days) across geomagnetic meridian A= 300°. The 
heavy line indicates the horizontal position of any assumed line current. 
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correspond to a minor maximum in ~ H and an ill defined line ~ Z = O. The auroral 
zone is much more clearly defined on the morning side. In Figure 6 the maximum ~ H 
and zero~ Z curves intersect at about 16-h and 24-h L.T. in approximate agreement with 
Harang (1946) and suggesting that the systematic change in phase of the amplitude of 
the disturbance field with longitude, which can approach 4 hours, is not obvious on two 
lines 180° apart. The material is not yet su:fficient for a closer examination of the pattern. 

V ector Diagrams at Baker Lake 
The analysis of Baker Lake disturbance field characteristics can contribute to the 

study of the morphology of auroral zone disturbance. Figure 7 shows mean horizontal 
vector diagrams for the three classes, correcting the quiet and disturbed days using the 

June at Sunspot Minimum. 

Z=O. 
Max. a Min.H 

12 

FIGURE 6. Polar plot of the position of the lines of zero t:. Z, maximum 1 !:. H I and the auroral zone, deduced from 
the diurnal variations of the di§tqrbariç() fi(l)d in H and Z across geomagnetic meridi!l,Il A= 300°. 
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FJGURE 7. Horizontal vector diagrams for the three classes of selected days at Baker Lake, N.W.T. 
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very quiet day disturbance as an approximation to the true unperturbed solar daily varia
tion. The similarity between the quiet and disturbed classes is striking, and the distinc
tion from very quiet day phenomena clear. In Figure 7 the persistent features of disturb
ance only are shown: the inclusion of the higher harmonie terms, however, changes nothing 
signifi.cantly. Figure 8 shows the diurnal variation for the three classes in Z. No attempt 
has been made to combine Figures 7 and 8 in the form of total perturbing vector diagrams, 
vertical plane vector diagrams and so on, because it is not clear what corrections are 
required for internai contributions to the observed cyclic field variations. 

However, it does seem likely that the average night-time perturbing vector is larger 
than the average daytime perturbing vector on very quiet days, but smaller by 10 to 20 
per cent (depending on the corrections adopted) for the quiet and disturbed days: this 
again suggests a difference. The perturbations are stronger over the p.m. than over the 
a.m. hemisphere, a result in agreement with those found in the belt between zones. 

Table VIII summarises certain numerical results deduced from Figures 7 and 8. The 
horizontal vector diagrams suggest symmetry about an axis between true and geomagnetic 
north, and tending towards the latter with increasing disturbance. At local times 04 hrs. 
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FIGURE 8. The diurnal variation of the disturbance field in Z for three classes of selected days at Baker Lake, N.W.T. 

and 15 hrs. approximately, corresponding closely to the second subsidiary set of hori
zontal vector maximum, the auroral zone currents are along geomagnetic parallels of 
latitude. The afternoon maximum corresponds to easterly flowing current in the auroral 
zone to the south of Baker Lake, and in Table VIII the current in this branch is calculated 
assuming a line current (or sheet of small lateral extent), and its position south of the 
station estimated assuming a height of 100 km. The estimates are made using a number 
of different corrections: it appears that corrections of 30 percent to 40per cent are necessary 
to obtain general agreement with the synoptic plots and place the concentrated current 
at geomagnetic latitude 69°. This agrees well with Vestine's (1947) estimate but not with 
that of Harang (1946). 

The morning flow is more surprising. The equivalent line current is flowing easterly 
N of the station. Either this implies that Baker Lake is so far north of the main westerly 
auroral zone currents in the morning that the direction of the resultant horizontal force 
is influenced more by the return path currents north of the station, which seems unlikely, 
or the westward flowing currents south of Baker Lake in the morning branch are more 
diffuse laterally than the eastward currents to the north of Baker Lake. In any case, 
because of the effective Z enhancement in the centre of even a diffuse ring, calculations 
of current or position based on one station assuming a line current north of the station 
are not very reliable, though corresponding estimates are shown in Table VIII. A more 
dense network of observations in this transitional region might therefore show a maximum 
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in b. H corresponding to b. Z = 0 at geomagnetic latitudes around 76° at the time of the 
minimum in b. H corresponding to b. Z = 0 known to exist around this local time about 
geomagnetic latitude 68° (see Figure 6). 

Table VIII demonstrates that the effect of increasing disturbance is to increase the 
latitude separation of the branches considered above by about 4-5°: as might be expected 
the movement to the south of the stronger p.m. branch is the larger. 

It is of interest to consider the closure paths of the auroral zone currents. Much of 
the p.m. branch is closed in the form of a sheet flowing parallel to the 10-h meridian in the 
centre of the cap. However, the Baker Lake results show that by geomagnetic latitude 
74° this sheet is so distorted that b. Z = 0 about one hour later in the morning: this 
distortion can also be seen in that the second set of horizontal vector maxima near 10-h 
and 22-h L.T. for the two classes do not coïncide exactly with the times when b. Z = O. 
Furthermore it can be seen from the magnitude of the horizontal vector when b. Z = 0 
that closure must correspond to some sheet and cannot be well represented by a con
centrated current on the average. Chapman and Bartels (1940, Ch. 9) suggested that 
more than 80 percent of the current in the auroral zone returns over the polar cap, whereas 
Harang (1946) considered that the available material was insufficient to support the view 
that the perturbing currents as a whole are closed over the polar cap. Combining the data 
in Table VIII with the horizontal amplitudes at Resolute Bay found on quiet and disturbed 

NO 10% 30% 40% 
CORRECTIONS CORRECTIONS CORRECTIONS CORRECTIONS 

lpm 
5 5 

DISTURBED OAYS 0.6 X 10
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5 
1.6 x IOo 3.1 X 10. 0 4.7 X 10 0 

QUIET DAYS 0.2 X 105a 02 x 10
5

0 0.3 X 10
5 

0 
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0.4 x 10 o 

iam 
DISTURBED DAYS 

5 5 5 5 
0.6 X 10 0 0.7 X 10 o 1.2 X 10 a 1.8 X 10 0 

QUIET DAYS 0.2 X 10
5

0 0.2 X 10
5

0 0.2 X 10
5 

0 0.3 X 10
5 

Q 

d • 
$ 

OISTURBED DAYS 2.0 2.4 4.1 5.4 

QUIET DAYS 0 .6 o. 7 1.2 1 .6 

dN" 
DISTURBED DAYS 1. 2 1.4 2.5 3.3 

QUIET DAYS 0.5 0 .6 1.0 1.4 

ipm/lam 
OISTURBED DAYS 2.1 2.3 2.6 2.6 

QUIET DAYS 1.1 1.1 1 .2 1. 3 

ASSUMED HEIGHT= 100 km 

TABLE VIII. Summary of strength of perturbing currents, with and without corrections for internai 
contributions. assuming auroral zone characteristics at Baker Lake, N.W.T. 
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days, it was estimated that about 40 per cent of the auroral zone currents return over the 
polar cap on disturbed days, and all the current returns over the polar cap on quiet days. 
This estimate suggests therefore that a rückstrom for lower latitudes is only significantly 
developed on the selected disturbed days, and on the quiet days (or days of moderate 
disturbance) this rückstrom is not appreciable. 

The correlation between the 24-h wave amplitudes in Z at Baker Lake and Z and X 
at Resolute Bay were computed for the common disturbed days in the winter months. 
The results were rz.z = 0.75 ± 0.05 and rz.x = 0.45 ± 0.08. These coefficients are higher 
than the internal ones found in the polar cap (see page 304) and contrast strikingly with 
the results for Baker Lake (see page 306). The coefficients found suggest partial or com
plete closure on disturbed days: however it is not clear why the correlation between the 
Z amplitudes exceeds that between Z Baker Lake and a horizontal component at Resolute 
Bay. Whitham and Loomer (1956) have found that disturbance generally is as highly 
correlated between the two stations as the 24-h wave amplitudes in Z. 

Comparison of Observations with Auroral Zone Theories 

Meek (1955) has re-examined the Polar Year data 1932-33 in a discussion of the 
location and shape of the auroral zone, and gives reasons for doubting the existence of an 
equatorial ring current. The stream of particles from the sun is supposed to separate 
under the influence of the earth's magnetic field, and the charged particles of opposite 
sign are precipitated into the atmosphere in the form of Stysrmer-like spirals: the spiral 
produced by positive particle precipitation expands in an anticlockwise direction and that 
due to negative particle precipitation in a clockwise direction. The positions of these 
spirals are deduced from the local geomagnetic time of the diurnal increase and decrease 
in H respectively, and the cross over points are near 10 a.m. and 10 p.m. L.G.M.T. Since 
the basic data used was much the same as that used in deriving Figures 5 and 6, it is 
obvious that the existence of spirals is open to considerable doubt. Furthermore it is not 
clear how spiral precipitation could account for the observed minimum in geomagnetic 
north component at about 22 hrs. L.T., and maximum at about 16 hrs. L.T., or the results 
at Resolute Bay. However, the large declination changes observed during disturbance at 
Baker Lake do not support the idealised concept of concentrated current fl.ow westwards 
on the a.m. side and eastwards on the p.m. sicle advanced by Chapman (1935) or the drift 
currents advanced by Martyn (1951). 

At the present time it would appear that the proposals of charge leaking down the 
lines of force of the earth's magnetic field advanced by Chapman-Ferraro-Martyn (1951) 
and Alfven (1950) form a satisfactory basis for the explanation of auroral zone magnetic 
disturbance. However, idealized concepts of concentrated current fl.ow are not very valid 
even in the average data discussed above. The authors consider it premature to discuss 
the detailed form of precipitation unless the morphology of the disturbance field is much 
more carefully determined from observatory records. However, a number of the magnetic 
field changes discussed in Part II of this paper suggest that none of the theories presently 
advanced is fully satisfactory. 

Nikolski (1947) has discussed in detail magnetic disturbance at Calm Bay (Tikhaya) 
( <I> = 71.5°N, A = 153.3°E) in an important paper. He concludes that "the changes of 
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magnetic disturbance during the night and morning hours depend on different laws and 
that the mean regular variations SD and D.t in the disturbed field do not correspond to 
any real prolonged phenomena in the field of magnetic storms and are fictitious i.e. merely 
statistical results". Since Baker Lake and Calm Bay are both north of the auroral zone 
and show similar diurnal variation in K index when plotted against L.G.M.T., it is 
important to consider how applicable Nikolski's conclusions are to the analysis described 
in this paper. The similarities of the horizontal vector diagrams shown in Figure 7 
suggest that there is correlation between the two disturbance maxima (the wing tips in 
Figure 7), and that there is no shift in the times of the maximum disturbance on the more 
disturbed days. Moreover in Part II of this paper clear evidence is presented for the 
existence of regular non-cyclic field changes at times of disturbance at both Baker Lake 
and Resolute Bay. Hence since the harmonie analysis has given a forma! representation 
of persistent features of the disturbance field, it is difficult to agree with Nikolski's con
clusions that "the mean regular peculiarities in the field of disturbance of magnetic storms 
in high latitudes ... represent fictitious, quite statistical results, and have nothing to do 
with any real long-period physical phenomena". 

Fukushima (1953) and Vestine (1954) have discussed dynamo theories of auroral 
zone disturbance, assuming that the conductivity in the auroral zone is much greater 
than in other atmospheric regions, and have pointed out the difficulties. The current 
systems calculated on certain two-layer conductivity models show features similar to 
those of Chapman's (1935) idealized system but often more diffuse and to this extent may 
be thought to be in agreement with observation. It should, however, be noted that the 
low correlation coefficients described on page 306 do not in themselves support very 
strongly a dynamo model. 

Variations in the Position of the Auroral Zone 

The averaged persistent waves described earlier strongly suggest that the afternoon 
maximum at Baker Lake is the most pronounced auroral zone feature at Baker Lake. 
Table VIII discusses the average features associated with this maximum, but cannot 
indicate how stable its properties are from day to day. To consider this the correlation 
between the 12-h wave amplitude in H and the sum of the 24-h and 12-h wave amplitudes 
in Z was computed. These parameters can be seen to largely define the amplitudes of the 
field disturbance at the time of the afternoon maximum. The result was + 0.11 ± 0.07 
for all disturbed days in the winter months. A similar calculation for the morning maxi
mum gave - 0.19 ± 0.07. Thus we conclude that though the waves show formal per
sistence properties their interdependence is random, and the mean position of the auroral 
zone deduced above is a statistical average: the position for any day can vary widely. 
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PART II: TRANSIENT FIELD CHANGES 

ABSTRACT 
The analysis of magnetic disturbance at Resolute Bay and Baker Lake has been extended to include sudden 

commencements, sudden commencement storrns, non-sudden commencement storms, and bay phenomena. The 
physical meaning of the mean disturbance field and non-cyclic changes is also discussed. 

A number of new results are suggested by these analyses. There seems little doubt that Arctic sudden com
mencements are atmospheric in origin. They occur equally frequentlv throughout the day but appear to show 
systematic diurnal properties in preliminary impulse only. · 

The distinctions found at lower latitudes in the properties of sudden commencement and non-sudden commence
ment storms are not so evident. In particular both classes of storm evidence storm time effects in one of two regular 
patterns which are discussed. The expected differences in rccurrence properties are not found. The equivalent 
current systems of different types of storm are discussed. 

The frequency, amplitude and sign of bays occurring on the selected days have been analysed. It was found 
that Martyn's expl:wation of bays is not satisfactory, and that the idealized form of the elementary polar disturbance 
field shows properties systematically different from that of the idealized So field. The relation of bays to aurora 
and polar blackouts is discussed. 

Inside the polar cap certain features of the bay field appear which may be related to the second class of storms 
found. The suggestion emerges of an inner pattern of zonal current and bay disturbance which predominates in the 
polar cap in the summer months, and shows certain features the reverse of those found in the auroral zone. It appears 
to develop instead of, rather than with, the usual pattern. 

The mean disturbance field is shown to represent very largely the efîect of the bay field, but unexplained terms 
remain. 

INTRODUCTION 

The analysis of Resolute Bay and Baker Lake magnetograms described in the previous 
paper has been extended to include a number of non-cyclic magnetic phenomena: these 
include storm sudden commencements, moderate magnetic storms of the sudden and 
non-sudden commencement type, bay phenomena, the mean disturbance field and non
cyclic changes. The records used cover the period from 1949 to 1955 with special attention 
being given the previously selected days. In each case an attempt has been made to 
relate the findings to recent ideas in the field and show what contribution, if any, it is 
possible for observa tories in high latitudes to make. A number of properties of disturbance 
have been found which are very different from those generally accepted; these suggest 
that at the best, present day theory is inadequate. 

It is the hope of the authors that some of the features of high latitude disturbance 
outlined below will be investigated at other observatories before or after the forthcoming 
International Geophysical Year, and that the unexplained diff erences in disturbance 
characteristics from those at lower latitudes will help in the development of more satis
factory theories, and act as a guide in deciding between them. The terminology used 
here follows Chapman (1951, 1952). 

INVESTIGATIONS OF SUDDEN COMMENCEMENTS 

Comparison with Occurrence at Lower Latitudes 

Resolute Bay magnetograms from September 1949 to November 1955 and Baker 
Lake magnetograms from February 1951 to November 1955 were searched for sudden 
commencements. The S C listed in the I.U.G.G. (earlier in the I.A.T.M.E.) bulletins 
were used as a guide, but the magnetograms for each day were examined. During the 
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interval September 1949 to December 1954, 167 S S C and S C were listed (in 1949, the 
bulletin included S C only: in 1950 S S C and S C were listed and in the following years 
only SS C), whereas 70 only were definitely identified at Resolute Bay. From February 
1951 to December 1954, 71 S S C were listed in the bulletins and 20 only were clearly 
identified at Baker Lake. In each case a number of those found were not included in the 
bulletins. It therefore appears that inside the polar cap, sudden commencements can be 
identified half as frequently as in low and moderate latitudes, and nearer the auroral zone 
less than one third as frequently. S C is however definitely not a localized equatorial 
phenomenon, as has been suggested by certain authors. A comparison with the selected 
planetary SC listed in the I.U.G.G. (earlier I.A.T.M.E.) bulletins of Bartels and Veldkamp 
(1949 to 1954) showed that 41 per cent of the planetary S C (53 out of a possible 128) 
were identified at Resolute Bay and 26 per cent (15 out of a possible 58) at Baker Lake. 
Approximately one in four of the identified S C at both stations during these intervals 
were not listed. 

Comparison with Lower Latitude Times 

Except for seven cases all times agree within 1 minute with the times found at lower 
latitudes: in one case the time difference was 4 minutes and in the remaining cases less 
than 2 minutes. It is doubtful if these diff erences are significant since it is not now possible 
to check the accuracy of the time marks. It seems likely that polar S C occur simultane
ously (to within 1 minute) with those at lower latitudes. 

Classification of Sudden Commencements 

The S C were classified according to a scheme suggested by Jacobs and Obayishi 
(1956). S C with a preliminary reverse impulse, sometimes very quick and sometimes 
lasting for a few minutes, were most common, forming 78 percent of the SC at Resolute 
Bay and 89 per cent at Baker Lake. The amplitudes of both the initial and main phases 
were measured, wherever possible. Sud den impulses (S I) were not recorded: in northern 
stations S I occur very frequently, and occasionally almost continuously, and it did not 
seem reasonable to discuss their statistics with the well marked events preceding clear 
and well defined disturbance. The data below does not include the sudden commence
ments corresponding to the leading edge of a clear bay-like disturbance: these are often 
pulsational and well marked in the horizontal force components at Baker Lake, where 
they occur frequently. 

The Diurnal Frequency Distribution 

Figure 1 shows the diurnal frequency distribution of all identified S C in three-hour 
intervals for the two observatories, for the cases where a reverse impulse does and does 
not occur; the total number in the latter case is however very small. Chi-squared tests 
for homogeneity indicate that the hypothesis of equal frequency of total S C in each 
interval is a satisfactory fit, and it is considered therefore that the deviations shown from 
a straight line are random. A Poisson distribution would then be expected and the numbers 
found at both stations are satisfactory on this hypothesis. For example, at Resolute Bay 
the maximum number in any interval is 15 and the chance of this appearing in any interval 
is nearly 30 percent assuming a Poisson distribution, and a mean of 9. Thus there appears 
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FIGURE 1. The diurnal frequency distribution of SC at Resolute Bay 1949-1955 and Baker Lake 1951-1955. 

to be no evidence for a significant diurnal variation (D V) in the frequency of occurrence. 
Since most of the S C are of the type with a reverse preliminary impulse, this result does 
not confirm the suggestions of Ferraro et al. (1951) of a local time effect with an afternoon 
maximum. It is in agreement with the analysis of Forbush and Vestine (1955) of S C 
occurrence at Watheroo and Huancayo observatories. It may be that a significant diurnal 
variation (D V) in the frequency of occurrence can only be found when the form of the 
S C can change appreciably: since the above results largely refer to one type of S C, homo
geneity may not be surprising. Many more years of records would be necessary to test 
this suggestion in polar regions. 

The Diurnal Variation in Amplitude of the Initial M ovement 
At Resolute Bay three component records are available only after October 1953, and 

the determination of the mean azimuth and inclination of the perturbing vector is only 
possible for the morning hours. Although substantially constant values are found, it is 
believed that a real D V exists. Figure 2 shows the mean results for the nine cases where 
measurements are possible at Resolute Bay: Ll Z is always negative and the azimuth is 
never in the north quadrants. An examination of the longer sequence of La Cour declina
tion records for the entire period of operation of the observatory showed that 14 out of 17 
S C with no reverse impulse show northerly motions, whereas 41 out of 59 S C with an 
initial impulse show initial southerly motions: thus over 70 per cent of the main motions 
are to the north. It should be noted that this is the same direction as that generally 
accepted for a normal S C at low and moderate latitudes. Both the D and the three 
component records suggest that sudden commencements near noon are larger than ones 
occurring near midnight. 
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FIGURE 2. The diurnal variation in the azimuth and inclination of the perturbing vector producing the 
initial impulse of SC at Resolute Bay and Baker Lake. 

At Baker Lake three component records are available covering the entire period 
searched, and Figure 2 shows the estimated D V in azimuth and inclination for the initial 
motion based on twenty-one cases. In 79 per cent of the cases the motion is southerly, 
whether a reverse impulse or the main phase of S C without reverse impulse. If an atmo
spheric current source is assumed, Figure 2 shows that during the initial impulse, the burst 
of current is westerly and north of both stations in the morning hours whereas in the 
afternoon hours the Baker Lake results indicate an equivalent current fl.ow south of the 
station. The direction of the Z motion during the afternoon at Resolute Bay cannot yet 
be determined. 

Analysis of the Main Impulse in Sudden Commencements 

Measurement on the D records at Resolute Bay suggest that the main impulse is 
not appreciably different in size whether it appears with or without a preliminary impulse: 
an average of 35 gammas in~ X was obtained for both classes. The main impulse move
ments do not appear to be at all systematic, and it was concluded that no persistent D V 
could be found. However, in Figure 2, the individual points shown refer to the main 
impulse for those few cases where records in three components are available and no initial 
impulse occurs. At Resolute Bay the points lie close to the partial curve derived for the 
systematic initial impulses, but this is not the case at Baker Lake. It is concluded that 
the initial impulse in S C is a physically distinct phenomenon. 

The only systematic feature found in the main impulses of four S C which were 
identified at both observatories and for which three component records exist is that the 
main perturbing vector is about twice as intense at Baker Lake as at Resolute Bay, whereas 
the initial impulse perturbation is twice as intense at Resolute Bay as at Baker Lake. In 
the preliminary impulse these four S C have azimuths close to geomagnetic south at both 
observatories (all in 06-12 hr. L.T.), and an elementary calculation shows that the position 
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of an equivalent westerly line current source is about 3.5° of latitude N of Resolute Bay 
at a height of 1100 km.: the interna! corrections are then about 10 per cent. It is of 
interest to note that this corresponds to the calculated latitude of the dip pole at this 
height, 5° north of its epochal position (Jacobs and Sachs, 1956). There are certain 
longitude uncertainties but there is a possibility that the two facts may be related. In 
any case, if charged particle precipitation north of Resolute Bay is assumed, within minutes 
of time the pattern of disturbance becomes much more complex and diffuse, and its maxi
mum certainly moves south. Although the mean azimuths for the initial phase are often 
close to geomagnetic south, the initial phase data from Resolute Bay suggests that devia
tions from this occur, particularly around noon and midnight. This suggests the possibility 
of a dynamo-like generation of the initial impulse in S C, and it would be of interest to 
discover the world-wide pattern and its relations to auroral zone precipitation. Forbush 
and Vestine (1955) have shown that there is a major and immediate atmospheric source 
of field in S C and the initial phase of storms at low latitude stations, and suggested that 
electric currents in or near the E layer near the magnetic equator are driven by electrojets 
of polar regions. 

The Size of Sudden Commencements at High Latitude Stations 

Chree (1912) found that S C in the Antarctic average about 4.5 times the amplitudes 
found at Greenwich. Combining all the S C for which the total perturbing vector could 
be measured, the preliminary impulses were found to have equal amplitude (54 gammas) 
at both stations, whereas the main impulse amplitude was nearly twice as large at Baker 
Lake as at Resolute Bay (101 gammas compared with 54 gammas). Since the datais not 
homogeneous, and no internal contribution corrections are applied, the figures are not too 
reliable, but they confirm the trend discussed above for the few common S C. A com
parison with the median size for Hucancayo determined by Forbush and Vestine (1955) 
shows the average Baker Lake amplitude to be only slightly larger, but a direct compari
son using homogeneous data would be preferable. 

A seasonal effect is suggested in that the average perturbing vector found in the 
summer at Baker Lake is larger than that in the equinoxes and about twice that found 
in the winter. Furthermore there is the suggestion of a daylight hours enhancement 
since the initial phases at Baker Lake are 80 per cent larger and the main phases 60 per 
cent larger during daylight hours than during night hours. The Resolute Bay -results, 
with one main phase exception show a similar daylight enhancement. These results 
support an atmospheric origin. 

It is suggested that the relations between polar and equatorial S C require further 
examination preferably with fast magnetographs and accurate timing. 

I nternal Corrections 

The approximate calculation considered above suggested that perhaps about 10 per 
cent of an average observed movement is produced by field sources internal to the earth. 
It is the purpose of this paragraph to note that initial impulses followed by a main impulse 
can often be approximated by a sine wave with a period of a few minutes, and it is not 
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unreasonable that corrections of this order could occur. The neglect, for example, of the 
influence of the oceans on the size of the S C observed at certain observatories may be 
serious: it should be noted that the integrated conductivity of 10,000 ft. of sea water is 
"' 10-5 e.m.u. or one hundred to one thousand times that of the ionosphere. There might 
well be systematic differences in the amplitude of the S C field determined from island 
and coastal observatories and from those in the centres of land masses. 

THE ANALYSIS OF SUDDEN COMMENCEME T STORMS 

The Selection of Storms 

A total of 12 storms at Resolute Bay and 23 storms at Baker Lake were examined in 
three components. The intervals searched and the storms selected correspond to the SC 
described above. 

The Storm-Time Variation, D,1 

In order to obtain the character of the storm-time variation in these high magnetic 
latitudes a number of procedures are possible. Derivations of storm-time variations have 
been described for lower latitude stations by Chapman (1927) using 40 storms, and for a 
wider range of latitude by Vestine (1947) using 11 storms of the Polar Year. The results 
of Vestine (1947) showed incomplete removal of the local time disturbance field Sd, or the 
disturbance local time inequality D. as it appears at the time of moderate disturbance 
(Chapman, 1952). 

An attempt to derive D.t for the first 48 hours of a storm was made, but the incom
plete removal of D. and irregular disturbance, and the small number of storms made the 
development in time of the storms at these high latitudes very di:fficult to follow. Local 
time corrections based on monthly means, or on the idealized Sd field, described in Part I 
of this paper, all failed to remove the disturbance local time inequality satisfactorily. 
Consequently the superposed epoch method was used to derive the storm-time effects 
averaged over daily intervals. This method of course, tells nothing about initial phases 
of storms. The daily means for the day of the storm ( commencing at the time of the S C) 
and for the three 24-h periods previous to and after the first day of the storm were derived 
and averaged. Figure 3 shows the results at Resolute Bay and Figure 4 the results at 
Baker Lake, collecting the storms into two classes at Resolute Bay and three classes, at 
Baker Lake. The zero line for each plot is the average of days -3, -2, and -1. The 
figures also indicate the seasonal distribution among the classes and the mean storm 
changes. The latter in any component is arbitrarily defined by the mean change in the 
first seventy-two hours of the storm from the value in the seventy-two hours previous to 
the commencement of the storm. This definition seems a reasonable one since whenever 
storm-time changes are clearly defined in any component, the time constant of recovery 
seems to be about one day, so that the mean storm changes are effectively zero after about 
four days. In any case it seems a more reliable measure of magnitude than the change in 
amplitude on the first day of a storm, particularly for field components in which real 
storm-time effects are small. It should be noted that all the storms are moderate to 
small in intensity, and it is not certain if the time constant of recovery changes with 
more intense storms. No weighting procedures were used in deriving Figures 3 and 4. 



+20 

+10 

0 

-10 

-20 

.10 

0 

-10 

-20 

X 

-3 -2 -1 0 1 2 3 

3 W 

7 STORMS 3 E 
1 S 

5 STORMS I 
E 

4S 

PART II: TRANSIENT FIELD CHANGES 

RESOLUTE BAY 

SUDDEN COMMENCEMENT STORMS 

y z 
sto,111 

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 doys 

~-:--~~~-:---~_.__ ____ _,__~ ......... -----'--L--'-----'-----L--'----'-----'-------'-----'-----'-5.lAllm 
-3 -2 -1 0 1 2 3 ·3 ·2 ·1 0 1 2 3 -3 -2 ·I 0 1 2 3 doys 

Me on Storm Changes 

X T vr Zr 
7 ♦ 0, Z s torms - 10 - 5 -t 20 

5 -0,z storms - 1 -l -21 

FIGURE 3. Mean storm changes for sudden commencement storms at Resolute Bay, 1953-1955. 

327 

+ 20 

+10 

0 

-10 

- 20 

+-20 

♦-10 

0 

- 10 

- 20 

• 

The two classes of storms at Resolute Bay, + Â Z and - Â Z storms, might well be 
called winter-type and summer-type storms respectively. The horizontal components for 
the summer-type storms are very small and southerly, and from Figure 3 obviously ill 
defined. Those for the winter type storms appear well defined in X only and are negative. 
The winter type storms therefore correspond to zonal current flow westwards south of the 
station. 

At Baker Lake, 16 out of 23 of the storms correspond to westerly current flow south 
of the station. The azimuth of the mean perturbing vector is 190°, which agrees more 
closely with geomagnetic south, 197°, than geographic south, and is in very good agree
ment with the direction of the axis suggested in Part I of this paper, Figure 7, for the So 
field variation. However, in 7 storms real positive changes in Â H occur, correspond
ing to a current reversa!. Four were associated with large negative Â Z values and 3 
with large positive Â Z values; i.e. concentrated current flow sou th and north of Baker 
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Lake, respectively. This type of storm occurs most frequently in the summer and equi
noctial months. Neglecting the small and ill-defined horizontal components found at 
Resolute Bay for the summer type storms, it appears that these correspond to the + Ll H 
classes at Baker Lake. Two opposite systems of zonal current flow are required therefore 
to explain the character of averaged storm-time. 

Since the number of S C storms measured which are common to bath stations is only 
4 and these belong to the different classes, it does not seem worthwhile examining their 
numerical implications. These are presumably the same as those discussed below in an 
account of the non-sudden commencement storms. 
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THE ANALYSIS OF NON-SUDDEN COMMENCEMENT STORMS 

A total of 40 such storms were selected at Resolute Bay and 47 at Baker Lake in the 
intervals discussed. Many of these corresponded to stormy periods reported by the 
observers in the Journal of Geophysical Research, but in any case the magnetograms were 
searched individually. One only of the storms selected was reported elsewhere as a sudden 
commencement storm. In each case the onset was indefinite to the extent of about one 
hour as would be expected. It appears likely that the storms correspond to the polar 
equatorial storms of Birkeland (1908). 

The Storm-Time Variation D, i 

Newton and Milsom (1954) have discussed the characteristics of small storms of the 
non-S C type found in the Greenwich records, and compared them with S C type storms. 
Characteristic differences were noted, and it was suggested that the origin of these small 
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storms might be in the corona. Non-SC storms at Greenwich also show 27 day recurrence 
characteristics, particularly near sunspot minimum, not shown by the S C storms, but do 
not show a storm-time variation. 

The storms selected above were tested for storm-time eff ects using the superposed 
epoch method described above, and estimating the time of beginning of the storm day to 
the nearest hour. Such effects are very clear, and again two classes of winter type ( + Â Z 
at Resolute Bay, - Â H at Baker Lake) and summer type ( - Â Z at Resolute Bay, 
+ Â H at Baker Lake) storms are found. Figure 5 for Resolute Bay and Figure 6 for 
Baker Lake show the results, with the seasonal distribution and the mean storm changes 
defined as before, since no striking differences in the time constant of decay of the mean 
storm changes is apparent. 

The mean azimuths determined from Baker Lake results are again between geographic 
and geomagnetic south for the - Â H storms and north for the + Â H storms. 
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27-Day Recurrence Characteristics 
The superposed epoch method has given results which suggest that there are no 

fondamental differences in storm-time between the S C and non-S C types of storm, 
although there do appear to be systematic differences in the ratio of horizontal to vertical 
field components and hence in the latitude of the effective atmospheric ring. The K
indices available from the two stations were used therefore to examine the recurrence 
characteristics of the two classes at both observatories. Since the K-indices are available 
until the end of March 1955 only, the results in Figures 7 and 8 do not apply to all the 
storms examined. The sum of K was subjected to a recurrence examination: it is con
sidered that recurrence (a broad peak about 28 days after the onset of the storm) is shown 
for both classes of storms at Resolute Bay whereas the Baker Lake results are rather 
ambiguous. However irregular disturbance, bay-like events, pulsations, etc., which 
largely influence the K measure, persist several days longer for the S C storms than for 
the non-S C storms. It is concluded that residual disturbance does persist for a longer 
time in the case of S C storms, and this effect is believed to be real although it is the oppo
site to that previously accepted for moderate latitude stations (Newton and Milsom, 1954). 
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Since atmospheric current flow in high latitudes seems to provide the only reasonable 
explanation of highly differentiated storm-time patterns at high latitudes, and since such 
a current flow is commonly associated with an equatorial ring current, the suggestion 
follows that both S C and non-S C storms require the formation of an equatorial ring, 
but that the instabilities associated with the ring, producing bay-like and irregular disturb
ance, persist much longer than the zonal current flow, and possibly the ring itself in the 
case of the S C storms. 

Alternatively if a completely atmospheric source is assumed for storms, and ele
mentary polar disturbances are generated by wind action in the atmosphere (Vestine, 
1954), the length of time that residual disturbance persists apparently requires entry of 
charged particles from the sun into the atmosphere at these latitudes for a longer period 
of time for S C type storms. 

Non-Sudden Commencement Storms Common to Resolute Bay and Baker Lake 

Eighteen storms were examined common to both observatories; 13 of these were of 
the winter type and the remaining 5, in the summer months, were of the opposite type. 
Table I shows the mean storm changes defined as before. The azimuths at both stations 
correspond closely to current flow along geomagnetic parallels of latitude. The changes 
were examined with the following results for the winter-type storms: 

(1) if corrections for internai induction at both stations are made of the form 
R obs. = Hext. (1 + a) and Zobs. = Zext. (1 - a) corresponding to a highly differ
entiated storm-time field at these latitudes and n in a P n harmonie description 
assumed large, then a westerly current flow near geomagnetic latitude 71 ° is 
required at a height of 500 km. to obtain these results, and a = -0.5 approx
imately. This sign would not be expected from the results at low latitude 
stations (Chapman and Price, 1930); 

(2) alternatively, if a current at 100 km. in latitude 67° is assumed, then different 
corrections are required at the two stations: a = + 0.68 at Baker Lake and 
a = + 0.87 at Resolute Bay. However, an observed horizontal amplitude of 
more than twenty gammas would be expected at Resolute Bay and this is not 
observed. This model is therefore not very convincing. 

N2 RESOLUTE BAY BAKER LAKE 

STORM TYPE OF STORMS X y z D H 

0 ~ l 'l 0 

WINTER 13 -3 - 2 +26 - 1 -20 

SUMMER 5 +20 +19 -10 +5 +14 

TARLE I. Mean storm-time changes at Resolute Bay and Baker Lake for eighteen non-sudden 
co=encement storms. 
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For the summer type storms the storm-time changes indicate an easterly current 
flow near latitude 81 °N geomagnetic at a height of about 900 kms. with a = - 0.3 
approximately. 

It should be emphasized that there were no cases when a storm did not clearly fit 
into one of these two classes corresponding to westerly or reversed current flow, but 
occasionally storms do occur where the westerly flow at Baker Lake can move north of 
the station as the storm progresses. 

Although it is obvious that the field of an equatorial ring current could not produce 
the - Li Z changes found at Resolute Bay in the summer unless the ring is reversed, which 
is not reported at lower latitudes, it is instructive to compare the horizontal components 
found with those to be expected in the field of such a current ring for the winter type 
storms. The potential of a strictly linear circular current of radius R expressed in terms 
of spherical polar coordinates with respect to the earth's centre and axis is 

n=CO 

2 . î' (-l)nl.3 .. . .. (2n-1)(!:_)2n+1p ( ) 
7r 

1 l.J 2 . 4 . . . . . 2n R 2n+l cos 0 
n=O 

The principal term at low latitudes is that for n = 0, and the horizontal to vertical com

ponents ratio is 
1
1 _+ 

2
(3(3 · tan 0, where the fraction (3 has its origin in sources internai to 

the earth and 0 is the colatitude. We can immediately deduce that at Resolute Bay it is 
required that (3 = 0.04 and at Baker Lake (3 = 0.24, and the corrected perturbing vectors 
at the two stations are 24 gammas at Resolute Bay and 29 gammas at Baker Lake instead 
of being equal. Since Chapman and Price (1930) have shown that at low latitudes (3 = 
0.42 effectively for n = 0 in the above expression, it is not very convincing evidence for 
an explanation of storm-time changes produced entirely by extra-atmospheric current 
flow, and more complex atmospheric zonal currents than those discussed above seem a 
more likely explanation. 

Relation to Theories of M agnetic Storms 

The relation of these findings to theories of magnetic storms is obscure. It appears 
at any rate that the incomplete corpuscular theory of Chapman and Ferraro (1931) and 
Martyn (1951) does not anticipate the summer-type storms. The possibility of a dynamo 
origin of magnetic disturbance generally, including the main phase and the D.t components 
of storms has been discussed in great detail by Vestine (1954) and Fukushima (1953). 
Vestine (1954) has discussed the difficulties regarding conductivity and the driving force 
of the wind systems. It seems worthwhile pointing out that in the summer months over 
the polar cap, appreciable changes in heat driven air circulation of the upper atmosphere 
might reasonably be expected though whether they would correspond to a reversai of the 
zonal and meridional flows deduced by Vestine (1954) for the main phase of what we 
would call a winter-type storm is not clear. Data from southern polar cap stations might 
provide an important check. 

CHARACTERISTICS OF BAY DISTURBANCE 

Bay occurrence is a very characteristic feature in the magnetograms from Resolute 
Bay and Baker Lake, being particularly evident nearer the auroral zone at Baker Lake. 
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It may be regarded as the elementary polar disturbances of Birkeland (1908) and shows a 
variety of pattern and form. Meek (1954) has examined the relationship between bays, 
visible aurora and ionospheric phenomena at Saskatoon and elsewhere, and other authors 
(Fukushima, 1953) have examined the form of the bay field during certain well defined 
bays using polar year data. A systematic study of the properties of bays north of the 
auroral zone has apparently not yet been made. 

Selection and Measurement of Bays 

The magnetograms on each of the days whose selection is described in the first part 
of this study were examined, and bay occurrence, duration and average amplitude noted. 
Since the change in time of particular appearances of the bay field has been previously 
studied (see for example, Fukushima 1953), this interesting aspect was not considered 
further. Instead the amplitude measured was an estimated mean for the entire duration 
of the bay. 

Because of the complexity of the magnetic disturbance on the selected disturbed 
days and the high level of irregular disturbances at both observatories, it was found 
necessary to arbitrarily measure only those events with a duration exceeding one half 
hour and persisting less than two hours. Only those bay-like events were measured 
where the beginning and end of the disturbance could be determined: at times of irregular 
disturbance this condition becomes virtually the same as that of being definite in at least 
two components. Many bays are obviously double, but this complexity was ignored in 
the succeeding analysis. It is also possible to recognize certain diff erences in type of bays 
(e.g. those with a sharp and often pulsational beginning are common at Baker Lake) and 
seasonal differences in definition seem to be present, but a more complete classification 
must be deferred until a later publication. Occasionally bay-like events were noted in 
which rapid sign changes occur in the horizontal perturbing vector. These were particu
larly noticeable in certain polar cap records, and should be studied synoptically. 

Characteristics of the Bays at Baker Lake 

Since bays are much more evident nearer the auroral zone, it seems reasonable to 
discuss first the findings at Baker Lake. Figure 9 shows the diurnal distribution of bays 
for three seasons on the selected disturbed days and the diurnal variation during the year 
1954 for all selected disturbed and quiet days in the year. The quiet day data represents 
the pattern expected from residual disturbance, and can therefore be neglected in this 
treatment. A pronounced peak at about 23:00 hrs. L.T. or 22 :00 hrs. local geomagnetic 
time is apparent in all three seasons. This peak is not at all sharply defined, and has a 
half-width of between 4-h and 5-h in all seasons. Figure 9 also indicates the average 
number of bays per selected disturbed day, and a small equinoctial maximum is found. 
This requires that the total number of bays also reaches a maximum in the equinoxes. 
It is not clear if the minor peaks evident in Figure 9 are real. 

Figure 10 shows the diurnal variation of the average bay amplitude in different 
seasons and in 1954 at Baker Lake, obtained by finding the average amplitude in each 
field component in three hourly intervals of the day. The curves are dashed where the 
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points are based on a total of fewer than five bays. From these curves it is simple to 
derive an equivalent line current which would produce such a D V in bay amplitude. 
This is discussed la ter. 
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Figure 11 shows the D V in frequency of occurrence and Figure 12 the D V in the 
average bay amplitude at Resolute Bay. The data refers to the selected days at Resolute 
Bay described in Part I. The frequency of occurrence of well-defined bays on any day 
at Resolute Bay is almost one half that found at Baker Lake: this is true for all seasons, 
and on both the selected quiet and selected disturbed days. This suggests that half 
the bays identifiable to the north of the auroral zone can be seen over the polar cap. 
There are two peaks of occurrence, near 22 :00 hrs. and 13 :00 hrs. L.T. respectively; the 
night peak is predominant in the winter months and the midday one in the summer 
months, whilst they are about equal in the equinoxes. Both peaks are very broad 
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On the very quiet days discussed in Part I of this paper, only one very small bay at 
Baker Lake was found. 
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FIGURE 12. The diurnal variation in three force compo
nents of the average bay amplitude on the selected dis
turbed days during three seasons at Resolute Bay. The 
dotted lines indicate the partially derived diurnal varia
tion of the average bay amplitude on the selected quiet 

days during 1954. 

At Resolute Bay the average duration of all bays on the selected disturbed days was 
1.3 hours with insignificant seasonal differences: on the selected quiet days the average 
duration was 1.1 hours. It is not clear whether this difference is real and what its implica
tion is in such a case, since the infrequent bays on quiet days have amplitudes comparable 
to the average amplitudes found on disturbed days for bays appearing at the same period 
of the day. 

In deriving the bay field the approximation was made that all bays last equally long
about one and a quarter hours : this seems reasonable since no systematic DV in duration 
is apparent from the inspection of many magnetograms. 
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Relation to I rregular Disturbance 

It is clear that a number of bays are not considered because of practical limitations 
and the background of low frequency magnetic noise on the magnetograms. At Baker 
Lake the very large amplitude pulsational noise frequently found on the magnetograms 
always appears in the interval local noon ± 6 hours, i.e. around the bay occurrence mini
mum. Because of the masking effect of this noise, it is possible that the evening peak in 
bay occurrence has been unintentionally emphasized. This is not, however, very likely 
since on days when no such masking noise is present, an evening peak in bay frequency is 
still pronounced. It seems possible that the noise bursts and bay activity are closely 
related, and can both be regarded as produced from peculiar instabilities in an equatorial 
ring. The relationship between them should be studied further. Irregular oscillations and 
noise bursts often begin abruptly and less frequently end abruptly. Relationship ,vith 
daylight aurora is a possibility. 

At Resolute Bay, well inside the polar cap, irregular oscillations occur less frequently 
and with smaller amplitudes: however they too appear in the interval local noon ± 6 
hours. It should be emphasized that this aspect of disturbance is not a daylight zone 
phenomena. It occurs frequently in winter when both observatories are in darkness. 

Large pulsations, usually very clear in vertical force, with amplitudes of a few tens 
of gammas and periods from 5 to 10 minutes were noted on occasion at both observatories. 
The regularity of these pulsations is pronounced in contrast to pulsational noise. It was 
noted that the abrupt start to well-defined pulsations can often be seen to take the form 
of a higher frequency pulsational burst, suggesting a possible local atmospheric resonant 
phenomenon. At Resolute Bay, during a great part of the total period under investigation 
the sensitivity of the Y variometer was several times larger than that of the X and Z 
variometers. It was then apparent that irregular pulsations of low amplitude are very 
commonly present. All periods from the shortest resolvable, 1 to 2 mins., up to a half 
hour or so are recorded at different times. 

The 24-h Recurrence of Bays 

This property of bays is very easily seen at even a casual inspection of Baker Lake 
magnetograms. At Resolute Bay it is less pronounced. Further detailed studies are 
required but a number of preliminary conclusions are possible: 

(1) the recurrence interval can commonly vary by up to 2 hrs. from 24 hrs., 
(2) the average recurrence time of the bays is apparently nearer 23 hrs. than 24 hrs., 
(3) there is the suggestion at Baker Lake that bays occurring before local midnight 

have an average recurrence interval less than 24 hrs., whereas often, but not 
always, bays developing after local midnight recur later than 24 hrs. 

This should be investigated further but suggests that if bay particles are ejected from 
equatorial ring instabilities, then an analysis of recurrence may throw some light on the 
drift motions of the instabilities. It should be emphasized that because of changes in 
form it is not always possible to measure the recurrence interval very exactly. At Resolute 
Bay where bay forms usually have less clear commencements, it is only possible to say 
that deviations from 24 hrs. occur and that the mean value is somewhat less than one day. 
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The Amplitude of Bays on the Selected Quiet Days 

Although bays occur on the selected disturbed days about seven times more frequently 
than on the quiet days, it appears that the rather inaccurately determined D V in bay 
amplitude at Baker Lake is much the same on both types of days, see the dotted lines in 
Figure 10. At Resolute Bay (see Figure 12) the results are much more ambiguous, but so 
are the bays. It is suggested therefore that at least near the auroral zone, the average 
amplitude of a bay appearing at a given local time is much the same on local quiet and 
disturbed days. This result would perhaps not be expected, since most theories require a 
close relationship between bay amplitude and the disturbance daily variation. However, 
it is hoped to investigate this further at some later date. 

The Relationship between Bays and Auroral Activity 

Davies (1950) has discussed the diurnal occurrence of aurora across the auroral zone 
in Canada and concluded that auroral activity reaches a maximum about one hour before 
local midnight at the centre of the auroral zone, and appears to become progressively 
later with respect to local midnight south and north from the centre of the auroral zone. 
Towards the northern limit of the effective auroral zone, a diurnal maximum appears 
in both morning and evening hours: thus winter observations at Clyde ( cI> = 81.5°N) 
showed maxima about 19:00 and 06:00 L.T. This morning maximum at 06:00 L.T. was 
observed at Chesterfield Inlet during the polar year 1932-33. The frequency of occurrence 
of radiation 3578 A of the second positive system of nitrogen corresponds to that of bright 
and active auroral bands and rays and was found to have a maximum at about 23 :00 L.T 
at Chesterfield Inlet. No secondary morning maximum of occurrence of this line was 
found by Currie and Edwards (1936). This maximum close to local midnight corresponds 
closely to the peak in bay occurrence shown in Figure 9. Visual observations at Baker 
Lake also confirm the presence of bright active aurora often covering a great part of the 
sky during bay occurrence, and so it seems quite possible that magnetic disturbance 
during bays is produced by the moving charged particles in the auroral forms. 

The relationships of the changes observed in Figure 11 to auroral frequency at Resolute 
Bay is unknown. Daytime measurements on aurora by radio means during the summer 
months to discover the significance of the midday peak should be undertaken, if possible. 

Positive and Negative Bay Occurrence at Baker Lake 

The averaged data show that positive bays in Li H are infrequent at Baker Lake. 
The diurnal frequency of occurrence of negative bays is therefore much the same as that 
shown in Figure 9, but positive bays occur throughout the day with a diffuse maximum 
near 16:00 L.T. which may not be significant. It should be noted that these results are 
different from those reported by Meek (1954) at Saskatoon. Figure 13 summarises the 
findings for more than 300 positive and negative bays examined in this analysis. 

Comparison with Martyn's Theory of the Auroral Zone 

Martyn's (1951) theory of aurora predicts an auroral zone of ,__,5° latitude in width 
with auroral effects produced by precipitation, along magnetic lines of force, of positively 
and negatively charged particles from an equatorial ring about five earth's radii away. 
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In the early stages of disturbance during the afternoon and early evening, precipitation 
of positively charged particles occurs at the northern edge of the auroral zone and nega
tively charged particles at the southern. After midnight this situation is reversed, and in 
the final stages of disturbance the latter condition is thought to exist in both the morning 
and evening. Drift currents in which the positive ions drift faster than the negative are 
set up, and are thought to explain certain ionospheric and magnetic phenomena. The 
current system of bay disturbances is regarded as similar to that for the diurnal disturbance 
variation but advanced in phase 6 hours. 
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Thus it would be expected that during the early phase of a storm at a station like 
Baker Lake, negative bays ( - À H, + À Z) would occur in the period from 6 p.m. to 6 
a.m. and the positive bays ( + À H, - À Z) in the period from 6 a.m. to 6 p.m. In the 
later main stages of a storm, negative bays should occur over 24 hrs. Figure 13 shows that 
during disturbed days no clear cross-over times are found, although positive bays are 
found mainly in the hours around noon and negative bays in the hours around midnight. 
The presence of negative bays at all hours, since they occur throughout the day in the 
main phase of disturbance, might be expected. It should also be noted that the total 
number of positive bays found at times not predicted above is small. 

It is di:fficult to determine at a station like Baker Lake if positive bays develop during 
the early phase of a disturbance since disturbance is more or less continuous. Thus 
examination of the magnetograms at the times of positive bay occurrence suggests that 
such is not the case, but an examination of the international character figures for the days 
of positive bay occurrence show that most of them correspond to a local maximum in the 
Ci figure. Bay occurrence on quiet days, which it might be thought could be regarded as 
definitely referring to the very early stage of disturbance, revealed 21 negative bays 
(between 19 :00 and 05 :00 L.T.) and 1 positive bay (15 :00 L.T.): these do not contradict 
the expectations of theory. 

It was noted that the tendency of the small number of positive bays to appear in the 
equinoxes is striking, during the 17 months data used around sunspot minimum. 

At the northern edge of the zone, negative changes in À Z should occur in the period 
6 a.m. to 6 p.m. in the early phase of disturbance and should be associated with + À H 
changes. 29 cases only out of more than 300 bays have - À Z movements at Baker Lake; 
17 of these occur in the predicted time interval but only 12 are associated with + À H 
changes. It is concluded that bay phenomena at Baker Lake are not very perfectly 
explained in terms of Martyn's theory. 

At Resolute Bay the situation is more complex and the summer midday peak is 
associated with - À Z changes whilst before noon À X and À Y are positive and after 
noon largely negative. This corresponds to current flowing easterly on the a.m. side and 
westerly on the p.m. side which is the reverse of idealized concepts of current flow produc
ing the disturbance daily variation near the auroral zone. Furthermore the current system 
of the bay disturbances is effectively south of the station before noon and north in the 
afternoon hours. The data from the winter months which show a peak in frequency of 
occurrence before midnight correspond largely to + À Z changes and changes in the 
geomagnetic horizontal component to the south. This is what would be expected in the 
main phase of disturbance. The Resolute Bay bays occurring near noon in the summer 
months appear different in character from, and more diffuse than, the evening bays in the 
Baker Lake magnetograms, suggesting again that a different origin and explanation is 
required. 

The suggestion of occurrence of a bay current system of limited size appearing inside 
the polar cap during the summer seasons is an important one. Its morphology appears in 
certain respects to be the opposite of that associated with the auroral zone, which suggests 
a relation with the reversed summer type of storm discussed above. The relation to the 
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inner zone of high magnetic disturbance suggested by Russian Arctic research is not clear 
(Anon., 1954), and it may be a reflection of an outer equatorial ring with reversed properties 
from the Martyn (1951) ring. Alfvén (1955) in a recent discussion of his electric field 
theory of magnetic storms and aurorn has shown that if the inertia of the storm-producing 
beam is considered, a second ring current is produced which flows anticlockwise at about 
30 earth radii and he assumes this to be an extra-atmospheric source of the initial phase 
(I P) of storms, associated with an inner auroral zone with a polar distance of 5° -10°. 
The theoretical duration of this I Pis a few minutes only. Whitham and Loomer (1956) 
have shown that disturbance at Resolute Bay and Baker Lake is highly correlated in 
general and the results in Part I of this paper make it clear that there are no cyclic field 
changes at Resolute Bay analogous to those found at Baker Lake; these results suggest 
little support for the existence of an inner auroral zone magnetically. However, the anti
clockwise ring in Alfvén's theory exists together with the usual clockwise ring in the main 
phase of storms, and it is interesting to wonder if its properties are associated with the 
probably atmospheric zonal currents discussed above for summer-type storms. If this is 
the case, it should be possible to show that at lower latitudes the usual pattern is present 
and there might be interesting time differences apparent in the development of the two, 
and interesting relations between the magnitude of the two systems. It is hoped to pursue 
this point in a later publication. The seasonal nature of the reversed ring is diflicult to 
understand on this hypothesis. Considering all the results in these papers it seems diflicult 
to support the contention that observational data require the existence of an inner auroral 
zone, but obviously much more work is required. 

Another possibility is that a real change occurs in the heat driven air circulation of 
the upper atmosphere as discussed earlier. This is required if a dynamo origin for the 
main phase of storms and bays is accepted. It is then reasonable that partial appearance 
in the equinoxes is possible, but not at all clear why two apparently reversed modes of 
zonal and meridional air circulation can exist with different frequency in different seasons. 

The unusual features at Resolute Bay may be a consequence of the pronounced non
dipole properties of the earth's magnetic field in Canada. Thus the vertical force map of 
Canada suggests the presence of a large regional pole over the barren lands, and Resolute 
Bay is only about 100 miles from the dip pole of the earth's field. It seems likely that 
theories involving the interaction of the field with single incoming charged particles, or 
leakage down lines of force to the lower atmosphere, would produce unique observational 
aspects at the Canadian Arctic observatories. Against this viewpoint is the experimental 
result of surprisingly good geomagnetic control in much of the data discussed. One 
obvious need is a similar discussion for the Antarctic. 

Relation of the Bay Field to the Disturbance Daily Variation 

Figures 10 and 12 show the diurnal variation in bay amplitude, independent of the 
probability of appearance of a bay in any interval. These curves show striking similarities 
with the disturbance daily variation curves discussed in the previous paper: however, 
agreement in form is not very good for the horizontal component at Baker Lake and the 
vertical component at Resolute Bay. Fukushima (1953) in an examination of the equiva
lent current systems of the field of elementary polar disturbances has arrived at two 
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groups, one of which corresponds to the equivalent current system of the average disturb
ance daily variation field, or of the average bay field, and one in which marked differences 
occur because of a predominant westward auroral zone flow. The simplest pattern is 
thought to be similar to the electric current system on a conducting spherical surface 
caused by an electric doublet situated on the auroral zone and directed westward. Bays 
are thus considered to be a temporary appearance of a polar magnetic storm within a 
short duration of time. 

The analysis considered here supports the idea that the bay field represents a tempor
ary appearance of a systematic disturbance field, similar to, but not identical with, that of 
the disturbance daily variation. It would also suggest that the presence of a current ring 
is a necessary condition for the appearance of bays. To search for the presence of D.t in 
the field for a few hours before a bay occurs is very difficult at Baker Lake since the refer
ence value for the month in any component is so uncertain. It is thought that at the 
present time such a determination is not possible. However, at Resolute Bay where the 
magnetic conditions are less disturbed, a test of this sort using the Z component was 
attempted with inconclusive results. Once again the correct reference values to use are 
difficult to determine. 

Relation to Polar Blackouts 

Wells (1947) has discussed the relation between individual bays and radio blackouts 
at College, Alaska, and explained the latter by the development of intense ionization in 
the ionosphere below the normal E layer, produced directly or indirectly by the incoming 
charged particles. Cox and Davies (1954) have published statistical studies on blackouts 
recorded at ionosphere stations in Canada, including Baker Lake and Resolute Bay, over 
the period 1949-1952. The DV in frequency shows a well-defined maximum near 11 :00 
L.T. at Baker Lake and two maxima near 06:00 hrs. and 13:00 hrs. L.T. at Resolute Bay, 
More blackouts are observed at Resolute Bay (500/ year) than at Baker Lake (250/year). 
Considering their evidence with the bay analysis presented above, it is by no means clear 
that the direct relationship reported by Wells (194:7) can be said to be evident, and a 
direct examination of the radio data might be of help in considering the classification of 
bays. 

It should be noted that the times of maximum K index at the two stations are 09-12 hrs. 
90°W meridian time at Baker Lake and 12-15 hrs. at Resolute Bay in agreement with the 
times of maxima found by Cox and Davies (1954). However by the geomagnetic latitude 
of Meanook ( <l> = 61.8°) even this agreement disappears. 

THE GEOMAGNETIC POST-PERTURBATION 

The monthly mean values of the geomagnetic field undergo changes due to the varia
tion of average disturbance with season and the effect of disturbance on the daily means. 
One convenient measure of this effect is provided by the average Dm field defined by the 
mean daily values for disturbed days minus those for quiet days. Second order errors 
produced by secular change and base-line errors are unimportant. The annual variation 
can then be regarded as produced by this averaged field appearing in different monthis 
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with different frequency and intensity. The seasonal variation in disturbance at Baker 
Lake and Resolute Bay is discussed in Part I of this paper. 

The annual variation in 1954 is shown in Figure 14 together with estimates of the 
secular change rate in that year. Figure 14 also shows the monthly variation in the Dm 
field derived for each month using the selected quiet days and disturbed days discussed in 
Part I. It is clear that partial appearance of this field in different months can explain 
the main features observed in the annual variation. The Z component shows the largest 
annual variation and also the greatest variation from month to month in the Dm field. 
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In view of the studies which have been made using the relatively easily computed 
Dm field values, it is of interest to consider the contributions of the different phenomena 
described previously to the measured Dm values. Table II shows the seasonal value of 
the Dm field to the nearest gamma, over 17 months in 1953-55, and the value for the year 
1954; since the number of disturbed days/ month varies in the selection made in Part I 
the monthly values were weighted according to the number of selected days/month in 
this determination of field components. This is thought to give the purest form of Dm 
variation but the results were not substantially different with each month assigned equal 
weight. Also shown is an estimate of the influence of the bays measured and defined as 
described earlier. 

BAKER LAKE RESOLUTE BAY 
SEASON D H z X y z 

y y "( y l î 

Dm= SELECTED DISTURBED - SELECTED QUIET DAY MEANS 

WINTER -2 -28 +18 -6 -2 +31 

EQUINOX -5 -23 + 46 -3 +3 + ·31 

SUMMER -3 +I - 40 ~2 +3 -1 

YEAR 1954 -3 -18 +14 0 0 + 21 

ESTIMATED CONTRIBUTION OF SELECTED BAY Dl STU RBAN CE 

WINTER -4 -20 + 11 -1 0 + 5 

EQUINOX -10 -21 +18 + 1 -1 + 3 

SUMMER -5 -Il tl2 +2 0 -2 

YEAR 1954 -7 -18 +14 +I 0 +2 

TABLE II. Seasonal values of Dm field and estimated contributions from the bay field at Resolute Bay 
and Baker Lake. 

At both observatories it is clear from Table II that this measure represents largely 
the average effect of bays; the residual part of the Dm components must correspond to 
the averaged effect of storm-time and irregular variations. The only serious discrepancy 
occurs in Z Baker Lake where the influence of bays is of opposite sign to the Dm field 
recorded; when zonal terms corresponding to the average pattern of summer-type storms 
(see Figure 6) are added, the discrepancy is increased. This may mean that the residual 
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effects of the summer-type storms on average disturbed days correspond to easterly flow 
south of Baker Lake (whereas the concentration is usually to the north during the first 
few days of a storm). This seems unlikely both numerically and in view of the time 
constant of decay of the order of one day discussed earlier. Alternatively it appears that 
the average effect of irregular disturbance during the summer months is largely to depress 
the Z field component, a surprising result. At Resolute Bay, the influence of measurable 
bays is much smaller and we conclude that the Dm field is effectively a description of the 
a veraged zonal terms described earlier. 

In any case the magnitude of the difficulties in reducing field observations to a satis
factory epochal value is clear, and the authors suggest that the only reliable secular varia
tion data is that obtained from observatories operating continuously, and programs of 
repeat observations at infrequent intervals over short durations are of doubtful use. The 
magnitude of the seasonal changes is such that the determination of 11-year cycles in 
secular variation near the auroral zone should be quite feasible. There are certain sugges
tions of this (Barta, 1956). 

NON-CYCLIC CHANGES 

In the harmonie analysis of the selected groups of days described in Part I, the non
cyclic changes were removed mathematically, assuming a linear variation with time to be 
a good physical approximation. Because of irregular disturbance, not completely removed 
in the use of hourly mean values, it is not certain how regular such changes are. For the 
three classes of selected days at Baker Lake, Table III shows the results of an analysis of 
non-cyclic changes in the Z component for three seasons. The storm-time analysis showed 
that the main phase of storms usually results in a Z enhancement at Baker Lake: therefore 
on disturbed days on the average one might expect a positive or zero non-cyclic variation 
and on quiet days a negative variation on the average. Such simple results are not found 
in the selection made, except in so far as the non-cyclic change on disturbed days is always 
smaller than on quiet days, and the equinoctial results do show the predicted pattern. 

SEAS0N 
DISTURBED 

QUIET DAYS 
VERY QUIET 

DAYS DAYS 

WINTER -0.2 Y +6.8 Y + 5.6 Y 

EQUIN0X +2.7 T -5.6 l -8.0 î 

SUMMER -1.9 'r + 5.6 l' ( NO DAY$) 

TABLE III. Non-C)•clic changes in Z, Baker Lake 1954, for three selected classes of days. 
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There is a suggestion therefore that because of the influence of bays and irregular 
variation, the corrections introduced in Part I are not always physically plausible. How
ever, it is apparent from Table III that the corrections introduced to the sine components 
do not exceed 2 to 3 gammas on the average in even the first harmonie, and the final 
statistical uncertainties exceed this. This investigation suggests that the practice of 
publishing calculated non-cyclic changes may be worthless for high latitude stations. 
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ABSTRACT 

ln September, 1953, seismographs 
were installed in the Crowsnest Pass 
area of Alberta and British Colum
bia to study the 'bumps'. which were 
occurring in the coal mmes at Fer
nie and Coleman, and to investigate 
the possibility that they might ,be 
related to minor earthquakes in the 
area. During the initial phase of the 
work, three seismographs were op
erated at widely separated stations, 
two in the region of coal mines at 
Coal Creek and Coleman and one at 
Turner Valley, distant from any min
ing operations. Sorne earthquakes 
were recorded at all three stations 
and, in addition, many small dis
turbances were recorded •by the 
seismographs located near the mines, 
especially by the instrument at Coal 
C'reek. A closer network of radio
linked seismographs was then in
stalled near Fernie, the records of 
which definitely established that the 
small disturbances were occurring in 
the mine workings, both active and 
inacti ve. No relationship was estab
lished between bumps and local earth
quakes in the area. 

This work was initiated as a co
cperative effort with the Fuels Di
vision of the Mines Branch, Depart
ment of Mines and Technica1 Surveys, 
which has undertaken a study into 
the phenornena of ground stress re
lief in underground mine workings. 

* * * 
INTRODUCTION 

DEVELOPMENT of coal fields 
near the southern border of 

Alberta and British Columbia be
gan around 1900, and there is evi
dence, as early as 1906, that the 
mines in tbe Fernie area of British 
Columbia were troubled by 'bumps'. 
This is a term used to describe un
derground disturbances in coal 
mines analagou to the 'rockbursts' 
associated with hard-rock mining in 
northern Ontario. The bumps are 

*Seismologists, Dominion Astro
physical -Observatory, Department 
of Mines and Technical Surveys, 
Royal Oak, B.C. 

characterized by dolent explosive 
activity of the walls, floors, or 
roofs of mine roadways, and project 
great q nantities of broken rock and 
coal into such passageways. Another 
fo rm of Yiolent stress relief. called 
an 'outburst of gas and coal', ex
pels large quantities of coal from 
the solid seam and is usually ac
companied by the liberation of huge 
Yolumes of gas. In these latter dis
turbances the roof and floor rocks 
are seldom damaged. In this re
port the term 'bump' will be used 
to describe a disturbance known, 
eitlter from seismic e,·idence or from 
direct observation, to have occurred 
in a mine. The term 'earthquake' 
will be used to describe a disturb
ance known to have originated at 
some distance from a mine, and un
til they are classified all disturb
ances will be called 'events'. 

As part of their general study 
into the phenomena of ground 
stress relief, the Fuels Division of 
the Mines Branch, Department of 
Mines and Technical Sun-eys, has 
dernted considerable attention to 
the problem of mine bumps. 

ObYiously it would be desirable 
to know whether the bumps are the 
direct result of mining operations 
and always occur within the mine 
tunnels, or whether, as a result of 
large-scale regional geological ac
ti vity in the past, there are residual 
stresses in the rock, the energy of 
which is released by the mining op
erations. The Fuels Division was 
also interested in the possibility that 
currently actiYe geological activity 
is a contributing factor. It ap
peared probable that, if such stress
es were present, there should be 
minor earthquakes o cc u r ring 
throughout the area; otherwise dis 
turbances might be expected to be 
confined to the mine workings and 
their immediately adj a cent areas. 
In order to investigate the problem, 
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the Seismological Di 1·ision of the 
Dominion Obsen-ator,v was asked 
to set up scisn1ographic stations in 
the area. 

A network o [ three scismogra ph 
stations was installed in Septem
ber. 1953, two located oYer acti,·e 
mine workings at Coal Creek and 
Coleman, and one at Turner Valley, 
some distance from the mountains 
and from mining operations. \Vhile 
the results of this initial im·estiga
tion were not as informative as had 
been anticipated, nevertheless they 
did indicate that a few earth
qnakes occurred in the area of the 
stations, that there was little local 
activity recorded at the Turner Val
ley station, but that there was a 
great deal of local actfrity recorded 
at both the Coal Creek and Cole
man stations. Since the local dis
turbances recorded at Coal Creek 
and at Coleman did not in any case 
register at both stations at the same 
time they were interpreted as be
ing due to bumps related directly 
to the mining operations going on 
at one particular station. Unfortun
atel?, since each disturbance was 
recorded at only one station, its pre
cise location could net be determined, 
and further not one of the recorded 
disturbances was noticed by the 
miner ·. This lack of positive Te .. 
sults led to the termination of the 
initial project in June, 1955, and the 
setting up of a more detailed investi
gation. 

The second proj cet, •carried out 
during the summer of 1955, made use 
of a set of radio-linked seismographs, 
arranged to form a triangle in the 
immediate vicinity of the mine 
workings. These were installed at 
the Coal Creek mines near Fernie 
and, for a short period, in the Cole
man area, and while the results in
dicated that no precise location 
could be determined for the source 
of recorded disturbances, it was 
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reasonahlY certain that ~omc of 
thern originated within the mine 
workings. At the same time, the 
,cismograph nt Turner Valley was 
1110,·ccl to Banff. a location free of 
liackgromHl noise. thus permitting 
tilt> instrument to be o_perated at 
full se11sitiYity. The recordings at 
tht> Banff stat ion ha,·e confirmed 
tlrn t there arc sorne ea rthq uakcs 
ha,·ing their origins in this gcneral 
arc a. 

It should be noted that tl1is pro
jel't docs not represent the first 
use of a ,eis111ograph to study mine 
di,turba1H'cs. In the earl.v 1930·s, 
F. ~ apier Dcnison. of the Victoria 
.\fetcorologieal Obsen-atOr)·. oper
a lnl a .\Iilne se ism ograph at the 
F ernic 111incs. Xo report is a,·ail 
:ihlc c·o:1ccrni11g this work, but ron
sidning the low magnification and 
tlll' long period of the ::\Iiln e seis-
1110µ:raph. it is probable that few, if 
1111,,·. bumps wcre recorded. 

SEIS1IOLOGICAL :,lETIIOIJS 

This seetio11 will explai11 some of 
tlw ter111s of seismology uscd with
i 11 tl1is report. The record of a dis
tnrha 11ce rf'gistercd on a seismogram 
1, much the same. whether the 
source of the clisturbance i11 the 
c:.1rth is an earthquake. a blast. or 
a bump. At the time the e ,·ent o;·
curs. a compress ion wa,·e and a 
shear waYc arc set up in the ad
jacl'ut rock . aucl each is transmitted 
outward fro111 the source in ail di
rections. The former tra ,·els with 
about twice the speed of the latter 
and is called the P or compression 
waYe. The slower wa,·e is callecl 
tilt· S or shear wa,·c . ~ormally, 
both are recorded clearl y and the 
differenee in their arriYal times can 
he read from the seismogram. If 
tht· speed of each type of wave is 
known, it is then possible to calcu
late the distance of the recording 
sei.,mic station from the source. 
This method of obtaining distance 
from one record alone is called the 
S minus P method, or more simply, 
S-P. If one has an S-P distance of 
each of three seismograph stations 
from the centre of a common dis
tm·bance, i t is pos i ble to deter
rn ine the location of the centre 
g raphi ca lly on a map. 

The P -wa\'e arrives first at the 
~tation and hence usually appears 
as a sha rp beginning on a quiet 
record, whereas the S-wave ar
rives at a time when the record is 
distu rbed by the train of P-waves. 
Thus the time of beginning of the 
P -wave can be read more accurate-
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a 

WH ITHISH A COLUMBIA FALLS 

Figure 1.-Seismograph stations, and earthquakes located during initial programme. 

]_,·. For this reaso11 th e S-P mcthod 
of obtaining an origin is not uscd 
as much as are methods using the 
2.>-waYe only, but in each case 
where an origin is determined from 
th e P -wave arrival times at sever
al seismographic stations, it is cus
tomary to compute S-P distances as 
well, to assure that no gross error 
ha been made. The exact centre of 
a scismic disturbance within the 

eartl1 is k11own as the ' focus·. Focal 
<lcpth is the disbmce of the focus 
beneath the surfaee - in this in
Yestigation the focal depth has been 
assmned to be very small or zero. 
The 'epicentre' is the position on 
the earth's urface directlv above 
the focus. The epicentral ·distance 
of a seismograph station is the dis
tance from the epicentre to that 
station. 
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Seismograph ,tations at Coal 
Creek and at oleman, in the min
ing a rea , and at Turner Valley, 
east of the Rock~, :\Iountain range, 
made up th e initial network. Fig
ur l shows a map of the area. 
.Each station was quipped with a 
" ' illmore sei mograph, made up of 
a " 'illmore vertical eismometer 
( 1's = 1 sec.) recording through 
a galvanometer with a period of 
0.25 seconds. This equipment, 
shown in Figures 2 and 3, has the 
great adrnntage that it does not 
reqnire a ,·ault for it operation. 

Figure 2.-Willmore-Watt seimo
meters in metal case. 

Figure 3.-Willmore-Watt 
3-component recorder 

Th e reeorder ean be installed in an 
ordinary room which need not be 
clarkened. The seismometer can be 
hu ried in th e ground in a water
proof metal container. For the 
three stations of this network, how
e1·e r , the instrument was set on bed
rock and 110 specia l precautions 
were considered necessary. 

At Coleman the se ismometer was 
~d on Led -rock a few hundrrd feet 

fro111 the entrance 
to th McGillh·
ray mine. About 
700 feet of cable 
was used to carry 
the sei mie ignal 
to the basement 
of the mine of
fice, where the re
corder ,v a in
stalled. The record 
er was operated 
with the paper 

T .IBI.J.: I. E .1HTIIQt'A IUèH Rr-: c oHJJtrn ,1T Co1.E,1.1N 
J,'1-:nxm, SisPT. HJ ,5:1 TO .J1·x 1i HJ .,.'j 

speed set at 53.4 
mm. per minute, 
and the records 
w e r e changed 
daily. A chrono-
rneter was used to 
insert minute-marks 
on the record. At 
the beginning, no 
radio time-signals 
were available at 
Coleman but later 
radio station CJOC 

n Lethbridge 
agreed to broad
cast the daily CBC 
tirne-signal a t 18 
hours ŒW.T and 
these were record
ed. In I 954 the 
CBC installed a 
booster station at 
Blairmore, only a 
few miles from the 
seismograph site, 
and from then on 

1953 NoYember <8 

December 10 

December 25 

December 26 

1954 January l 

September 9 

September 10 

Sept..ember 21.. 

Septembe1 2 4 

Sep tember 26 

1954 October 29 

November 4 

November 20 

November 29 

1955 January l 

th eir signais were used. Noise from 
mining operations at Coleman nec
ess itated operation of the instru
ments a t a pproximately one-third 
full sensi til"ity. 

At Coal Creek, the seismometer 
was pla ced on bed-rock about 900 
fe et from the recorder, located in 
the lamp-house at the mine office. 
The recorder was operated at a 
paper speecl of 13.5 mm. per min
nte, and records were changed every 
four days . Time-signals were re
cei \'ed here only about 25 per cent 
of the time, due to the high level 
of loca l static on the radio. Again, 
the sensitivi ty control was set at 
one-tenth or one-third maximum 
due to mine noise. Unfortunately, a 
co111·eyor belt, operating during two 
of the three shifts the mine worked, 
ran past the seismometer and dis
turued the records greatly. 

The processing of photographie 
records for both Coleman and 
Fernie was carriecl out in an of
fice maintained by the Mines 
Branch at Coleman. 

Seismic records were obtained 
for about a year at Turner Valley 
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JO 

02 

16 

22 

38 

19 

33 

19 

Colem;:in dist:mce 125 milt:s 1 
Fernie distance 116 mile:.. . 

Coleman distance 159 miles. 

1,pproximacely 44 miles (prooably 
sou th) from Coleman 

Coleman distance 54 miles , 
Fernie distance 49 miles , 
Hungry Herse distance 44 miles . 
Epicentre is 114:5 ;1 , 48° :9 N; 
about 10 miles south of the 
Canada - United States border. 

A small tremor ( or bump) wi th
in 5 miles of Coleman . 

Distance about 136 miles from 
Coleman . This was not recorded 
at Hungry Horse , hence the 
epicentre must be west or north 
of Coleman . 

Approxima tel y 25 miles from 
Coleman . 

Hungry Horse and Coleman data 
indicate an origin 20 miles 
north ,:,f Loleman . 

Hungry Herse and Coleman datël 
indicatE: an origin sout..h of 
Coleman near the border . 

1- robably close to Fernie . 
Recorè.ed at Hungry Herse and 
Coleman . 

Epicentre about 19 miles 
ncrth of Coleman , from Hungry 
H:-rse data . 

Fei·nie and Col enan r eadings 
indica te an origin north of 
_Coleman . 

Distance 12 miles north of 
Coleman . 

Approximately 10 miles from 
Coleman . 

Epicentre northwest of 
Coleman 20-J0 miles . 

under fairly quiet background con
ditions. The recorder was installed 
in the basement of the operator's 
house and the seismometer was set 
on a nearby outcrop of rock. Later, 
the house was moved, necessitating 
the transfer of the recorder to an
other basemellt nearby. Unfortun
atel.v, chronometer troubles corn
hinecl with Jack of radio time-sig-
11als interfercd with the accuracy 
of time-control for much of the 
time. Howe1·e1·, a fairly continuous 
recc rd of ground movement was ob
tained o\'e r the period of a year, 
and it appears that no local earth
quakes occurred in the Turner Val
ley area during that time. 

Events recorded on the network 
seem to fall into two groups. The 
first group ha,·e a fairly large S-P 
illterral , and are thus events that 
oceurred u considerable distance 
from th e recording station. The 
second group have a n S-P iuterval 
so small that th e events must have 
occurred very nea r to th e seisrno
graph s tations . Disturbances of the 
first group are r egarded as earth
quakes, although there is no re
port of a ny of them hadng been 
felt . 
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From September LD.'5~ to June 
1955. a total of sixteen e,·ents were 
recorded at Fernie and Coleman 
which are, by the above definition, 
earthquakes. Table I lists these 
disturbances, and their epicentral 
distances, computed by the S-P 
method. The travel-time curves 
used to obtain the distances are 
those computed by .J. H. Hodg
son ( 1) in his study of the Cana
dian Shield. In those cases where 
readings from the United States 
Coast and Geodetic Survey station 
at Hungry Horse were available, 
epicentres were determined and are 
shown in Figure 1. 

Events belonging to the second 
group were mnch more numerous, 
although they were confined entire
ly to the Fernie and Coleman sta
tions. There is no case of an event 
local to one station being recorded 
at another, indicating that these 
disturbances must have been very 
small. No attempt is made here to 
list all such small shocks for the 
whole period, but Table II contains 
the list for a typical interval. The 
mine offices attempted to keep a 
record of bumps felt underground 
and these lists were compared with 
the list of recorded events . As in
dicated in Table I, local events 
recorded by the seismograph were 
not felt, and those felt and report
ed were not normally recorded by 
the seismograph. 

A severe outburst of gas and coal 
occurred at the Elk River mines, 
Fernie, on March 9th, 1955, caus
ing the collapse of the walls of a 
tunnel where miners were working, 
and resulting in casualties. During 
the four-day period covering the 
time of the bump, the Fernie seis
rnogrnms recorded a total of seven
teen ,·ery sharp cvents. In addition, 
two ,·e r_v weak disturbances were 
rerorded at the time the bump was 
reporteù to be felt. Coleman seismo
grams show no trace of any of 
these e,·ents. This incident strength
ened the previous conviction that 
the events the miners feel are usu
all.v not rerorded, and that the num
erous very sharp events the seismo
grams record are usually not felt in 
the workings. 

Sinre the spacing of the stations 
made the determination of the centTe 
of small disturbances impossible, it 
was deciùed to move the stations so 
as to form a small triangle over one 
mine, and thus to concentrate on 

(1) H0DGS0N, J. H., A Seismic 
Siirvey in the Canadian Shield; Pub
lications of the Dominion Observa
tory, Vol. 16, No. 5, 1953. 

TABLE 11.- TYPIC'AL SERIES OF 

En; NTS RECOHDED BY FERNIE AND 

COLEMAN SEISMOGRAPHS, WITH :M1N

ING COMPANY RECORDS oF BuMPS 

R~~PORTED TO BE FELT DuRING THE 

l95L 

S.u1E INTERYAL 

10 \;nleman lS 1S Nedlu.1> b1.>111p recorded 

21 ~c,le:iun ll 00 Sharp bucp fdt.. ::ot 
rticonled . 

ll:00 0:00 .A.111 b=p felt . ,i<>t. 
rP.c<.>rdlld . 

2' ff,rnh J.S $ù S....11 bui.,p recordt:d 

lb F,,rnh 19 Small bia:ip recorJed 

Small b:.i:;p :-t-corded 

27 ;c,Je,:::in 00 ~8 3::i;all buoJ: ,-ecorded 

~~ f,-mh l) 20 .31:1all bum~ r11corJed 

r~rni,; 13 .,(, ;111all bue;, r--cord.,d 

l~ r.,rn\" 1; CS ..:.ai.au bw::p r;,cor.:1<"d 

~c1 Fernl<" Hl (,1 3m'111 b\11:'lp ,eccr.:1,ad 

29 CoHir.a:, 05 S2 :.t:du.1.'ll buiap recordt!d 

Sl!la.l.ou::.precori-,d 

;;;m;;llbw;iprt>cc,rd.,J 

l ;c.l,,,,,..,, l!J ;o Slr.d., l bump f,;lt. ~ .... t 
rec:,r,!<,d 

~ Colmar, O!:I 

a Cole!llù.n ')9 

.,r,arpbUl!lp leh. , 1,N, 
recorded 

Sharp buq,Ielt . liot. 
r~cor'1ed 

:;harp bUIDp felt. , Ilot 
r.,cord<-ë 

.,:iarpblltlp1-elt . i.ot. 
rt:corded 

8 .::,hm:in 15 15 ~harp bwnp fe.it . 
r;,c.Jrded 

li ~,;,le!llan li> l~ ;:im:.l! b1.11r.p r<>corJt:d 

1~ • h~;,,r. !7 IJ(l :~:~ 
1
~:-r, i&l\, •:~t. 

finding the source of such events. 
In June 1955, the initial programme 
was terminated in favour of a de
tailed two-month iiwestigation. One 
conclusion drawn from the initial 
programme is that there are a few, 
but not many, small local earth
q uakes in the area of the Rocky 
.\Iountain range. It is not possible 
to state definitely whether they are 
sufficient in number and size to 
indirate the existence of stresses 
that rnay be an indirect cause of 
bumps. 

DF.TAILF.D STUDY OF Two SPECIFIC 

.\[ INING AREAS 

In order to be able to locate the 
small events within useful limits, 
it is necessary that the records 

yiclcl the time to hetter the 0.1 sec
ond. Radio time-signal reception in 
the Fernie area was so erratic that 
the required accuracy could not be 
obtained from three seismograph 
stations, each recording tirne inde
pendently of the other. For this 
reason use was made of radio
linked seismographs built for the 
project by Dr. P. L. Willmore. 
Three seismograph tations were 
provided; two of these transmitted 
their output by shortwave radio to 
a central point where their signals 
were recorded, together with the 
output of a third seismograph re
cording directly on a single drum. 
,vith this system, time control would 
be lirnited only by the accuracy of 
reading records, because the neces
sity of obtaining corrections for 
three stations to a standard of time 
had been eliminated. 

Table III is a list of the seismo
graph instruments used, together 
with their known constants . At the 
master station a direct-recording 
seismograph arrangement was used. 
The output of the Willmore-Watt 
seismometer was recorded through 
a 0.2 5-second galvanometer on a 
" 'illmore recorder. At the transmit
ting stations the output from the 
seismometers was amplified, and 
then used to frequency-modulate an 
audio-tone, which in turn amplitude
modulated a 148-megacycle carrier. 
A two-channel receiver was used at 
the master station to receive the 
signals from the two transmitting 
sites . The output of each channel 
of the receiver was fed into a 30 
c.p.s. gah·anometer in the Willmore 
recorder, and the seismic informa
tion from all three stations was re
•corded on a single sheet of photo
graphie paper. The driving mech
anism in the recorder was set to 
rotate the drum at a paper speed 
of 5i3A mm. per minute. Use of the 
three gah-anometers necessitated 
changing the records three times 
daily. This was clone at 08 :00, 
15:00, and 23:00 hours P.S.T. The 
direct recording seismograph was 
operated at full sensitivity, equiva
Jent to a magnification of about 
100.000 at the period of the waves 
being recorded . 

TABLE IJI.- SEJSMOGRAPH 1NSTRUMENTS USED 

STATION SEJSMOMETER GALVANOMETER RECORDER 

Mastcr Station Willmore-Watt. Turner \Villmore 
Period 1 sec. Period 0.25 sec. 

Transmitting Willmore-Walt. Turner Willmore 
tations Period 1 sec. Period 0.03 sec . 
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Figure 4.-Sketch-map of Fernic 
area, showing location of seismic 

stations. 

The first triangle of stations was 
placed to study seismic activity 
near the Elk RiYer colliery. In 
c·hoosing sites for the stations the 
rcquiremenb i11cl11ded access to 
power, line of sight from the two 
transmitting stations to the master 
station. and. if possible. an outcrop 
of bedrock on which to place the 
,ei;,rnometers. An :Hh-a ntage of the 
Willmore seismograph is that. 
where hedroek i;, not a ,·ailable, it 
i;, considered to be ,-atisfactory to 
bury the seismometer in solidly 
packed ea rth . Such pro,·ed to be 
necessary in th e case of this tri
angle. Due to the topogra phy of 
the area the triangle took the form 
shown in Figure 4, the master sta
tion being placed at the apex of 
the e lbow in the Elk River rnlley, 
j ust outsirle Fernie. The transmit
ting stations were placed in op
posite directions a long the valley, 
at llosmer and Anderson's farm. 

The geographical co-ordinates of 
the stations were obtained by plot
ting the positions on a large-scale 
map (scale 1 in. = 0.4 mile). 
Thcse are shown in Table IV. The 
si des of the triangle have lengths 
5.5 km .. 11.8 km. , and J .5 .5 km. 

The radio sei. mograph network 
was in operation at Fernie from 
.luly l:2th, 1955, to August 12th, 
1 955. On August 12th the network 
was mo,·ecl to the Coleman area, 
wherc the master station was lo
cated near the Chinook Cabins 
(Sentine!) , and the transmitting 
tations near the Greenhill mine, 

north of Blairmore, and at the Iron
stone Fire Range station. south of 
Coleman. 
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Figure 5.-Series of bumps located 
at Fernie. 
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Figure 6.-Series of bumps located 
at Fernie. 

TABLE IV. CO-ÜRDINATES OF FERNIE NETWORK OF EISMOGRAPH STATIONS 

LATITUDE LONGITUDE ELEVATION 
-· 

Fernie ........... 49° 30. 4'N. 115° 04. 4'W. 3,250 feet 

Hosmer . . ..... 49° 35. 3' 114° 58. l'W. 3,500 feet 

Anderson's Farm .. 49° 27. 6'N. 115° 03. l 'W. 3,250 feet 

-- -

TABLE V.- CO-ÜRDINATES OF COLEMAN ETWORK OF SEISMOGRAPII STATIONS 

Sentine!. .. 
Ironstone .... . 
Blarimore .. 

LATITUDE 

49° 38. O'N. 
49° 34. 2'N. 
49° 37. 7'N. 

The eo-o rdinatcs for the Cole
man site~ are gi,·en in Table V, 
and the J/ernic-Colcman network is 
shown on the maps of Figures 7 
and 8. Records were obta ined at 
Coleman from August 1 !5th to Ang
ust 29th. 

From the reco rds obtained for 
the thirt_r -one da_vs during whic-h 
the radio seismographs were op
era ted at Fernie, a total of thirty 
e,·ents wer(· analy,1ecl. A few othcr 
e ,·ents are ornitted from the dis
cussion bec a use of thei r douhtful 
appearanc·r on the records. Of the 
thirtv e1·c1its discussed, the relatÏl'e 
tim e~ of the arrirnl of their P 
w.a,·es at the three station s suggest 
that fifteen had their origin in th e 
same area. These fifteen are listed 
in Table VI. Relatil-e P -wave ar
ri,·al times are gil'en, the arriva] 
time at the master station being 
taken as zero. In addition. the cor
responcling- arri,·al times of the S-

LONGITUDE 

114° 34. 8'W. 
114° 30. O'W. 
114° 26. 6'W. 

ELEVATION 

4,500 feet 
6,800 feet 
5.000 feet 

wave are shown. The values of S-P 
for each station agree well for this 
series of events. The fifteen e\'ents 
reeorded b_v the direct-coupled seis
mograph are similar in appearance, 
except for amplitudes. 

The d etermination of an epicentre 
for any event is, of course, depend
ent upon the seismic-wave velocities 
in the area. Such velocities have not 
becn d ete rmined in southwestern 
Alberta ( with the possible excep
tion of work done by oil-prospecting 
gronps). It has been established, 
howe,·er. that crustal P-wave veloci
ties fall between 5.6 and 6.2 km./
sec. The method used in the investi
gation to locate the centres of re
cordecl events as lying within the 
area of the mine camp did not re
quire that the P-wave velocity be 
specifiecl more accurately than that 
it falls within the above range. 

Stations on the network were as
sumed to ha re equal ele,•ations and, 
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'fABl, E \'I.- BL' ~lPS R~:coRDED 

( t;MMER l!J55) 

No . Date Approx . Phase Arrival Times 
Time Fernie Hosmer 
MST secs . secs. 

....b....!!!.,_ __ _ _ 

5 July 22 21:00 p 0 0. 8 
s l.5 

6 July 24 02:JO p 0 0. 9 
s 1.5 

7 July 24 OJ:JO p 0 0. 9 
s 1.6 

9 July 24 2J:OO p 0 1.0 
s 1.5 

11 July 26 07 :00 p 0 0 . 9 
s 1.5 J . 7 

lJ July 26 24:00 p 0 0 •. 7 -
s 1.5 J . 6 

14 July 27 OJ: 00 p 0 0 . 5 

18 July 28 15:00 p 0 
s 1.5 

19 July 29 09 : JO p 0 
s 1.5 

20 July JO 02:00 p 0 
s 1.5 

21 July JO OJ:00 p 0 
s 1.5 

22 July JO 06:00 S- P 1.5 

27 Aug. 9 00:10 p 0 0 . 9 
s 1.5 J . 6 

29 Aug.11 01:JO p 0 1.1 
s 1.5 

JO Aug. 12 04:00 p 0 
s 1.5 

in the absence of any evidence to 
the contra ry, all events were as-
umed to have a surface focus. Dif

ferences in arrival times between 
pairs of tations were calculated 
for the fifteen events listed in 
Table VI. The locus of all possible 
locations for each event was then 
determined, assuming values of P
wave velocities from O to 10 km. / 
sec. (see Figures 5 and 6). 

Diagram showing the locus for 
each event were forwarded to the 
Mines Brancl1 in Ottawa, where the 
approximate area coYered by the 
mine workings was indicated. In 
each case, when a r easonable ,·alue 
for the velocity of the P-wave is 
u e<l. the epicentre of the event falls 
within the a rea of the mine camp. 
Only if the velocity is assumed to 
be greater than 6.5 km. / sec. or Jess 
than 4 km. / sec . does th e epicentre 
lie outside the area of the mine 
camp. It thus appea rs reasonahle 
to regard all fifteen recorded e\'e~ ts 
as bumps, associated with the m1n
ing operations. It should be point~ 
ecl out, however, that not one ol 
the fifteen eyents was reported to 
be felt. It i probable that the small 
e,·ents recorded during the initial 
programme can be groupe<l with 
the fifteen e,·ents here iden ti fied 
as bumps. 

Jt was pointe1l ont earlier lhat 

AT FEll:NIE T .IBL E \'IJ .-E\'ENT R~:COHDED AT FERJ\"IE 

(SUMl\lER 1955) 
(Relative) Fernie 
Ander sons Double 

Map Date 
No . 

secs. Trace 
Amplitude 
{mms) 

1 July 17 
10 

2 July 17 
4 

J July 17 

J 4 July 17 

7 8 July 24 

-0. 5 1 10 July 25 
, 0 . 7 

12 July 26 
- 0 . 5 J 
, o. 6 15 July 27 

- 0. 5 2 
16 July 28 

- 0 . 8 4 

17 July 28 
-0. 5 J 

2J July JO 

- 0 .5 1 24 July Jl 

25 Aug . J 
-0. 5 

26 Aug . 8 
l 

28 Aug . 9 
- 0. 5 2 
+0. 5 

2 

Approx. Phase Arrival Times 
Time Fernie Hosmer 
MST 

lJ:JO p 
s 

1J:J5 p 

lJ . 44 p 

lJ:45 p 
s 

14:00 p 
s 

16:00 S- P 

12:00 S- P 

14:JO p 
s 

11:JO p 
s 

lJ:00 p 

11 , 00 p 

08:00 S- P 

16:JO p 
s 

lJ:15 p 

11:JO p 
s 

12 . 7 

4J . O 
49.J 

4.1 

5.7 

57.J 
58 .0 

lJ . 8 
17 , J 

J8 .4 

J0 . 4 

5. 0 

Jl.5 
J5 . 0 

49 . 9 

09.7 
15 . 4 

11.1 
lJ . O 

45 . 7 

14 . 0 

19.6 

41.J 

58.0 

11.7 

J7 . 7 

29 . 9 

Jl.4 

50 . 5 

08 . J 
12.7 

(seconds 
after near
est minute 
mark) 
Andersons 

10. 8 
12 . 5 

45 . 6 

lJ . 6 

15 . 9 
19 , J 

14 . 4 

40 . 0 

Jl.6 

Jl.7 

47.8 

10. 0 
16. 0 

- 0 . 4 1 
TABLE VIII.-EVENTS RECORDED AT COLEMAN 

(S MMEll )955) 

the S-waves are 
normally used to 

Event 
No . 

check the comput- 1 

ed epicentre loca
tion. When this 2 

was done for the J . 

fifteen events not-
ed above, and the 4 

results were plot
ted in the same 5 

manner as for the 
P-wa ve data, it 
was found that the 

Date 

Aug. 22 

Aug . 24 

Aug . 24 

Aug . 25 

Aug . 26 

two loci, the S-wave and the P-wave 
curYes, did not coïncide. The ex
planation for the disagreement may 
be that the P-waves and the S-waves 
did not traYel similar paths to the 
seismograph, due to the variable 
content of the surface layer in the 
area. The P -wave data a re consid
ered the more reliable, since, as al
ready pointed out, the P -wa ve ar
rives first at the seismograph 
station and, falling on ar: undis
turbed record, can be read more ac
curately. 

Tabl e VII con tain a list of 
eve11ts recorùed at Fernie whose cen 
tres did not li e within the mine 
area, and which thus, by clefinition. 
represent ea rthquake. . The ep i
centres of these e,·ents were com
puted by the S-P method, using the 
travel-time cur\'es of Hodgson ( 1 ). 

(1) Op. cit. 

Approx , 
Time 
MST 

h . m. 

14:JO 

16:JO 

18:15 

14:45 

15: JO 

Phase Arri val Times 
(Secs . after nearest 
min . ) 

Sentinel Blair- Iron-
--- more s1de 

p J4 . 7 J5 . 8 
s J7 .4 

S- Y 2. 7s. 

p 24 .4 25 .1 
s 29 . 1 

p 25 . 4 27 . 2 26 . 7 
s 28 .1 

p 2J . 9 
s 26 . 6 

Seotinel 
Double 
Trace 
Amplitude 

1.0 mm . 

1.0 mr:i . 

0. 5 mra . 

1.0 llll!l . 

1.0 mm , 

Caution shoulcl be exercisecl in re
lating these epicen tres with known 
fault~ until suc h time as the veloci 
ti es used can be checked by expe ri 
mental means. 

On e of these earthquakes was of 
sufficient size to reco rd at the 
Banff and Hnngry Hor e s tation 
as well. lts epicentre, shown as num
ber 16 on th e map of Figure 7, prob
ably r eprese11t ' the most accurate 
determination in the g roup of earth
quakes li sted in Table VII and 
plotted in Figure 7. In some cases 
the locations are in doubt becau e 
onh· two stations ha1·e reco rd ed the 
eve.nts . As was the case for the 
bumps recorded. none of the re
co rd ed earthquake was felt. 

At Coleman there were fewer 
e,·en ts · tho e that occurred are 
listed in T able VIII. Four of them 
appear to ha,·e a common origin. 
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Figure 7.-Earth quakes located from Fernie network. Figure 8 .-Earthquakes located from Coleman network. 

Their epicentres are plotted on the 
map of Figure 8. Portions of the 
seismograms for some of the events 
are show!l in Figure 9. 

BANFF STATlO N 

In J uly 1955 the Turner Valley 
seismograph was moved to Banff 
where it could be operated at maxi
mum scnsitfrity. Sinee this location 
is in the general area under study, 
and since there have been to date 
a lmost two years of continuons 
seismic r ecording, the list of earth
quake recorded are of interes t in 
this study. Wh ile there is a possi
hilitv that sorn e of the minor ,dis
tu rh~ nces are outbursts from th e 
mi nes at uearby Canmore, the ma
,iority of them are at considerably 
g reater distances, and are thus con
sidered to be earthquakes . Table IX 
is a list of such tremors for 18 
111 oulhs beginning July 1955. The 
computed distances of the epicentres 
from Banff are shown, but the lo
cation can seldom be detcrmined. 

CoNCLUSION 

There are small earthquakes oc
curring in the area ex tending from 
th e United States border to at least 
as far north as Banff, and from 
th e foothills across the Ro cky 
::\Iountain range. The r ecords ob
tained at the stations in the Crows
nes t area and at Banff indicate 
that the -distribution of epicentres 
is random. During the three-year 
period covered by our inves tigation, 
none of th e local earthquakes r e
corcled had a magnitude greater than 
3, and none was felt. 

During the initial programme it 
was apparent tha t bumps or local 
e,·euts were being reeo rcled at Fer
nie and Coleman. and not at Turner 
Valle_v . On the F ernie r ecords, these 
bumps were more frequent a nd 
8tronger than on the Coleman rec
ords. F ew correlations a re possible 
between events recorded by the 
seismographs an<l bumps r eported 
to be fel t in the mines. I-Iowever, 
ùuring the inves tigation at Cole
ma n, work in th e min es was eon tin-

ually deereasing; so was tl1e nurn 
ber of recorded bumps. At Fernie 
tli er e were four to five bumps re
corded on an average day. 

During one of the weeks that the 
radio seismograph network was in 
operation at Fernie, the miners were 
on annual holiday and rnining op
erations had eeased. During this 
time no small local events were re
corded, but when the mine re
opened, the disturbanees resumed. 
This appears to be the most defi
nite eorrelation obtainecl between 
mining aetivities and the reeording 
of bumps. It is evident that most 
of tlie bumps do oceur in the ac tive 
mine workings or in older worked
out a r eas . The latter source may 
partly explain the fact that most re
corded bumps are not reported to 
i.Je felt. The instruments, in par
tieular the laek of suffieiently pre
cise time ,eontrol, prevented the 
bumps being loeated more definite
ly. 

T!tere seems to be no correlation 
between earthquakes and bumps. 
Following a tremor, the number of 
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TABLE IX.- EYENTS RECORDE D AT 

BANFF, 1955-1956 

,;'-.l.i..)' 2€ 

,-ug . U 
)1 

Oct. 5 
7 

14 
22 

7im 
m:T 
~ 

18:45 

('l , 57 
12:49 
20:Jl 

19:16 
12:57 
15 . )7 
21:19 

:;o-v ... 1 .:1:)/'-, 

t'ar:ff 
5- F 

(secs . ) 

2) . 0 

2) , 4 
4 . 1 

22 . J 

... ;. , l 

j.<:c , l l,.;)I,. l, . J 
11 ..!l:1\1 I. . " 
~ -Î:5-. 5 , 4 

... t: 1~ , .. 7 
J:5 22 . ) 

Ar:- . L .:-.:2!.. 
.l.4 11:17 
lr- 21;).._ 
l.C: Hl:4Ï 
21 l":)7 

;,_,rr• • ~·• 

1.cl . 4 Ov:lJ 
7 16:56 
7 20 , 58 
9 21.)9 
? 2) . 42 

12 Ol:08 
14 ;...2:48 

et, 17 01:28 
18 0(1:)8 
Hl Cl:IJ9 

:n . "' .:.l:JJ 
2 22: JO 
5 2.::42 

10 20:24 
15 2) : 22 
16 22:)8 
17 20:12 
22 2~:56 
24 22 : 58 
27 2):02 

lJcc . 4 18 : 55 
4 20 : 32 

21 19:41 
24 2) : 27 

- · '1 

!- , d 

J . 5 
2) , 0 

5. 5 
o , J 

" . 5 

1. 
1 . 0 
1.0 
o.o 
4 . J 
o. s 
1.) 

0 . 9 
L O 
l. l 

1.0 
4 . 0 
) . 8 
1.7 
J . 8 
J . 8 
J . 2 

11. 4 
G,9 
0 . 9 

) . ) 
) . ) 
2 . 0 
l. 6 

i:,anff 
Dist:.nct! 
(niles) 

lJJ 

1)5 
2[ 

127 

close 
69 

close 
close 

close 

21 
1, 
25 
2) 

.1.3(' 

2~ 
.:.1.ose 

16 
.::15 

2ô 
Jl 

.;l".!Sl! 

3(· 
clnl:'._ 

0 

9 
9 • 20 
7 

11 

7 
9 

10 

9 
18 
17 
1) 
17 
17 
15 
54 

7 
7 

15 
15 
14 
12 

Distar.c-::: 
rror.:: 
:-iungry Ho~.' 

121 

lCJ 

bumps did not increase, but this 
was not expected since the earth
quakes were weak, and none was 
felt. Data now being accumulated at 
the Banff station will help in the 
future to locate more precisely the 
earthquakes that occur in the area. 
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