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ABSTRACT 

Mangane s e - iron oxid e concre tions are presently forming on a s ubma ­
rine rid ge (Patrick Sill) in upp e r J erv is Inl e t. Th e sedimentology a nd ocean ­
ography of Patrick S ill and the a djoi n ing basins were studied to d e fine the d epo ­
sitional e nvironment . 

The r ive r at the inlet head is the princ ipa l sour ce of sediment to the 
upper basin . The average grain s i ze of surficial bottom sediments d ec r eases 
uniformly with distan ce from sour ce . The sediment distribution pattern 
w ithin th e l owe r bas in differs markedly fr o m that in the upper basin as there 
is n o domin an t sourc e of materia l but rather , many localized sources. 

Abundant shall ow marin e faunal remains fo und in de ep water sediment 
samples indicate that sediments depos ite d as d eltas off river an d stream 
mouths periodically slump t o t h e b as in fl oo rs . Sedimentological and optica l 
turbidity data fo r the upp e r bas in can best be explain e d by slumpin g from the 
d elta at t h e inl e t he a d w ith the initi a ti on of turbidity o r den sity c urrents . 

Patric k S ill appears to c r eate a downs tr eam barr i e r to this flow . 
The minera l ogy of th e bottom sedime nts in dicates a g raniti c source . 

Uppe r J ervis I n l e t i s mapped as lyin g w ithin a r oof p endant of pre - bath olithic 
rock s , main ly a r g ill ites . Thus , the sediments now being depo s ited are 
r ewo rk e d g l ac ial mate rials initia lly d e rive d outside the present watershed . 

Data suggest Patrick S ill is a b e dr ock featu r e m an tl e d w ith P l e istocene 
g l acia l material. T h e accumul ation r a t e of r ecent sed iments on th e sill i s 
low, e sp ec ially, in the m e dia l d e pres sion . The manganese - iron oxide con ­
c retions , iron oxide crusts an d g l auconite - montmorillonoid pellets a r e form ­
ing only w ithin thi s d ep r es sion . The concre tions a r e believed to form by 
prec ipitation of mangan e s e -ir on oxid es on pebbles and cobbles lying at the 
sediment- wat er interface . The metal ions are mobile in the r e duc ing e nviron ­
m e nt of th e underlying clayey - sand sediment but precipitate on c ontac t with 
the oxyge n ati n g env ironment of the surfi c i a l sediments . The iron c ru s ts are 
forming on ext ensive rocky surfaces above the sediment - wat e r interface . The 
ove r a ll appea r ance and evide n ce of rapid forma tion sugges t th ese c ru sts 
fo rm e d f r om a ge l in sea water. 

,, / 

R ES UME 

D es conc r e tions d 1oxyd e de mangan~se e t d e fer sont actu e ll e m e nt en 
formation sur une c rete sous - m a rine ( fi l on - cou c h e Patrick) d ans l a par tie 
sup e rieure d e l'inle t Jervis . L 1au t eu r etudi e la sedimentol og i e e t l ' ocean ­
ographie du filon - cou c h e Patrick e t d es bassins avo isinan ts afin de definir le 
mili e u d e l a d e position . 

Les sediments du bass in s up er i eu r proviennent princ ipalement de l a 
rivl~r e qui se jett e au fon d d e l'in l e t. La g rosseur moyenne des gra in s d es 
sediments superficie l s , dimin u e uniform eme nt a partir d e l a source. La 
r e partiti on d es sediments dan s l e b ass in in ferieur diff~re d e fa~on marquee 
d e c e ll e qu e 11 on a relevee d ans l e b as sin superieur en ce qu 1 i l n 'y a pas d e 
source d ominante d e mate rie l mais p lutot plusieurs sources local es . 

Les vest iges abondants d e faune marine d e hauts fond s trouves dans 
d es ec h antillons d e sediments qui r eposent en eaux profondes indiquent qu e 
l es sediments d e poses sous forme d e d eltas a l'embouc hure d es rivi~res et 
d es ruiss eaux gl is sent periodiquement au fon d du bass in . L a meilleur 
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explication d e s donnees sur la turbidit e sedimentologique e t op tiqu e du bassin 
superieur serait le phenomene de glissement a partir du delta au fond de 
l'inle t accompagn e de courants de turbidit e ou d e d ensit e . Le filon - couche 
Patrick semble creer une barrier e e n aval d e ce t e c oule m ent. 

La mineralogie des s e diments de fond indique nt une source granitique . 
L e ca rtographie de la partie superieure de l'inlet Jerv i s montre qu e ce 
d ernier repose a l'interieur d 1un l a mbeau temoin de roc hes pre - batholitiques , 
surtout des argilites . Ainsi, l e s sediments q ui sont actuellement d e pos e s 
sont des materiaux gl aciaires r emanies provenant originalement d e l'autre 
cote d e la ligne de partage des eaux actuelle . 

Les donne e s re c u e illies s emblent identiqu e r qu e le filon - co u c h e 
Patrick est forme de ro c h e en pla ce r ecouv e rte d e materiel g la c iaire du 
Pleistoc ene. Le taux d 1a cc umulation d e s s e dime nts recents sur l e filon ­
cou c he es t faib l e , surtout d ans l a d epress ion mediane . Les con c r e tions 
d'oxyde de manganese et de fe r, l es c roates d 1 oxyde d e fer e t les g ranul es d e 
glauconite et de montmorillonite ne sont en formati on qu e dans ce tt e depres ­
sion. On c roit que l es con c r et ions se forment p a r la pr ec ipita tion d 1 oxydes 
d e manganese et d e fer sur les ca illoux e t les galets qui r e posent a l ' interface 
sediment-eau . Les ions m e talliques sont mobiles dans l e mili e u r e ducteur 
d e s sediments argileux- sableux sous-jace nts mais se prec ipitent au c ontac t 
du milieu oxygenant des s e diments superficiels. Les c roates de fer se 
forment sur d e grande s surfaces rocheuses par-dessus [ ' interface sediment ­
eau . L'apparence generale e t l es indice s de formation r a pide pourra i ent 
verifier que ce s croates se sont formees a partir d•un gel d ans l' eau d e mer . 



SEDIMENTATION AND MANGANESE CONCRET IO NS 
I N A BRITISH COLUMBIA FIORD (JER V IS INLET) 

I NT RODUC T ION 

History and P urp ose of the Study 

A sedimentologic s urv ey of Jervis Inlet was initiate d in May , 1966 to 
suppl ement informa tion obtained from other British Columbia fior d s (Murray 
an d Ricker, in prep .; G u cleur and Gross , 1964) . There we r e two principal 
obj ectives ; (1) to unde rstand some of th e facto r s con tr o llin g sedimentation in 
a deep - silled, medium run - off, l ow oxygen content fi o rd, and (2) to es tabli s h 
criter i a from H o loc ene sediments which may be useful in recognizing and 
int e rpr e tin g similar d eposit s in th e geol ogi cal record . In the process of sy s -
tematic samplin,g of upper Je r v i s Inl e t, a l ocali zed d eposit o f manganese - iron 
concre tions (nodules) was fo u nd on a s ubmarine ridge (Patrick S ill) . There ­
upon , a m o r e intens iv e s tudy of Patrick Sill and adjacent basins of upper 
Jervis Inl e t was conducted . An under s tandin g of all oceanog ra phic aspec t s of 
Je r v is Inl e t should l ead to a b ett er und erstanding of the origin of manganese 
conc r e tions in shallow coasta l waters. 

Location a nd Physical Setting 

Jervis Inl e t is locat e d i n the northwesterly tr e ndin g Pacific Range o f 
the Coast Mo unt a i ns . The m outh of the inlet lies a b out 46 nautical mil es 
(85 km) west-northwest of Vancouver , Britis h Columbia , on th e e astern m a r ­
g in of the Strait of Georgia. The inl e t is 48 nautical miles (89 km) long and 
the width averages 1 . 7 (3 . 2 km) and se ldom exceed s 2. 5 nautical miles 
(4 . 6 km) . Access to the area i s by boat or a ir c r aft only . 

The study a r ea (F ig . 1) encompass es th e northern o r up pe r part of the 
inlet w hic h is divided into two l egs or "Reach es " by a right-ang le c h ange in 
strike of the axis. Queen's Reach is upp e rmost and h as a northwesterly tr e nd 
w hile Princess Royal Reach trends t o th e northeast (F ig. 2). Princess L ouisa 
Inl e t, w hi c h o p ens into Quee n's Reach , was not includ~d in this s tud y . Patrick 
Sill lies perpendicular to the axis of Queen' s R eac h a t th e point w h e r e Qu een ' s 

R eac h turns into Princess Roya l Reach (F i g . 2; F i g . 3 , i n pocket). 
Jervis Inl e t, a g l ac ia lly modified P liocene rive r valley (P eacock, 

1935), was invaded by the sea w ith the waning of the Pleistocene ice s hee t. 
The mountains s urr oundin g the inlet rise 6 ,0 00 to 8 , 000 feet (1 80 0 t o 2200 m ) 
a bove sea l evel. Steep mountain sides dip at ang l es averag ing 3 0 to 35 de grees 
to the wat er ' s e d ge and disappear be l ow sea l eve l with no change of slope . 
D eep str iations on rock surfaces , mountain sid es t oo steep and polishe d to 
trap soil to s upport vegetation , and hang ing valleys , a ll indicate ext ens i ve 
g laciation . 

Original m a nus c ript submitted : J a nua ry 16, 197 3 
Final ve rsion approved for publication: April 15, 1 97 3 
Authors' a ddr e ss : D e partment of Geological Sciences and Institute of 

Oceanography 
Univers ity of Briti s h Columbia 
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The watershed area of upper Jervis Inlet is small, and many of the 
streams are intermittent. Queen's Reach and Princess Royal Reach have 
watershed areas of 273 and 167 square miles (855 and 523 km 2) respectively. 
Unlike the major ity of long inlets, the run-off into Jervis follows the coastal 
rainfall pattern closely and is above average in the spring and winter months 
and below average during July through September . This is due to the absence 
of l arge , permanent snowfields within th e watershed to s t ore precipitation. The 
mean annual fresh water dis charge into Jervis Inlet is 23 6 cubic yards ( 180 m3) 
per second . In contrast , Howe Sound, which has a length of 23 nautica l miles 
(42 km), receives a mean annual discharge of 630 cubic yards (480 m3) per 
second (Trites, 1955) . The average rainfall for southern inlets is estimated 
to be 60 to 100 inches (1 50 to 250 cm) annually at lower elevations (British 
Columbia Atlas of Resources, 1956). However, at higher e l evations , the 
amount of precipitation can increase to 100 to 150 inches (250 to 380 cm) 
annually, especially towards the heads of the inlets. The inlets funnel moist 
Pacific air inland until, at the h ead , this air is forced to rise abruptly . About 
10 to 15 per cent of precipitation falls as snow. 

Previous Work 

P ri or sedimentological work in Jervis Inlet has been done only on a 
reconnaissance basis as part of an overall study of the Br it ish Columbia 
coas tline (P ickard , 195 6), and the continental shelf (Cockbain, 1963). More 
detailed sedimentological studies have been made in Bute Inlet (Toombs, 1 956), 
Saanich Inlet (Gucleur and Gross, 1964) and Howe Sound (Murray and Ricker, 

in prep . ) . 
The surficial geology of the u pper Jervis Inlet area was mapped on a 

reconnaissance basis by LeRoy (1908) . Since then no further work has been 
published for this area . Bacon (1957) described the bedrock geology of the 
Lower Jervis Inlet area . The Geological Survey of Canada i s presently map ­
ping the Jervis Inlet area . 

The principal physical oceanographic features of Jervis Inlet have been 
studied by Pickard (1 961 ). Detailed studies have been made on optical tur ­
bidity by Pickard and Giovando (1 960) and on circulation by Lazier (1963). 

Field Work and Acknowledgments 

T his work was financed by a contract between the Geological Survey 
of Canada and the University of British Columbia and formed the basis of a 
M.A . Sc . thesis by t h e senior author (Mac d onald , 1970) . Field work 
was carried out from the vessels C. S.S. Ehkoli and C . S . S . Vector of the 

Department of Energy , Mines and Resources . The assistance of the officers 
and crew of these vessels was invaluable. Detailed bathymetric charts (field 
sheets ) of the study area were generously supplied by the Canadian 
Hydrographic Service . 
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Geomor ph o l ogy of Southwestern British Columbia 

Early Ordovic ian time may have marked the beginning of a s e ries of 
te c tonic events w hi c h ultimate ly formed the Insular and Coast M ountains 
re g i o n (Roddick, 1 965). 

Inte ns e fo l ding, m e tamorphism and uplift we r e accompanied by vol ­
canism and th e d eve lopment of l a rg e plutonic masses. Successive stages of 
te c tonism followed by eros ion r e move d muc h of the roc k cove r from th e batho ­
lithic co r e s . T h e derive d sediments we r e deposited in fl anking basins under 
marine a nd brackish condition s (Holland , 1964). The r es ultin g land surface 
was a p eneplain of low r e lief and average e l eva tion of 900 to 1, 200 feet (270 to 
3 70 m ) below the present ave rage (Holland , op . c it .). Differential uplift of 
this e r os i on surface occurred during ea rly Tertiary w ith g r eat e st mov e m ent 
a l ong two main a xes of i ntrusion (H olland , op . c it.) . Separating these axes, 
w hic h a r e the present day Insular a nd Coast Mountains, was a trough now 
c orresponding to th e Stra it o f Georg i a . Sediments d e rived from further e ro ­
sion of r e juvenated a reas we r e d e posite d in th i s coas tal troug h a l ong with 
lavas and fragmental produc ts of regional volcanism . E rosion continue d 
through the m iddl e P liocene and furth e r unroofe d th e g ranitic c ores of the 
uplifte d a r ea s . T h e l and surface was r e duced to low or moderate r e lief of 
1, 5 00 to 2 , OOO fee t (4 6 0 to 610 m) (H o lland , 1964). Late P liocene time 
m a rke d the a dve nt of r e n ewed diffe r e ntia l uplift a l ong the previous l y active 
axes resulting in r ej uv e n a tion of the e rosive powe r of a ll the streams . The 
l ate Tertiary e rosion sur face was deeply dissec t e d and partially , t o almost 
completel y , d est roy e d. The present topography is essent ia lly that of the late 
P liocene , cons iderably mod i fied by Pleistocene g lac i a tion . 

Durin g P l eis tocene time , southwestern Briti s h Columbia was exten ­
s ively g lac ia t e d b y c irque , valley , a nd contine nta l g l ac i e rs (Armstrong , 
~al. , 1965). Studies indicat e a t least two major C o rdill e r a n i ce s h ee t g l a ­
ciations se parated by a n intergl acial stage. Peripheral areas may h ave 
been subjec t to thre e o r mor e m ajor i ce advances. The sequ enc e of major 
Ple istocene events i s shown in Table 1 (Appendix A ). 

Th e va ll ey g l ac i e rs w ide n e d an d d eepened trunk valleys to a U - shaped 
c ross - section l eaving trunca t e d spurs, hang ing valleys a nd scoure d rock 
surfaces . A r es ult , perhaps not immediately evide nt, was th e ove r-dee pening 
of many of the vall eys . For example , the maximum depth in Jervi s Inl e t , 
385 fath oms (705 m), occ urs a bout 10 nautical mil es {18 km) from the m o uth . 
This d e pth excee d s by 17 8 fathoms (326 m ), the max imum d epth in the Strait 
of Georgia . The valley glac i e rs th a t flo we d into th e Strait of Geo r gia coal e s­
ced and moved south and southeas t d own the Strait . 

The i ce s h ee t that acc umulated during the Vas h on stade attained an 
es timate d thickness of from 5 , OOO to 8 , OOO feet {1500 t o 2400 m ). The 
we i ght of th e i ce sheet d e pres s e d the land s ur face with r espec t to sea l eve l. 
The net effect of the w aning of the i ce s h ee t wa s the e m e r gence of the land 
s ur face . The height of emergence, as measured from raised beach deposits 
near th e mou th of Jervis Inl e t was 424 feet {129 m) , and 500 fee t (152 m) at 
Campbell River (Holland , 1964). With th e retreat of th e Cordill e r a n i ce she e t, 
the h eavily scoured and probably n ea rly sediment - free inl e ts became d epo ­
sitional bas ins for g lac ia l and g l ac iomarine sediments . 

The st ruc tural patte rn of th e B ritish Columbia coas tlin e , resolve s into 
two two - c omponent syste ms. The dominant system consists of e l eme nts 
arranged northwest - southeast and northeast - sou thwest , i. e . long itudinal 
and transverse to t h e tr end of th e c oastline . A subordinate patte rn is or i ented 
north - south a nd east - west (P eacock, 193 5). 
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Most of the i n l ets h ave ab rupt , high angle c h anges in the s trike of their 
axes , a featur e explainable by structurally contro ll e d fluvial eros ion . Rej u ­
venation of the earlier P liocene e rosion sur face during the lat e Pl i ocene 
(Peacock, 193 5) creat e d a d eeply diss ected and imma tur e topography before 
Pleistocen e g l ac iations. Thus, fiords are believed to be the dr owned l ower 
parts of immatur e valleys d evelope d by fluvial eros i on and modi fi e d b y intense 
g l ac ia l ac tion (Peacock, 1935) . 

Two dominant charac t e ristics of Br iti s h Columbia and No r wegian 
fiords are ext ens ive ove r - d eepening and ge n eral presence of one or more 
thresholds , or sills, a l ong their l ength (P ickard , 1956; Strpm , 1 936). Over ­
de epening is appa r ently related to g l ac ia l e ro s ion but th e origin of th e sills i s 
d ebatable . Some sills a r e resistant g raniti c rock w hic h for part of the ir 
l eng th rise above sea l eve l as islands or extend the s hore lin e t o c r eat e a nar ­
rows . Other s ills, are th ought to r ep res ent t erminal moraines d epos ited at 
po int s of fa rthes t advance of vall e y g l ac i ers . 

METHODS OF STUDY 

Sample localities (Fig. 2) we r e selected in ord e r to obtain bottom 
material from all r e presentat ive envir onments in upp er Jervis Inl e t . Posi ­
tions were ascer t ained by comb ined us e o f echo sounder , Decca r a d ar and/ or 
s extant. Surficial sediments were obtained using a 1 / 6 squ a r e metre 
Pettersson grab sampler . Co r es of bottom sediment were obta ined by using 
a 1 1 /4 - i nc h - diameter P hleger co r er a nd a 2 3/ 8 - inc h - diame t er gravity corer . 
Underwater photographs were obta ine d by an Edgerton, Germes h ausen and 
Grier photographic as s embly. 

Bathyme tric maps (Fig . 3 , in pocket , an d Fig . 18) were prepared 
from F i e ld Sheet No : 2228 - L of the Canadian H y drographic Service and echo ­
sounding s urveys complete d ov e r Patrick S ill with a 38 KHz Kelvin - Hughes 
sounder . A continu ou s seismic profile from th e h ead t o the mouth of Jervis 
Inlet (Tiffin and Murray, 19 66) was obtained using a 5000 - joule E d gert on , 
Germeshauen and G rier sparker system, hydrophones, a Geospace amplifier 
and an Alden Precision Graphic R ecorder . 

Gra in size analyses were made by dry sieving and h ydrometer 
(Fig . B - 1 , Appendix B ; Macdonald , 1970) . Mineral analyses of the sand 
size d frac tion we re ca rrie d out on se l ect samples by point counting . C l ay 
mine r a l s we r e separated into the diffe r ent size fractions (Kittrick a nd Hope, 
19 63 ) and X - r ay di ffraction analyses we r e conduc t e d on fractions using stan ­
d ard c h emical an d h eat treatments (Mac d onald, 1970). Carbon ana lyses were 
made using a Leco induction furnace and co2 absorption system. Poli s h e d 
sections of manganese conc retions were examine d under r e fl ec ted light . 

PHYSICAL OCEANOGRAPHY 

Je r v is In l e t h as been grouped by Pickard (1 961 ) w ith those inlets that 
r ece ive m e dium run - off w ith little or no contr ibution from glac i ers or p e rma ­
nent snowfields . S t udies by Lazier (1 963 ) revealed th a t the average salinity ­
d epth profile showed a l ack of a homogenous surface laye r of low salinity an d 
no distinc t holocline . Surface salinity r each e d 50 per cent of deep wate r 
salinity in about one fathom a nd 90 per cent o f th e d eep water salinity w ithin 
a d epth of 4 to 11 fa thoms (P ickard , 1 96 1). The ave r age t empe rature - d e pth 
profil es r esemble the salinity - d e pth profiles (La z ier , op . c it.) . 
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Jervis Inl et is classed as a deep - silled inlet as the sill at the mouth 

is deep enou gh to allow tidal waters to ente r and leave without unduly modify ­
ing the vertical stratification of the resident inl et waters . Since the surface 
run-off into Jervis Inlet is small , the estuarine circulati on (c harac teriz e d by 
the lower salinity surface laye r flowing seaward) is generally weak . Oxygen 
content - d e pth profiles (Fig . 4) are character i zed by a mid - d epth oxygen 
minima near the h ead of Jervis Inlet where th e oxygen con t en t of the water 
d ecreases to 1 . 5 millilitres per l itre . This mid - depth oxygen minima is 
attr ibute d to slow r emoval of water near th e head of the inlet due to weak 
estuarine c irc ulation . 

The mean tidal range in Jervis Inlet is 11. l feet whereas the largest 
tide reaches 1 7 . 1 feet (Canadian Tide and Current Tabl es , 1969). The time 
of eith er high or low water at the head of the inlet is not more than ten min­
utes later than a t the mouth. Furth er , the tidal range at the head is 1 to 10 
per cent greater than at the mouth (Pickard, 1961 ). 

Pickard and Giovando (1960) studied the optical turbidity of surface 
and s ub surface waters . They fo u nd the l argest turbidity values at the h ead of 
the inlet in th e l ow - salinity surface layer, uniformly l ower values in the main 
water mass and then an incr e ase in the opti cal turbidity at depth toward the 
h ead of the inl e t above Patrick Sill. The in c r ease in turbidity may be du e 
e ither to tidal currents (Pickard and Rodgers, 1959) scouring the bottom 
or a lter nately to turbidity currents originating at the h ead of the inlet 
(Pickard , 1 961 ) . 

BATHYMETRY BASIN STRUCTURE AND SEDIMENT THICKNESS 

The study area encompasses two basins (Fig . 3 , in pocket) separated 
by a sill (submarine ridge) . The upper or more northerly basin coincides 
with Qu een ' s Reach , while the l ower coinc ides w i th the upper two - thirds of 

Princess Royal R each . 
The sill depth of the upper basin is 160 fath oms (290 m ) and that of 

the l ower i s 220 fathoms (400 m ). The maximum depths are 190 and 290 fath ­
oms (348 and 530 m ) r esp ec tively . The bottom s l ope along the basin axis at 
the h ead of the inlet measures l 0 50 1 , but rapidly increases to 10° 36 1 and th en 
d ecreases t o 0°14' (average) for most of the l e ngth of the upper basin. The 
slope of the bottom of the second basin is approximately 0°02 '. The south ­
facing flank of Patrick S ill dips at 18° 30 1 on the axial line but the angl e 
increas es towa rds the inlet sides . 

Transverse sections (Fig . 5) illustrate the modified catenary or 
U - shaped cross - section w h ich is typ ical of glac i ally scoured valleys. In th e 
upper basin , the 160 - fathom (293 m ) contour marks the approximate break in 
slope between the sides and bottom of the inlet . In the lower basin , the break 
in s lope occurs at 280 fathoms (513 m ). The slope of the inlet s ides ranges 
from 10 to 47 degrees and probably averages about 35 d eg re es . Pickard (1961 ) 
noted from transverse sections that a flat bottom was characteristic of the 
upper basin and was most pronounced just inside the sill at th e d eepest portion 
of the basin . This plus opti cal turbidity data led him to postul a t e the existence 
of turbidity cu rr e nts within the upp er basin. 

Information of sediment thickness and basin structure can be obta ined 
from Figure 6 , a line - drawn interpretation of a continuous seismic sparker 
profil e . Many of the apparent peaks on the record r e sult from the zig - zag 
course of the s h ip (see insert , Fig. 6) and hence they reflect the ship 
approaching and then turn ing away from the shorel ine . 
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Estimates we r e made of the total Quaternary (Recent and Pleistocene) 
sediment thickness in the differ ent basins , assuming th e average speed of 
sound in soft sediment to be 7, OOO feet per second (D obrin, 1 960 , gives 
Vp = 4 , 800 to 7, 800 feet / second in Recent and Pleistocene sediments). In the 
upper basin , the average sediment thic kness is in the range of 450 to 500 feet 
(1 50 - 165 m ). The th ickness increase in secti ons F - G reflects lateral addi ­
tion of sediment from the adjoining Princess Louisa Inlet . In the lower basin, 
the average sediment thickness increases to 700 feet (2 30 m ). Determination 
from seismic records of sediment thic kness on steep slopes such as th e inlet 
wall s a nd the sill i s difficult du e to the omni -directional nature of the trans ­
duce r. However , the action of th e grab sampler indicated sediment cover is 
thin to l acking in these areas . Over the sill, photographs suggest , but do not 
prove, t h e presence of bedrock. 

Sills near th e upper ends of inlets h ave often been explained as termi ­
nal moraines marking the point of farthest advance of Sumas stade glaciers . 
The concavo- convex bathymetry of some sills such as the inner sill of Howe 
Sound tend to support th i s idea . However , recent seismic records (1972) 
indicate bedrock contr ol even in this case . Many s ill s are l ocate d at points 
where feeder g l acie rs met trunk g l ac iers (e . g. Malibu Rapids ) or at points 
w h ere the valley of the trunk g l acier widened (e . g. inner sill of Howe Sound) 
or abruptly changed strike (e . g . Patrick Sill ). The dynamics of ice flow and 
wasting under these c ircumstances may be important considerations in 
expl aining the location and shape of s ills. 

SEDIMENTS 

T h e surficial sediments were classified texturally according to 

Sh epa rd (1954) . Basically , the sediments consist of equal parts of silt and 
clay - sized particles (Fig . B -2, Appendix B) with var iable amounts of sand 
and gravel (0 . 5 to 85 %). Simil ar c h aracter istics are presented by Cockbain 
(196 3) for Vancouver Island in l e ts, but his d ata for mainland inl ets , plotted in 
the same manner , indicate a slight skewness toward clay - sized particles, 
w ith the average abu ndance of sand and gravel l ess than for Jervis Inl e t. 

Sediment grain size distribution (Fig . 7) along the axis of upper Jervis 
Inlet i s presente d as a reference for the discussion on total carbon content , 
free iron content and mineralogy of th e sediments. In each of th e figures 
similar to Figure 7 the data being presented are supe rimp osed on th e bottom 
p r ofil e taken a l ong the inl et axis . 

Colour 

The colour of the wet sediments is characte ri stic of the coastal marine 

province varying from a greyish olive (10 Y4 /2) to an olive grey (5 Y3 / 2 ). 
The sed iments of the upper basin are more lightly co l ou r e d (i.e. , 
g r eyish olive ) whereas t h ose in the l ower basin are a darker olive grey col ­
o u r . Sampl es collected along th e axes of the l ower basin from Station J -1 46 
south wa rd con tained varve - like l aminations of olive-grey a lternating w ith 
black col o ure d se d iment whic h con t ained di stinct concentra tions of H 2 S . In 
the upp e r basin, samples conta ining noticeable concentrations of H 2 S we r e 
collected nearshore in re l ative ly s h a ll ow waters (Stations J - 101 , J - 102 and 
J -12 8). 
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Cores (E . V. Grill, oral comm .) indicate the presence of a thin (0.5 
to 1.5 cm), very fluid, dark yellow - brown to red - brown oxidized layer at the 
sediment - water interface ove r most of the area . This oxidized layer was 
only observed in grab samples from the manganese conc retion locality w h ere 
it thickens to several centimetres and includes a layer of coarse sand to 
cobble - sized sediment. 

The olive - green colour of the wet sediments is due primarily to th e 
organic content (Fantin, 1969) . Reduced iron may a dd to the overall colour 
effect . However, a closer apparent correlation exists between total carbon 
content and the darker col our e d sediment of the l ower basin than w ith the 
extr actable iron content (compa re Fig . 8 with Fig. 9) . When a ir dried at 
room temperature, the sample colour becomes light grey to light green - grey. 

Total Carbon Content 

The total carbon content (Fig . B - 3 , Appendix B) was d etermined for 
each of the surficial samples collected. Figure 8 shows the carbon content 
in comparison with the weight per cent of clay size particles along a longi­
tudinal profile. The total carbon percentage can be converte d to an organ i c 
matter percentage by a 1 . 8 multiplication fac tor (Trask, 1938). 

In general, the trend in the total carbon content of the sediment shows 
a gradual inc rease with distanc e from the h ead of the inlet . This trend is 
interrupted in the area of the "V" - notch of Patrick Sill w hich presumably 
represents a much higher energy environment than its surroundings. In 
detail, Figure B - 3 (Appendix B) illustrates the difference in total ca rbon dis ­
tribution between the upper and lower basins. Most noticeable is the r ela ­
tively constant distribution in the upper basin versus the zonal distribution in 
the lowe r basin . The total ca rbon content of the upp e r basin is in the 2 - 3 p e r 
cent ran ge with the exception of ce rtain nearshore areas and the slope at the 
h ead . Dilution and possibly lower productivity account for the low values at 
the h ead w h ereas the l ocalized, nearshore areas of higher carbon content 
coinc ide closely with log -booming grounds or streams draining logged areas . 
The lower basin can be divid e d into three a pparently distinct zones on the 
basis of carbon content. The nearshore zone has a low ca rbon content (<2%) 
and is coextens ive with the steep walls . The intermediate zone, with an 
average carbon content of 2 - 3 per cent , co inc ides with the break in slope 
between the walls and floor, w hil e the d eep zone, with a carbon content of 

3 -4 per cent coincides with the bas in floor . 

Free Ir on Content 

Free iron was extracted from samples in preparation for X - r ay dif­
fraction analysis by a process of treatment w ith hydrogen peroxide (H2 o 2) 
and sodium dithionite (Macdonald, 1970). The extractions we r e then analyzed 
for iron by atomic absorption and the results (Fig. 9) are the sum of the 
irons extracted by the two methods. 

The concentration of the iron extrac ted by sodium dithionite is rela ­
tively constant w ith distance from the head of the inlet, averag ing about 
0. 3 9 per cent (3 500 ppm) . The state of this iron in the sediments is probably as 
poorly c ryst a lline particulate iron oxides and as iron adsorbed to clay 
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minerals . A ratio of iron extracted by sodium dithionite to percentage of c l ay ­
size particles (all the samples had the same initial weight) indicates a decreas ­
ing trend from the h ead of the inlet. E . V. Grill (oral comm .) studied the 
metal content of sea waters from upp er Jervis Inlet and showed the source of 
particulate iron to be the river at the head . Isopleths of suspended iron oxide 
content are approximately vertical w ith decreasing gradient from the source . 
Since the ratio curve tends to approac h a base level, the c urve shape may 
indicate dilution of particulate iron with distance from the source, while iron 
adsorbed by clay-size particles (of which approximate ly 70 per cent are clay 
minerals and micas ) remains constant . 

The chemical state of the iron within the sediment extracted by hydro ­
gen peroxide is unknown . Possibl y it is assoc iated with the organic material 
since a correlation exists between iron extracted by peroxide and total carbon 
content . 

The area with sediments containing minimal extractable iron corres ­
ponds to the manganese -i ron concretion locality on Patrick Sill. The total 
carbon content and the percentage of clay - sized particles is also at a m i ni ­
mum because of the higher energy of the environment . Iron crusts recovered 
from the locality indicate precipitation from sea water on exposed rock 
surfaces . 

Particle Morphology 

Mineral grains from the 500 - 300 /u (l.O - l.5fl) and 88 - 63 u (3 . 5 -4fl) 
fractions were examined by binocular microscope to determine the general 
shape and roundness and , if possible , any trends. Generally , the mineral 
grains were angular (Fig. lOa) indicating erosion by physical processes fol ­
lowed shortly by deposition with little or no reworking. Along the axis of the 
basins , however, subangular to subrounded grains were found at the inlet 
head and on the concretion locality (Fig. lOb). A transverse section , just 
above Princess Louisa Inlet indicated the central basin sediments to be better 
rounded than slope sediments but a simil ar section along the crest of the sill 
indicated the oppos ite in that angularity increased with depth . A third trans­
verse section , across the lower basin, indicated more rounding with depth . 

If rounding of mineral grains is occurr ing in situ, the areas with great ­
est current action are the head of the inlet and the cone retion locality. 

Mineralogy 

1 . Granul e and larger size material (> 2. 0 cm) 

Thin sections were c ut from cobble - sized fragments of each of the 
major rock types present in the sediments . Rocks of approximately quartz 
diorite to quartz monzonitic composition accounted for 65-75 per cent of the 
granule- sized and larger material recovered in grab sampl es . Granite and 
minor pegmatites accounted for 5 - 15 per cent , volcanics (usually basaltic) for 
5 -20 per cent , and slates with occasional hornfels and amphibolite fragments 
for 0 - 5 per cent . 

Hand specimens generally appeared fresh and revealed little evidence 
of alteration in the present marine environment, although some surface 
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a lt e ration was app a rent. L e u coc rati c rocks occasiona lly exhibite d a li ght 
green to dark red-br own surface c olor a tion . Polished sections s h ow this 
stain to be a rind 1 t o 5 mm thick . The red-brown stains may be due to 
a bsorbed iron ox ides , w here as the green stains we r e possibly of organic 

origin. 
In a typical quartz diorite cob b l e , sodic plagioclase (Ab60-7o) accoun ­

ted for about 60 per cent of the rock . Quartz for m e d a bout 10 per cent of the 
rock and was usuall y anh e d ra l and intergranular . Pot ass ium feldspar 
occurred in mino r quantities . Unlike plagioclase , these g r ains us u a lly showed 
som e signs of alteration . Also prese nt were hornbl end e , sphene , z ir con an d 
mag n e tite . In some specimens, h ornbl e nde wa s the princ ipa l mafic mineral. 
In the more ac idic qua rtz m onzonite cobbl es , quartz oc c upied about 45 % of the 
section , K - feldspar 25 %, plagioclase 25 % and m af ics and o paques 5 % . 

The average comp o sitio n of the granites was 3 0- 35% q u artz , 55 - 60% 
K - feldspar and 5 - 10 % p l agioclase . The K -fe ld spar wa s often considerably 
a lte.red. 

The volcani c rocks were basaltic . A specimen of porph yr itic basalt 
cont ained phenocrysts of plagioclase (An70) and pyroxene wi th minor a mounts 
of ol iv ine, b i otite, m agne tite and hema tite. 

2 . Sand size m ate ria l (0.0 63 -2.0 mm) 

The mineralogy o f fine sands (62 u t o l 25 u) was d e termine d for 

16 samples, collected a l ong th e inl e t axis , b y point c ounting thin-s ec tioned 
grain mounts. These fine sands contain th e majority of the h eav ier mafi c 
mine rals and the r efo r e , the calculate d average c omp os ition w ill be skewed 
towards th ese minerals . The mineral p e r centage s are g i ven in T abl e 2 (in 
Appendix A) and an average composition of the fine sand frac tion is as fo llows : 

Plagioclase 3 7 % Biotite 5 % 
Qua rtz 24 % Epidote 3% 
Amphibole 8% Pyroxene 1 % 
K - feldspar 7 % Unidenti fi a ble 9 % 
C hlo rite 6% rock fra gm ents 

and opaque s 

The re is a marke d similarity of physical and optica l propertie s of 
minerals b e tween the fine sand fraction and th e cobble fr ac tion . Most of th e 
coarse surfic ial sediments probably we r e d e rive d from Coast Range batho ­
lithic ro cks , as t h ese a r e t h e only ava ilabl e source of g ranitic material. The 
ave r age composition of g ranitic r ocks (hornblende -quartz dio rite ) for the 
Coast Rang e Batholith south of Jervis Inl e t calc ulate d by R oddick (1 965) is as 
follows: 

Plagioclase 56% K - feldspar 1 % 

Quartz 3 0 % Sericite 1% 

Hornblende 7 % Opaques 0 . 5% 

Biotite 5% C hlorite o . 5 % 

Roddick's average composition does not co rre late w ith the ave rage 
c omposition of the fra c tion analyzed . This is predictabl e s ince th e h eavier 
mine r als t e nd t o be con cent rated in the finer fractions . 

The occu r rence of minerals suc h as c hlorite (6%). ep idote (3 %) a nd 
pyroxe n e s (1 %) probably expresses th e presence of pr e - batholithic source 
ro ck s w hich are mapped as outcropping over most of the upp er Je r v is Inl e t 

watershed (LeRoy , 1908) . 
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Several trends were noted within the mineral groups (Fig. 11). Biotite, 
which gradually increases in abundance from the head of the inl et , was usu ­
ally a dark green colour. However , ov<:!r the sill , a red - brown variety pre ­
dominates . Whether this effect is geochemical or an exp ression of past and/ or 
present sedimentation patterns is not known . Hornblende was the only amphi ­
bo l e present from the head of the inl e t to Station J - 118 . Howeve r, from J - 1 1 8 
to the end of the study area , tremolite - actinolite was also found , although 
never with the same abundance as h o rnblende . 

Even though sediment is being added to the inl et elsewh e r e than at the 
h ead, the uniform sediment mineralogy from Station J - 110 down the inlet 
indicates most of the sediment sources have the same mineralogy. 

3 . C l ay size material 

X - ray mineralogical analyses of clay sized particles were made on the 
same samples as those on w hic h the mineral ogy of the sand and cobbles had 
been determined. Int e rpre tatio n of relative abundances of clays from diffra c ­
tograms was made by compa rison to thr ee sample interpretations made by 
Dr. L . M . Lavkulich , D e partmen t of Soil Science , University of Br iti s h 
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Columbia . The relative amounts of Fe, Mg and Al in the chlorites was based 
on diffraction patterns g iven by Weaver (1958). Table 3 (Appendix A) illus­
trates the clay and other m ineral species present in the clay sized fraction 
and their 001 peaks (in angstroms) according to the heat and chemical treat­
ment they we re given . 

Clay particle-sized rock flour is present (Table 4, Appendix A) as 
plagioclase feldspar, quartz and amphibole (principally hornblende) in nearly 
constant proportions for the length of the inl et, K - feldspar occurs as a trace 
mineral in considerably lesser quantities than plagioclase or quartz. How­
ever, off the entrance to Princess Louisa Inlet, K - feldspar content increases 
significantly. 

There are several notable trends in clay mineral abundance in upper 
Jervis Inlet (Table 4, Appendix A). The most noticeable is the disappearance 
of montmorillonite and mixed -layer illite-montmorillonite by Station J -1 03, 
i.e. shortly after the material enters the marine e nvironment. As these 
species disappear, vermiculite and mixed-layer illite-vermiculite appear . 
Illite-vermiculite occurs with an approximately constant abundance for the 
remaining length of the study area . Vermiculite gradually increases in abun ­
dance until, on the sill, it becomes the dominant clay mineral. For the 
remaining samples analyzed , vermiculite remains one of the dominant or 
near -domi nant types. The overall trend is thus an increase in vermiculite 
with distance from the head of the inlet with the increase being accentuated on 
the sill . The only other trend noted was the appearance of mixed-layer illite­
chlorite at Station J -10 9. This mixed -layer clay occurs in most sampl es 
taken farther down the inlet, but only in trace amounts. Illite and Fe and Fe ­
Mg chlorite have no noticeable trends in abundance . 

Proponents of the differential settling of clay minerals to explain zona ­
tion (Grim, 1968) receive little support from the distribution data in Jervis 
Inlet. However, discrepancies may be due to scale . The rapid disappearance 
of montmorillonite and mixed-layer illite-montmorillonite with deposition in 
the saline environment suggest that potassium and magnesium are being 
absorbed from sea water by the montmorillonite. Absorption of these ele ­
ments collapses the montmorillonite structure resulting in the formation of 
illite and c hlorite. 

Figure 10 (opposite). Photomicrographs of sand grains . 

a) Station J-126 (approx. 60 x ) Photomicrograph of mineral grains from 
medium sand fraction (3 50 to 500 µ). Note angularity and apparent con ­
coidal fracturing of quartz grains. GSC Photo No . 202279-A . 

b) Station J - 19 - 67 (approx. 60 x) Photomicrograph of mineral grains from 
medium sand fraction (350 to 500 µ). Note rounded, partially dessicated 
pellets in lower half of photograph. These are tentatively identified as 
glauconite -montmorillonoid pellets. About 1 / 8 scale. GSC Photo 
No. 202279-B. 
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Grain Size Distribution 

The g rain size distribution and c orre sponding sedime ntary parame t e rs 
were cal c ulate d with a c ompute r program . Calculations were bas e d on a 
c umulative c urve plotte d w ith a rithme tic ordinates and d eveloped by joining 
succe ssive data points w ith straight lines . A minimum g r a in size was needed 
in the program and wa s arbitra rily set a t 0. 06µ (14m. Equations for sedi ­
mentary parameters (summariz e d by F olk, 1 966) us e d in this inte rpre t a ti on 
we r e take n from Folk and W a rd (1957) an d a r e as follows : 

Graphic M ean (Ave rage particle diame t e r) = Mz '{J 16 + '{J 50 + '{J 84 
3 

'{JI 6, '{J50 and '{J 84 
are the fJ values 
t aken from a c umu ­
lative curve for the 
app ropria t e p e r­
centiles 

Inclusive Graphic Standard Deviation (S or tin g of population) 

Skewness (Asymmetry of cumulative c urve ) 

01 ('{J84-Cl 6) 
4 

('{J9 5 -'{J 5) 
6 . 6 

.(J84 -'{J l 6+Z '{J50 + 
Z('{J84 - '{Jl6) 

'fJ95 -'fJ 5 -Z'{J 50 
Z('fJ95-fJ5) 

Kurtosis (Measure of peakedness of c umulative c urve) 

= KG = 2. ~=~i~:- fl25) 
Since the fJ diame ter is define d as -log2 (pa rti c l e diame ter in milli ­

m e tres ) a tr e nd showing an inc rease in fJ value indicates a d ec r ease in parti ­
cle size . 

The graphic m ean w hic h r e flects the av e rage particle diame t e r, g ives 
no indication of the range of grain size diame t e rs a nd for interpretive pur­
poses th e inc lusive g r a phic standard d eviation must be con side r e d s imulta­
neously . The skewness measure s the d eg r ee of asymm etry and a negative 
val u e indicates a distribution c urve a symme tric to the l eft (i.e. exce ss of 
coars e material), while a positive value indicates asymmetry to the right, 
(i. e . exce ss of fine material). A skewness value is a pure number and th e 
absolute limits are - 1.00 and +1 . 00. Kurtosis is a measure of p eakedness of 
a curve, and is a ratio b etween s orting in the tails and sorting in the central 
position. Low values for kurtosis (i.e. 0.9) indic a t e b e tter sorting in the t a ils 
than in the central portion. A distribution w ith low kurtosis is often bimodal . 
As w ith skewness, a kurtosis value is a pure number with limits of th e m ea ­
sure being +0 . 41 and infinity with most sample s falling in the 0. 6 t o 5. 0 range 
(Folk, 1961 ). 
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Figure 12 (opposite ) . Bottom Photograph - Station J -12 6 . Note hummocky 
microtopography . This may be due to the presence of animals or 
to deposition processes (about 1 / 8 x). GSC Photo No. 202279. 

The scale of the bottom photographs depends on th e came ra to sea floor dis ­
tance. Where present , the compass assembly can be used as a scale indi­
cato r. The diameter of the compass dome is 3 inches (7. 5 cm) and the length 
of the vane is 10 inches (2 5 cm). On an average , the ph ot ographs cover an 
area of about 3 fee t by 4 feet (about l m x 1 . 3 m ). 
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Figure B -4 (Appendix B) shows the distribution of surficial sediments 
according to grain size in Jervis Inlet based on Shepard ' s (1954) classification. 
Similarly, Figure B-5 (Appendix B) shows the clay size particle distribution 
and Figures B - 6 and B - 7 (Appendix B) are longitudinal profiles of grain size 
distribution parameters. 

Frequency curves plotted from the grain size analysis of the upper 
Jervis Inlet surficial sediments can be divided into two dominant modes. The 
coarse mode usually falls in the 250 to 63µ (2i'J to 4i'J) range, while the finer 
mode in the 1 6 to 4u ( 6 fJ to 8 i'J) range . These ranges are the fine to very fine 
sands and medium s ilts to clays respectively. 

Figures B -4 and B - 8 (Appendix B) illustrate the uniform decrease in 
average particle diameter with distance from the head of the inlet within the 
upper basin . The particle size distribution of sample J - 111 represents an 
approximate average for the upper basin (0. 9% sand, 51. 9% silt and 47 . 2% 
clay). For the sediment collecting on the floor of the upper basin, the graphic 
mean (in fJ values) increases whil e the inclusive graphic standard deviation 
remains approximately constant . Overall , kurtosis follows a slowly decreas­
ing trend and skewness an approximate ly constant trend. The principal source 
of sediment within the upper basin is t h erefore interpreted as the river delta 
at the inlet head . This source is, however, supplemented by an appreciable 
amount of material from Princess Louisa Inlet where ebb tides, with currents 
of up to 10 to 12 knots, deposit fine sand and silt (Figs . B - 6 and B -7, Appendix 
B) in the deeper waters of Jervis Inlet. 

Figure B -9 (Appendix B) presents the cumulative and frequency curves 
for a transverse section of Queen's Reach at a point above Malibu Rapids. 
The abundance of the coarse mode decreases with depth, whil e that of the 
finer mode increases. 

Figure 12 is a bottom photograph taken at Station J - 126 at a depth of 
180 fathoms (330 m), the maximum depth in the upper basin. The photograph 
covers an area 3 by 4 feet (1 by 1.3 m). The microtopography appears hum­
mocky. The origin of these hummocks is not known , but animals have some 
effect . However, photographs taken in an area where slumping is almost 
certainly occurring (Fig. 16) shows a similar topography. 

Patr ick Sill also shows interesting sedimentological features. The 
medial depression or " V" - notch and immediately adjacent areas are appar ­
ently areas of sediment reworking . Figure 13 illustrates how the sediment 
c h aracteristics change in passing from the upper to the lower bas in over 
Patrick Sill. The concretion locality (Station J - 19 - 67 ) sediments have a mean 
diameter of 63µ, (4i'J) with a high standard deviation. Skewness is high and 
kurtosis low. A current is winnowing the sediment , leaving a lag deposit of 
material with a dominant mode in the 250 to 125µ (2i'J to 3 i'J) range. Th i s sedi­
ment is noticeably coarser than any other collected in the area from depths 
greater than 100 fathoms (183 m ). Bottom photographs at this locality show a 
g l acially rafted boulder or bedrock (Fig. 14a), a l ag deposit (Fig . 14b) and a 
more typical bottom sediment (Fig. 15) near but not in the medial d epression, 
indicating that the maximum intensity of the current is confined to the medial 
depression. Sediments collected on the sill flanks (Stations J -1 31 and J -143 ) 
were similar in grain size distribution. If the origin of the dominant mode in 
the 250 to 12 5µ (2i'J to 3 i'J) range were the crest of the sill, a current velocity 
of at l east 25 cm/ sec. must flow in the medial depression. Slumping may 
carry the material derived from the crest to the flanks as the current velocity 
within the medial depression probably would not be maintained over the flanks. 
The two-way action of the c urr ent through the d ep ression indicated by sedi ­
ment parameters and size distribution curves , suggests a tidal origin . 
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Cumul ative and fr e que n cy c urves plotte d for sediments coll ec t e d on the 
sill a long a lin e transverse to the medial d e press ion (F i g . B - 10, Appendix B) 
indicat e very poor sorting , es p ec i a lly fo r sampl es colle c t e d imme diate ly 
adjacent to th e m edial d e press ion. The d eep e r the sampl e , the more domi ­
nant is the coa rs e fraction . This trend i s the reverse of that shown in 
Figure B - 9 (Appendix B). The very poor sorting and w ide r ange of gra in 
size s indicate that th e surfic ial s e dime nts of the sill are proba bly of g lacial 
origin and, w ith the exception o f those sedime nts i n the medial d epress ion, 
have been littl e affec t e d since initial d e position in P l eis tocene time . 

The distribution c h a r ac t e ristics of sedime nts collec t e d a l on g the axis 
of the lowe r basin (Princess Royal R eac h) is pr e s ent e d in Figure B -11 
(Appendix B). The same tw o dominant modes o f the upper b as in (Fig . B - 8, 
Appendix B) are apparent in s e dimen ts from th e l owe r basin . Howeve r, the 
sediments in the lower basin o rig inate from many source s wh ereas there is 
one dominant source in th e upper b as in. 

Streams flowing into the sides of th e l owe r b as in c ontribute a pprec i a ­
ble quantitie s of medium to fine sand (Fig . B-12, Appendix B) to the inlet 
margin. Additional evidence of multiple sources of sediment in the lowe r 
basin is th e pronounce d doubl e mode in the silt-clay re g ion of particle distri­
bution w hic h occurs not only at the upper end of th e lowe r b as in but a lso in 
sediments fa rther dow n the inle t (F ig. B - 12 , Appendix B). 

Abunda nt s h a llow and mid - d e pth fauna! r emains we r e r ecove r e d from 
a d e pth of 285 fathoms (522 m) g iving evide n ce of slumping w ithin the l ower 
basins (Fig . 16). Contributo rs to the shell debris a r e b lue mussels (Mytilus 
e dulis), brachiopods ( Laque us californic us van cou ve r ens i s ), pelecypods 
(Thyasira cygnus a nd an u n identifie d p ec tin), scaphopods (Cadulu s tolme i) a nd 
numerou s solitary corals (Balanophyllia e l egans and Caryophy llia a laskens is). 
In addition , numerous woo d fragments we r e r ecove r e d and bottom photograph s 
r eveal e d a partially d ecomposed tree trunk embe dde d in the sediment. 

Subsurface Sediment Characteristics 

Four g ravity co r e s (location shown on Fig . 17) we r e split and logged 
visually. The ave rage sediment c olour in th e thr ee co r es from the upper 
b as in wa s g r eyish olive (lO Y /2). The co r e from the lowe r basin was a notice ­
ably darker olive g r ey (5Y3 / 2) . The major ity of structures (Fig . 1 7) appear 
as slight c h anges in hu e w hic h we r e most v isible just after th e core had been 
split and the surface smear was h e d away. The ave r age gra in s i ze of the 
c ore d sediment r e s e mble s the sur fie i a l sediment , i. e ., th e three collec t e d in 
th e lower part of th e uppe r basin a r e silty clays, w h e r eas the co r e from the 
l ower basin is c l ayey silt w ith minor fin e s a nd . Core J - 123 conta ine d three 
distinc t, but thin, laye rs of fine sand and a two - foot layer of a green - g r ey 
clay. Core J -12 6 conta ine d a singl e thin s and layer and a thinner g r een - grey 
clay laye r . This clay is the only litho l ogy that could be co rre lated to anoth er 
c ore . E . V. Grill (oral comm .) has r e porte d a green - g r ey clay on Patrick 
Sill bel ow a d e pth of 12 to 24 inche s (3 0 to 60 c m ). The sand l aye rs appear to 
be discontinuous l e ns e s. 

Wood fragments are the most abundant coars e material though unevenl y 
distributed throughout the core . G e n e rally th e fr agments occur w ith their 
long axes parallel or subparallel to th e b e dding ind icating non - turbule nt d epo ­
s ition. In Core J - 123 the fr agm e nts were randomly oriented i ndicating 
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turbulent deposition as in a s lump. Recognizable she ll s and shell fragments 
consist of gast r opods, scaphopods (Cadulus tolmei), and pelecypods (T hyas ira 
c ygnus). The latter species are the same as th ose recovered in the surficial 

sediment samples . 

Summary of Jervis Inlet Sedimentation 

Sediment is being transported to the basin floors of Jervis Inlet by 
several mechanisms . These include settling through the water c olumn of 
fine - g r ained fluviatile mater ial and periodic slumping of c oarser grained 
material from the steep inlet walls w i th the possibl e initiation of turbidity 
currents . T h e opti cal turb idity data (Pickard and Giovando , 1960) indicate a 
major percentage (up to 50 %) of s uspendable material added to the inl et waters 
from th e river at h ead is carr i e d down th e inlet w ithin the low salinity surface 
waters . There is, however , a marked inc r ease in turbidity in the bottom 
waters of t h e upper bas in. 

Slump ing almost certainly occurs from the steep inlet walls which have 
an average s l ope of approximately 35 d eg rees. The abundance of s h a llow 
water fauna l r emains at the base of a steep s u bmarine cliff in the l ower basin 
s upp o rt this concept. Other ac tive areas are the large d e ltaic deposit off 
Malibu Rapids, and perhaps all th e oth er smaller margin deltas wh i ch l ike ly 
become un stabl e during periods of rapid sediment accumul ati on . Slumping is 
a ls o be lieved to occu r at the inle t h ead and on the south - fac ing flank of Patrick 
Sill where long unbroken s l opes may result in the formation of turbidity 
c u rrents . 

Gravity c ores collected w ithin the upper basin were examined visually 
and revealed no distinctive graded bedding . However, t h e lack of orientati on 
of e l ongate o r gan i c fragmen ts w ithin certain h orizons in t h e cores sugges t 
d eposition under the turbulent conditions . Sand l enses within the cores taken 
from the upper basin likely represent the influe nc e of s lumping from the 
nearby inlet walls rather than from th e inl e t h ead. 

The re is a marked differ e nc e in grain size distribution between the 
upp e r and lower basins . Patrick Sill fo r ms a boundary between these basins. 
To explain thi s d epositi onal pattern, one must postulate either th at the sill 
a rres ts the dominant d epos itiona l mechanism influencing the upper basin, o r 
that the streams flowing into the lower basin have a muc h greate r effect than 
those w hic h flow into th e u p p er basin . The relief of the sill is not sufficient 
to act as such an effec tive barrier if the majority of sedim ent is be ing add e d 
to th e upper basin by the settling of particl es through the wat er column . How ­
eve r, the sill is high enou gh that it would like l y bar the passage of a turbidity 
c urr ent . 

AUTHIGENIC MINERALS 

Manganese Conc r et ions 

Source Area 

Manganese concretions occur in the medi a l d ep r ess ion or "V"-notc h 
on the south- facing s l ope of Patrick S ill (Fig . 18) at a d epth of 175 to 1 9 0 fath ­
oms (3 20 - 35 0 m ) and cover an es t im a t e d 36 , OOO square ya rds (3 0 , OOO mZ) of 
the sea floor . 
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The sediments collected w ith the concretions were generally similar 
to those found elsewh ere w ithin the area but, some samples recovered from 
the concretion locality showed the presence of a flocculant red-brown surface 
l ayer , one to several centimetres thick. The sediment within this layer often 
had a predominant coarse - grained component which is thought to represent a 
lag deposit. If the abundant fine sand noted at Station J -143 came from the 
concretion area , then the current w ithin the "V"-notch must atta in speeds of 
about 25 centimetres / second in order to move the sand. Underwater televi ­
sion observations of the l ocality substantiated the existence of a bottom cur ­
rent of approximately the vel oc ity calculated . Bottom photographs taken on 
the sill show what appears to be a lag deposit (Fig . 14) associated with the 
concretions. Lag d eposits are not evident in photographs taken near , but not 
on , the cone retion locality . Apparently, the strangest currents in the area 
occur where the concretions are forming. Sedimentation rates here are cor ­
respondingly low. The total extractable iron and total carbon contents of the 
sediments recovered with the concretions were anomalously l ow . The low 
ca rbon content would reflect the sweeping away of the light organic material 
by the current . Figure 19 is a bottom photograph of the concretion locality. 

Age and Growth Rates 

The maximum age of the cone retions would be determined by the time 
of ice retreat after the last major advance during the Pleistocene . This is 
es timated to be 12, OOO B. P . (Armstron g et a l., 1965) . Evidence that the 
concretions formed in situ is provided by the recovery of siliceous sponges 
having a thick manganese - iron oxide coating . Also, the discoid shape and 
friab l e nature of the cone retions precludes transport. 

The maximum thickness of oxide material measured on any one con­
cretion was 1.4 inches (35 mm) . The accumulation rate of oxide material is 
highest in the horizontal plane . Assuming the age of the cone retions to be 
12, OOO years, the apparent growth rate would be about .1 2 inch (3 mm)/ l , OOO 
years or less . This value is somewhat lower than the general accumulation 
rate of .4 to 40 inches (10 to 1 , 000 mm)/1,000 years suggested by Manhe im 
(1 965) for shallow marine concretions . However, Manheim (op . cit. ) noted 
that concretion development in nearshore environments may be very irregular 
with wid e variations over small a r eas . The porous nature and w ide var iation 
in lamination thickness of Jervis Inlet cone retions suggests that the deposit ion 
rate was erratic , and, when deposition was occurring, much more rapid than 
the average rate of . 12 inch (3 mm)/ 1, OOO years . 

Structure 

The concre tions occur in two distinct s h apes - discoidal and spheroi ­
dal. Discoidal masses are usually larger and range up to 6 inches (15 cm) 
in diameter. Rock fragments, mostly granitic, form the nucleus of all speci ­
mens examined . The upper surfaces of the concret i ons are dark red-brown 
to brown, the under surfaces light yellow-brown . Brachiopods , serpulid 
wo rm tubes , bryozoan plates, siliceous sponges and corals may be attached 
to the upper surfaces . 

The discoidal concretions frequently exh ibit several interesting fea ­
tures . A side view (Fig . 20a) reveals the typical shape of this variety with a 
rock nucleus surrounded by a skirt of oxide material . T h e under surface of 
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the skirt is usually even , and flat or concave downwards in contrast to the 
upper surface w hic h is often ve ry irr egular. Some specimens of di scoida l 
concretions have apparently been rotated about a horizontal axis at one time 
during the ir formation . On one s ide of th e nucleus the oxid es h ave accumula­
t ed in two lobes or skirts to form a lip -like structure w hil e t h e oppos ite side 
of the nucleus is nearly d evoid of oxides. Oxide materials are apparently 
d epos ite d about a nucleus in a plane paralleling the sediment- water interface. 
The asymmetry in plan view of the oxide skirt of many of the specimens indi ­
cates a favou r e d direction for greatest growth . This orientati on is a ls o 
exhib ited by the oxide crusts w hich have formed as plateaus on dead siliceous 
sponges whic h have toppled. 

The nuclei of sph eroidal conc r etions are compl ete ly enclose d by oxides . 
The diffe r ence between spheroidal and discoidal types may be due in part to 
the s i ze and shape of the nucleus. The generally smaller and more e quidi­
mensional nuclei of the sph eroidal types perhaps allow these to be rolled about 
the bottom by c u rrents or animals . Figure 20b shows two spheroidal masses 
whic h have coal esced with the formation of a surrounding skirt . Since coal es ­
cense , this mass has behaved as a discoidal concret ion. 

Cross - sections of manganese concretions studied in polished section 
(Sorem, 1 967 ) are illustrated on Figure 21 . The thinner, dark l aminati ons 
correspond to finer grained material, and are generally enr i ched in the 

metallic oxides and contain few d etr i tal minerals . The thicker, lighter col­
oured laminations include most of the detrital sediment, dominantly quartz 
an d feldspar as in the unde rlyin g sediments. Apparently the darker layers 
represent periods of s l ow deposition. In verti cal sections the l aminati ons are 
shown to be approximate ly symmetrical about a horizontal plane . 

Chemical Composition 

The chemical compos ition of the manganese concretions (Table 5, 
Appendix A) has been determined by Grill et a l. (1 968). The compositi ons of 
d eep ocean , Balt ic Sea and Vermilion Sea (off Baja California) concretions 
(T abl e 6 , Appendix A) are presented for comparative purposes (Manheim, 
1965; Mero, 1965). 

Total carbon analyses of Je r vis Inlet cone retions indicated values 
(1 . 26 %) equal to or s lightly l ess than the underlying sediments. 

The ratio of manganese to iron h as been correlated with depth and used 
i n an attempt to distinguish and classify concretion localities (Mero, 1 965). 
These ratios can be extremely var iable w ith a considerabl e range sometimes 
occurring within a sing l e specimen . In general , concretions from neritic and 
lake envi r onments have a Mn; Fe ratio of l ess than unity. A majority of 
pelagic nodules have a ratio of greater than unity . Jervis Inlet cone retions 
have an average Mn; Fe ratio of 5 , there being little variation between sam­
ples . While this ratio does not fo ll ow the norm for shallow water concretions , 
it is by no means unique. Some nodul es close to the North and South American 
coasts an d near Japan have Mn; Fe ratios ranging from 12 to 50 (Price, 1967) . 
The more analyses that are published, the l ess evident becomes the supposed 
relationship between depth and Mn; Fe ratio. 

The oxidation state of the manganese was calculate d (Grill, Murray 
and Macdonald, 1 968) to be Mn0 1 • 87 for sample A and Mn0 1 . 86 for sample B, 
assuming all the act ive oxygen was associated with high er oxides of manga­
nese . Thi s 0 / Mn ratio is somewhat higher than the average value for neritic 
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areas (1 . 55) and lower than that for the pelagic areas (1 . 9 - 2 . 0) (Manheim, 

1965). Unlike the Mn; Fe ratio , the 0 I Mn ratio appa rently has a significant 
covariance with depth (Manheim, op . c it .). However , a cons iderabl e overlap 
of 0 / Mn r atios exists between shallow - and deep - water concre tions . 

T h e minor e l ement content of Jervis Inlet concretions (Grill, Murray 
and Macdonald , 1968) app roximates other ner i tic occ urr ences . Elements of 
economic concern such as Cu, Ni , Zn and Co have abundances ranging from 
1 to 2 orders of magnitude below the estimated deep ocean average . Lead was 
not detected whil e molybdenum occurred with an abundance s imilar to that of 
d eep sea concretions . The original analyses (Grill, Murray and Macdonald , 
op . cit. ) were g iven as oxide percentages of the solubl e an d insoluble (in a 
h eated solution containing 10 ml of hydrochloric acid and 10 g of h ydroxyl ­
amine hydrochloride ) fractions . The major e l ements in t h e insoluble fraction 
were silicon, a luminum, iron , calcium, magnesium and sodium. These like ly 
formed the detrital silicate minerals w hich were included within the ferro ­
manganese oxide crusts. The phosphorus content of manganese concretions 
is thought to be related to their association with semi - stagnant sediments . 
Jervis Inlet concretions contained approximate ly 0. 3 per cen t phosphorus 
w hich is common for s h allow marine occurrences . Tellurium was detected 
in the solubl e fractions of both the Jervis Inlet sampl es analyzed . 

Mineralogy 

Todorokite was identified as the principal manganese mineral in Jervis 
Inlet concretions (Grill et a l., op. cit .). The suggested composition (Straczek 
et al. , 1960) is: (C a , Na,-Mn+2 , K) (Mn+ 4 , Mn+2 , Mg) 6o 12 . 3H2o . Calcula ­
tions of atom i c proportions (the number of atoms per unit ce ll) of Mn+4 , Mn+ 2 , 
Mg (including Co , Cu), Ca (including Ba, Sr) , Na and K for soluble Jervis 
Inlet material agrees w ith similar data presented for todorokite (Grill et a l., 
op . cit . ). 

Formation of Concretions 

The mechanism of formation of manganese concre tions can only be 
postulated. Many workers (Manheim , 1965; Price , 1967) cons ider the growth 
of concretions to be due to the precipitation of e l ements from the interst itial 
waters of underlying sediments . Metals present in low concentrations in sea 
water are deposited as oxides or as ion s adsorbed on clay and organic parti ­
cles. Release of these metals to the interstitial waters would occur with 
sediment burial due to the reducing effect of the organic matter. The result ­
in g high concentration of e l ements in the interstitial waters as well as e l ec ­
trochemical differences between the adjacent reducing and oxidi zing environ ­
ments will set up a diffusion potential so causing the upward movement of 
these elements (Price , 1967). 

This mechanism could produce a variety of concre tion habits . Manheim 
(1 961 ) suggested that in areas w h ere the sediment- water interface is neutral 
or reducing , nodules will not fo r m but the trace - element content of the bottom 
waters will be increased. Conversely, in areas where the surficial sedi ­
ments are highly oxidized, pea ores may form within the sedim ent itself 
(Gripenburg , 1934) . 

Although the basic mechanisms for the formation of concretions in th e 
shall ow water and open ocean environments a r e believed simila r, the con ­
centrat i on of many minor metals such as C u, Co , Ni , Pb and Zn is one to 
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a . Side view of a large discoidal manganese concretion. The nucleus is a 
granitic boulder . Major diameter 5 . 5 inch s (13. 1 cm). G . S . C. Photo 
No . 202279 - H . 

b. Coalescence of two di scoida l concre t ions . Major d iameter a b out 3 inch es 
(7 . 5 cm). G . S . C . Photo No . 202279-I. 

F i gure 20 . Exampl es of Manganese Concretions . 
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several o rders of magnitude l ess in s hallow than in th e d eep ocean va rieties . 
This i s believed to be du e to di ffe ring co n centrations a nd types of organic 
m atter present in the two e nvironments (Pr i ce , 196 7) . In neritic and l acus ­
trine condition s , buria l of t h e sediment and reduction in the presence of 
organic material re l ea s es most Mn, Pb and Zn to the i nte rstitial wat e rs 
w h ile the loss of Fe, N i , Co and C u is smaller a nd poss ib l y due to r e t e ntion 
of these e l ements in iron sulphides (Pri ce , op . c it.). Water soluble organ i cs , 
amino acids and humic ac ids w ithin th e sed iments are a l so thought to affect 
metal con centrati ons of shallow wate r concretions by modifying the inorganic 
uptake of minor meta ls such th a t Ph, Zn a nd Cu are not sorbe d by th e 
manganese - ir on phases . In the open ocean environment the low a bundance of 
organic matter in the se diments would like l y minimize the mobility and 
upwa rd di f fusion of manganese and other e l ements during sediment bur i a l. 

Abundance and Value 

The total a ir drie d we i ght of t h e conc r e tions recovered from 0 . 2 squar e 
yard (0 . 1 7 m 2) was 1. 97 pou nds (. 894 kg) of w hich 72 . 9 per cent or 
1.43 pounds (.684 kg ) was oxide material. The concent ration of oxid e mat er ia l 
would be 7 . 1 pound s / square yard (3 . 9 kg / m 2). If the area of the d ep osit i s 
t aken to be 36 , OOO square yards (3 0 , OOO m 2) the tonnage of oxides presen t 
w ould b e 128 short tons (117 metr ic tons). Thi s es timate c ould be in e rror by 
a considerabl e a mount (pe rhaps ±5 0 per ce nt) s ince onl y on e sampl e was 
we ighed and taken to repre s ent an ave r age sampl e of the e ntir e a r ea . 

Figur e 21 a . C r oss - s ec tion of middl e portion of dis coida l conc r e tion w hic h 
h a d nucleus compl ete ly enclose d by oxide material s (about 4 . 3 x ). 
Ea rly layers of oxides we r e pr efe r entially d epos ite d on l eft side 
of nuc l e u s a s it appea r s i n the photograph . GSC P h oto No. 

202279 - J . 
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While the above method of determining reserves of authigenic oxides 
on Patrick Sill is accurate within itself, many simil ar samples will have to be 
taken in order to estimate reasonably accurate ly the total tonnage . Under­
water te levision was tried as a method to determine concentrations but con ­
cretions could not be distinguished from barren boulders with the system 
available . 

Iron Crusts 

Maintaining station over the concretion locality was difficult and only 
about half of the attempts to obta in samples were successful. One attempt , 
which proved to be too far to the west by about 100 to 200 feet resulted in the 
sampl er hitting either bedrock or very l arge boulders. However, within the 
grab sampler were ferruginous crusts (Fig. 22) which had been broken off 
the rock surface . 

The external surfaces of the crusts vary smooth to irregular. Cross -
sections reveal a distinct l ayering. The surface or outer layer is rind-like 
and varies in thickness from about .04 to 0.6 inch (1to15 mm). The colour 
is red - brown to dark brown and black . The mater ial is non -porous and has a 
vit r eous to opaline lustre as if deposited as a gel . On desiccation at room 
temperature the thicker portions have cracked forming interlocking polyhedral 
masses . Deposition of the gel-like mater i a l must have occurred reasonably 
rapidly as large bubble - like cavities were formed (Figs . 22b , c ). The prin­
cipal mineral forming this outer layer is goethite (F eOOH). 

The bulk of th e material forming the crust is reddish yellow to yellow ­
brown, fine grained, loose and very porous . An X -ray powder diffraction 
pattern indicated the principal minerals to be quartz , feldspar and goethite . 

T his material likely represents sediments which accumulate d and were then 

Figure 21 b. Enlargement from concretion pictured in 'a' showing detritial 
mineral inc luded in accreted oxide materials. Detritial 
minerals are generally most abundant in the porous , lighter 
colour ed oxide l aye rs (about 43 x ). GSC Photo No . 202279 - K . 

Figure 21 . Cross Secti ons of Manganese Concretions . 
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Figure 22 b. 
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Figure 22 c . 

a . Iron crust as r ecovered from r ock face near but not on (i.e . within 
about 100 metres) the concretion locality. (about 1. 6 x ). GSC Photo 
No . 202279-L. 

b, c . Bubble - like structure shown by some of the iron crusts recove red from 
vicinity of concretion l ocality . Note layering within material of bubble 
and base fragments of sponges with in bubble. (about 1. 6 x ). GSC 
Photo Nos . 202279-M, 202279-N. 

Figure 22. Iron crusts from Patrick Sill . 
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included in the structure of the crusts by the deposition of the ge l - like mate ­
rial. The layering mentioned is due to alternating laye rs of loose, porous 
and vit r eous materials. The nature of the material which formed the bond 
with the rock surface is not known . 

There is no feature of the crust w hic h would give an indication of age . 

"Glauconi te - Montmorillonoid" Pellets 

Murray and Maclntosh (1968) descr ibed interstratifie d g lauconite ­
montmorillonoid pellets from Queen Charlotte Sound. Mineralogic and mor­
phologic studies of Jervis Inlet sediments revealed the presence of physically 
identical pellets (Fig. lOb) . These pellets were found over a cons ide rable 
area of the sill as well as in locali zed areas on the sides of the lower basin . 
Pellets were not noted in samples collected from th e upper basin . No X - ray 
or chemical analyses have been made of these pellets to date. 

The pellets are generally spheroidal and light yellow- green to grey ­
green in colour . In the fractions examined , the pellets are most abundant in 
the fine sands (i.e. 88 to 63µ or 3 . 5 to 4tl) but some samples containe d pellets 
in the 500 to 350µ (1.0 to 1.5~) range. Both these fractions of sample J - 135 , 
which is near but not on the concretion locality , we r e estimat e d to be 40 per 
cent pellets . The finer fraction of sample J - 164 was also about 40 per cent 
pellets. Sediments collected with concretions we r e about 15 per cent pellets 
for the fractions examined . Often recovered with the pellets were sponge 
spicul es and radiolarian tests . 

Discuss ion 

Speculative conclusions can only be made as to why man ganese con ­
c r et ions and iron crusts are forming on Patrick Sill and apparently not e ls e ­
w h ere w ithin upper Jervis Inlet . The area of the medial depression is affected 
by a bottom cur rent with an approximate ve locity of 25 centimetres / second . 
This current limits the d eposition of detritus , both minerogenic and o rganic , 
and in some areas is capabl e of winnowing , w ith subsequent formation of l ag 
deposits. The surficial sediments of the concre tion locality are a dark red ­
brown colour for a d epth of about 1 to 2 centimetres . Below this laye r the 
sediments are gene rally a typical olive - green . The colour of the surfi c ial 
sediments indicates oxidizing conditions probably du e to the constant renewal 
of overlying waters and the l ower organic matter content of the sediments . 

Iron i s be ing d eposited as goethite crusts on exposed rock surface 
w i thin the medial depression of the sill . Appa::ently simultaneously and in 
c los e proximity, manganese concret i ons are forming a round rock fragments 
resting on sediments . Whereas the source of the goe thite is likely a gel 
formed in the sea water, the conc retion - forming manganese is believed , 
derived from the substrate. 

"Glauconite - montmorillonoid" pellets are also forming w ithin upper 
Jervis Inlet , but they are not unique to the s i ll . Certain samples collected 
from the wall of the lower basin contained thes e pellets in cons iderable quan ­
tity, but no pellets we re found in the sediments of the upper basin. Whether 
these pellets form on or beneath the sediment - wat er interface is unknown . 
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Exploration 

If, in the future , the mining concentrations of shallow marine concre ­
tions becomes profitable, the question will arise as to how to locate these 
deposits . At present, the best guide would probably be bathymetry . Favour ­
abl e conditions appear to be achieved on the crests of banks and sills or on 
basin margins . All presently known local occurrences of concretions have 
been found in the 100 - to 200 - fathom range. However , the significance of 
depth is not known . Movement of t h e overlying waters is needed to maintain 
a low sediment accumulation rate and oxidizing conditions within the bottom 
waters and top centimetre or so of the sediments . The occurrence of a stag ­
nant to semi- stagnant basin adjacent to the elevated area is considered 
important (Price, 1967). To date, not enough is known about trace element 
concentrations within sea water and sediment in areas where concretions 
form to enable 011e to use such data for exploration . 
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Tab l e 1. Time stratigraphic units for Pleistocene of 
Southwestern British Columbia 

(after Armstrong et~. , 1965) 

1) Salmon Springs Glaciation 

2) Olympia Interglaciation 

>37,000 years B. P. 

<24,500 > 15,000 -
37,000 years B.P . 

During this period , ice was absent from the lowlands of 
Southwestern British Columbia. 

3) Fraser Glaciation approx. 9,500 15,000 
<25,000 years B.P . 

This glaciation is probab l y the regional equivalent 
of the Wisconsin Gl aciation of the mid-western 
United States. 

a) Evans Creek Stade 17 , 000 - 25,000 years B.P . 

By definition, during this period, large 
alpine glaciers formed and reached their 
maximum extent. In British Columbia, 
expansion of the glaciers apparen t ly 
resulted in ice sheet formation . 

b) Vashon Stade 13,000 - <21,000 
>15,000 years B.P. 

By definition , the Vashon is the last 
major climatic episode during which drift 
was deposited by continental ice originating 
in British Columbia , and occupying the 
lowlands of southwestern British Columbia 
and northwestern Washington . 

c) Everson Interstade 11,000 13,500 years B. P. 

This period began with the invasion of the 
low lands by the sea, and ended with either 
the advance of the Sumas ice sheet or the 
withdrawal of the sea and the disappearance 
of the floating ice. 

d) Sumas Stade 9,500 11,000 years B.P. 

A climatic episode during final stages of 
emergence of the Fraser Lowland when a 
valley glacier occupied the eastern part 
of the lowland. This glacier may have been 
only a local advance of the Cordilleran ice 
sheet. 
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Table 3. [ 001 ] Peaks (in Angstroms) of minerals in clay s i ze fraction 

TREATMENT 

MINERAL K K 30o0 c K 500°C Mg Mg and Glycero l 

Chlorite 14 14.2 14.2 14.2 14 . 2 

Illi t e 10 10 10 10 10 

Vermiculite 10-13 10 10 14-15 14 

Montmorillonite 12-14 10 10 12.8-14 17-18 

Illite-montmorillonite 10-14 10 10 10-14 10-18 

Illite-vermiculite 10-13 10 10 10-15 10-14 

I lli te-chlori t e 10-14 10-14 10-14 10-14 10-14 

Plagioclase 3.18 3 .18 3.18 3.18 3 .18 

Quartz 3.3 3.3 3.3 3. 3 3.3 

Amphibole (hornblende) 8.40 8 . 40 8.40 8.40 8.40 

K-feldspar 3 . 24 3 .24 3.24 3.24 3.24 
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Sample 

% Soluble 

Fraction 

Fe2o3 
FeO 

MnO 

Si02 
Al 2o3 
Ti02 
P20S 
Na20 

K20 

MgO 

CaO 

BaO 

Mo03 
V20S 
coo 

NiO 

CuO 

ZnO 

PbO 

Te02 
so3 
co2 
NaCl 

Active 0 

-110 

H2o 

H20+110 

Sum 

Table S. Chemical analyses of Jervis Inlet concretions 
(after Gri ll, Murray and Macdonald, 1968) 

A* B 

81. 7S 81. 09 

Soluble Insoluble Solub l e 

7.6S 3.06 6 . SS 

1. 79 

Sl. 70 0.10 S2.31 

2.3 64.9 

0.41 lS.8 0 . 71 

0 . 096 0.62 0.08S 

0 . 94 0.11 0. 72 

1. 06 2.27 1. OS 

1.11 1. S2 1.18 

3. 19 2 . 24 3. 36 

1. SS 3 . 19 1. S6 

0 . 27 o.ss 0.36 

0 . 041 0.007 0 . 049 

0 . 028 0 . 043 

0 . 020 0.022 

0.040 0.060 

0.0084 0 . 014 

0.0029 O. OOS6 

ND ND 

0.018 0.020 

0 .18 

O.S6 

1. 09 1. 09 

10 . 12 10.09 

8.81 0.93 8.84 

8. 63 2 . 94 8. 29 

99 .82 100.03 96 . 41 

Insoluble 

2.4S 

1. 23 

0.10 

67.1 

lS . 3 

0 . S8 

0.16 

2.37 

1. Sl 

1. 66 

3.17 

0.83 

0.006 

0 . 94 

3 .1 7 

100.S8 

All analyses are presented as weight percentages on an air dried basis. 
A dash i ndi cates no analys is and ND means not detected. 

*Sample A (the unfractionated crust) also contains 0 . 0012% 
Cr2o3. 



T
ab

le
 6

. 
C

om
pa

ri
so

n 
o

f 
e

le
m

en
ta

l 
an

al
y

se
s 

o
f 

m
an

ga
ne

se
 

co
n

cr
et

io
n

s 

J
er

v
is

 
In

le
t 

B
a
lt

ic
 S

ea
 A

ve
ra

ge
 

D
ee

p 
O

ce
an

 
A

 
B

 
(e

st
. 

av
er

ag
e)

 

A
l 

1
. 

70
 

1
. 

83
 

1
. 5

4 
8

. 5
 7

 
C

a 
1

. 
33

 
1

. 
33

 
1

. 
21

 
1

. 5
 7

 
Co

 
.0

13
 

.0
14

 
.0

16
 

0
. 2

8 
C

u 
.0

05
5 

. 0
09

1 
. 0

04
8 

0
.4

0 
Fe

 
5

.0
1 

4.
 2

1 
22

.4
 

11
. 7

 
K

 
. 9

8 
1

.0
3 

. 0
76

 
.6

8 
M

g 
1

. 8
2 

1
. 

83
 

.5
7

 
1.

 3
8 

M
n 

32
. 7

2 
32

. 8
2 

14
.0

 
19

.0
 

N
o 

.0
23

 
.0

27
 

.0
13

 
.0

38
 

N
a 

.9
5 

. 9
7 

.3
5 

2
. 0

8 
N

i 
.0

26
 

.0
3

8
 

.0
75

 
.5

8
 

p 
.3

4 
.2

7 
. 7

0 
.1

9 
Pb

 
ND

 
N

D
 

.0
03

8 
.1

0 
T

i 
.0

96
 

.0
89

 
.1

1
 

.4
7 

Te
 

.0
12

 
.0

13
 

Zn
 

.0
01

9 
.0

03
6 

.0
08

 
0

.0
4

-0
.4

0 

Je
rv

is
 

In
le

t 
A

 
Di

sc
o

id
a

l 
ty

pe
 

-
G

ri
ll

, 
M

ur
ra

y 
an

d 
M

ac
do

na
ld

 
(1

96
8)

 
B

 
S

ph
e

r o
id

al
 

ty
p

e 

B
a
lt

ic
 S

ea
 A

ve
ra

ge
 

-
M

an
he

im
 

(1
96

5)
 

De
ep

 
O

ce
an

 
(e

st
im

at
ed

 a
v

er
ag

e)
 

-
Ma

nh
ei

m
 

(1
9

65
) 

V
.S

.7
8

 
(V

er
m

il
ia

n
 S

ea
) 

-
M

er
o

 
(1

96
5)

 

V
.S

.7
8

 

1
. 9

0 
1

.1
6 

.0
1

0 
.0

10
 

. 8
6 

.9
6

 

38
.9

 
.0

22
 

.0
45

 

.0
25

 
.0

7 

.0
2

3
 

\J
1 w
 





APPENDIX B 
ANALYSIS TECHNIQUES AND SUPPLEMENTARY DATA 

FIGURES B - 1 to B - 12 
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Figu r e B -1. P r ocedur e for sampl e a n alys is. 
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Figure B - 8. Long itudinal profile of Queens Reach - cumulative and fre ­
quency c urves of s urficial sediments . 
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Figur e B - 9 . Transve rse profil e of Qu e ens R e a c h - c umulative and fr e ­
qu e n c y c urve s o f surficial sedime nts . 
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fr equency curves of surficial sediments . 
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Figure B - 12 . Transverse profile of Prince ss R oyal R each - c umulativ e and 
frequency curves of surficial sediments . 
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