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ERRATUM 

C u r r e n t  R e s e a r c h f R e c h e r c h e s  e n  cours ,  
P a p e r l C t u d e  79-1 B 

P a g e  4 16 

T h e o r e t i c a l  a s p e c t s  of a l p h a  c o e f f i c i e n t s  used  in X-ray f l u o r e s c e n c e  analysis;  G.R. L a c h a n c e ,  

T h e  t w o  e q u a t i o n s  w e r e  i n c o r r e c t l y  printed.  T h e  c o r r e c t  f o r m s  follow. 

1. Wi = R i  (1 + W.'Y..' . . . + WjWkaijk)  
1 11 

is  a f u n c t i o n  of 

'Y.. + Wm(aimj + W: a i m m j )  w h e r e  
'I 

i = a n a l y t e  e l e m e n t  
j = m a t r i x  e l e m e n t ,  absorp t ion  o r  e n h a n c e m e n t  
W = w e i g h t  f r a c t i o n  
R = r e l a t i v e  i n t e n s i t y  t o  p u r e  i 
m = m a t r i x  e l e m e n t s  j, k, . . . 
aijk = a "crossed e f f e c t "  c o e f f i c i e n t  

w h e r e  Z = a t o m i c  number  
n = e x p o n e n t  = 2.6 

u = cia should r e a d  u = cia 
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Note  T o  Contr ibutors  

Submissions t o  lhe  Discussion section of Current Research a r e  welcome f rom 
bolh the  staff  of the  Geological Survey and f rom lhe  public. Discussions a re  l imited 
l o  6 double-spaced typewri t ten  pages (about 1500 words) and a r e  subject to review by 
the  Chief Scienlific Editor. Discussions a r e  res l r ic ted  Lo the  scientific conlent  of 
Geological Survey reports. General discussions concerning branch or government 
policy will no1 be accepted. Illustrations will be accepted only if, in Lhe opinion of 
the edilor,  they a re  considered essential. In any case  no redrafting will be undertaken 
and reproducible copy musl accompany the  original submissions. Discussion is l imiled 
to  recent  repor ts  (not more  than 2 years old) and may be in e i the r  English o r  
French. Every e f fo r t  is  made l o  include bolh Discussion and Reply in the same  
issue. Current Research is published in January, June and November. Submissions 
fo r  Lhese issues should be received nol: l a t e r  than November 1, April 1, and 
September  1 respeclively. Submissions should be sen1 to  the Chief Scient i f ic  Edilor, 
Geological Survey of Canada, 601 Boolh StreeL, Ot tawa,  Canada, K1A OE8. 

Avis aux auteurs d'articles 

Nous encourageons tant le personnel de la Commission ge'ologique que le grand 
public h nous faire parvenir des articles destinSs h la section discussion de la 
publication Recherches e n  cours. Le texte doit comprendre au plus six pages 
dactylographie'es b double interligne (environ 1500 mots), texte qui peut faire lfobjet 
d'un re'examen par le re'dacteur en chef scientifique. Les discussions doivent se limiter 
au contenu scientifique des rapports de la Commission ge'ologique. Les discussions 
ge'nSrales sur la Direction ou les politiques gouvernementales ne seront pas accepte'es. 
Les illustrations ne seront accepte'es que dans la mesure oh , selon l'opinion du 
re'dacteur, elles seront consid6re'es comme essentielles. Aucune retouche ne sera 
faite aux textes et duns tous les cas, une copie qui puisse 6tre reproduite doit 
accornpagner les textes originaux. Les discussions en f ran~ais  ou en anglais doivent se 
limiter aux rapports re'cents (au plus de 2 ans). On sfefforcera de faire coincider les 
articles destine's aux rubriques discussions et r6ponses dans le m6me nume'ro. La 
publication Recherches e n  coursparart en janvier, en juin e t  en novembT,, Les 
articles our ces nurn6ros doivent &re r e p s  au plus tard le ler  novembre, le 1 avril 
e t  le lePseptembre respecfivement. Les articles doivent etre renvoye's au re'dacteur 
en chef scientifique: Commission ge'ologique du Canada, 601, rue Booth, Ottawa, 
Canada, K I A  OE8. 



Separates 

A limited number of separates of the papers Lhat appear in lhis volume are 
available by direct requesl Lo the individual authors. The addresses of  Lhe 
Geological Survey of Canada offices follow: 

601 BooLh SLreeL, 
OTTAWA, OnLario 
K1A OE8 

Institute of Sedimentary and Pelroleurn Geology, 
3303-33rd Street N.W., 
CALGARY, Alberta 
T2L 2A7 

British Columbia Office, 
100 West. Pender Streel,  
VANCOUVER, B.C. 
V6B 1R8 

Atlantic Geoscience Cenlre, 
Bedford InsLitule of Oceanography, 
P.O. Box 1006, 
DARTMOUTH, N.S. 
B2Y 4A2 

When no location accompanies an author's name in Lhe Litle of a paper, the 
OLLawa address should be used. 

TirO h part 

On peut obtenir un nombre lirnite' de I1tir6s 13 part" des articles qui paraissent 
dans c e t t e  publication en s'adressant directernent h chaque auteur. Les adresses des 
diffe'rents bureaux de la Commission ge'ologique du Canada sont les suivantes: 

601, rue Booth 
OTTAWA, Ontario 
KIA OE8 

lnstitut de ge'ologie dd imenta i re  e t  pe'troli8re 
3303 N. - O., 33rd, ST. N.W., 
CALGARY, Alberta 
T2L 2A7 

Bureau de la Colornbie-Britannique 
100 West Pender Street  
VANCOUVER, Colombie-Britannique 
V6B 1R8 

Centre ggoscientifique de llAtlantique 
Institut oce'anographique de Bedford 
B.P. 1006 
DARTMOUTH, ~ o u v e l l e - ~ c o s s e  
B2Y 4A2 

Lorsque l'adresse de l1auteur ne figure pas sous le  t i t re  dlun document, on doit 
alors utiliser lladresse dlOttawa. 



SCIENTIFIC AND TECHNICAL REPORTS 

RAPPORTS SCIENTIFIQUES ET TECHNIQUES 

LACUSTRINE GEOCHEMISTRY AROUND THE NORTH SHORE O F  LAKE SUPERIOR: 
IMPLICATIONS FOR EVALUATION O F  THE EFFECTS O F  ACID PRECIPITATION 

Projec ts  760044 and 690095 

W.B. Coker and W.W. Shilts' 
Resource  Geophysics and Geochemistry Division 

Coker, W.B.  and Snilts, W.W. ,  Lacustrine geochemistry around the north shore of Lake superior: 
Implications for evaluation of the effects of acid precipitation; & Current Research, Part C,  
Geological Survey of  Canada, Paper 79-IC, p. 1-15, 1979. 

Abstract 

Geochemical data from the north shore of Lake Superior illustrate how natural variations in 
the chemistry of the environment, caused by differing bedrock lithologies, mineralization, and/or 
glacial sediment compositions, can be used t o  predict or evaluate anthropogenic changes in 
geochemical patterns, particularly as they relate t o  acid precipitation. Patterns of pH variations 
in lake waters show lakes of the northeastern part of the study area to  be buffered by a sheet of 
calcareous till and glaciolacustrine sediment transported southward and southwestward from the 
carbonate bedrock o f  the Hudson Bay Lowland. In the remaining parts of the area, pH is more 
closely related t o  underlying bedrock types. Trace metal levels in Lake waters and sediments 
vary significantly with changing bedrock types; patterns of variations can be used to predict 
areas most susceptible to  metal mobilization as a result of terrain acidification. 

Introduction Distribution  att terns of arsenic  and mercurv  in lake  

Lake water  and sediment  geochemical d a t a  have  
primarily been uti l ized for  mineral  resource  evaluation,  
aiding bedrock mapping, and delineating natura l  regional 
geochemical trends. In regional lake  surveys a subsurface  
sediment  sample  is purposely col lec ted  in order t o  avoid 
modern contamination due t o  man's activit ies.  Collecting a 
subsurface sample allows a sample  medium t o  be  obtained 
t h a t  is corre la t ive  with natura l  chemical  variations in 
bedrock lithology, glacial  sediment  composition and/or 
mineralization (i.e. before  mining development). The above 
notwithstanding, some  significant environmental  observations 
can be drawn f rom regional lake  water  and sediment  
geochemical da ta .  Regions with significant na tura l  chemical 
variations,  which a r e  now, o r  could be  of potent ia l  
environmental  concern  can  be  outlined. Accordingly these  
a r eas  can be  subjected t o  detailed sampling of su r f ace  
sediments  and/or sediment  coring t o  d i f f e r en t i a t e  between 
modern chemical variations and original na tura l  levels. 

Regional geochemical surveys around t h e  north shore  of 
Lake Superior were  carr ied  ou t  during t h e  summers  of 1977 
and 1978 a s  pa r t  of t h e  Federal-Provincial Uranium 
Reconnaissance Program (U.R.P.) (Darnley e t  al., 1975) and 
National Geochemical Reconnaissance (N.G.R.). Portions of 
t hese  d a t a  a r e  presented t o  i l lus t ra te  the i r  bearing on present 
and potential  e f f e c t s  of ac id  precipitation.  

The geochemical surveys covered map  shee t s  52A, 52H 
(south half), 42D and 42E (south half) in 1977 and m a p  shee t s  
42C, 42F, (south half), 4 l K  (north half) and 41N in 1978 
(Geological Survey of Canada,  1978a,b and 1979a,b). These  
surveys consisted of t h e  collection of lake  wa te r s  and 
sediments  a t  an  ave rage  density of o n e  sample  s i t e  per 
13  km2 .  Lake water  samples  were  analyzed for U, F, and 
pH. Lake sediment  samples  were  analyzed fo r  Zn, Cu, Pb, Ni, 
Co, Ag, Mn, As, Mo, Fe ,  U, L.O.I. (loss-on-ignition), and Hg 
(1 977 samples only). 

sediments  and f luoi ine  and pH in lake  w a t e r s  a r e  a s  
examples  of e l emen t s  whose natura l  concentra t ions  vary wi th  
changing bedrock, mineralization,  and/or d r i f t  chemistry.  
Among others ,  t he se  e l emen t s  could be  of environmental  
concern  a s  a result  of present  or potent ia l  ac id  precipitation.  

Methods 

Sample  Collection 

A t o t a l  of 4293 samples  of profundal cent re- lake  
sediment  and a n  equal number of su r f ace  l ake  wa te r  samples  
were  col lec ted  under c o n t r a c t  by Marshall Macklin Monoghan 
Ltd., Toronto f rom June  3rd t o  22nd, 1977 and f rom June  13th  
t o  July 1 l t h ,  1978. 

Sediment samples  w e r e  obtained using a Geological  
Survey sampler f rom a winch-equipped turbo-helicopter.  
Surficial  ( top  5-10 cm) sediment  was  automat ica l ly  excluded 
through sainpler design. The  majority of t h e  sediment  
samples  col lec ted  were  brown, green-brown (olive), or black 
organic-rich gelatinous sediments.  Su r face  lake  water  was  
col lec ted  in 250 mL polyethylene bott les.  For a more  
comple t e  description of sampling equipment,  s ample  
collection techniques  and sampling logistics t h e  reader  is 
r e f e r r ed  t o  Coker  et al. (in press). 

Sample Prepara t ion  and Analysis 

Lake sediment  samples  were  prepared t o  pass a n  
80-mesh ( 1 8 0 ~  m) s i eve  by t h e  s taf f  of Colder Associates, 
O t t awa .  Control  r e f e r e n c e  and blind dupl ica te  samples were  
inser ted  in to  e a c h  analyt ica l  block of twenty  sediment  and 
wa te r  samples  t o  eva lua t e  analytical  accu racy  and precision. 
For a more  comple t e  description of t h e  analyt ica l  cont ro l  
sys t em see Hornbrook and Gar re t t  (1976) and  Coker  e t  al. 
(in press). 

Trr ra in  Sciences Division 





U.R.P.-N.C.R. Lake Sediments and Waters: Summary Sta t is t ics  

I Range Ari thmet ic  - Standard Coefficient Georpetric log1 0 Standard 
minimum maximum x Deviation of Variation (%) x Deviation 

Zn (ppm) 
Cu (ppm)  
P b  (ppm)  
Ni (ppm)  
C o  (ppm)  
Ag ( P P ~ )  
Mn (ppm)  
As (ppm) 
Mo (ppm)  
F e  ( % I  
Hg (ppb)** 
U (ppm)  
L.O.I. (%) 

Analyses of sediment  samples for Zn, Cu, Pb, Ni, Co, 
Ag, .Mn, Fe ,  Mo, Hg, As and L.O.I. (loss-on-ignition) were  
carrled out  by Chemex Labs. Ltd., Vancouver and for U by 
Atomic Energy of Canada Ltd., Ot tawa.  

- .  
% 
b 

2. 
rrl 
Y 

2 

The contents  of Zn, Cu, Pb, Ni, Co, Ag, Mo, Mn, and F e  
in the  minus 80-mesh sediments were  determined by a tomic  
absorption spectroscopy. 

U (ppb)  0.005* 4.000 0.100 0.190 190 0.030 0.686 
F (ppb)  1 0* 760 45 2 4 5 3 4 2 0.152 
pH 3.1 8 .3  6.9 0.6 9 - - 

The aresenic  contents  of t h e  sediments col lec ted in 
1977 were  determined calorimetrically using silver dieth- 
yldithiocarbamate.  Colorimetric measurements  were  made 
at 520 nm. Atomic  absorption, using a hydride evolution 
method a s  described bv Aslin (1976). was utilized t o  

Number of samples = 4293 **(except Hg where  number of samples = 1816) 
* Values equal t o  one-half t h e  lower detect ion l imit .  
Coeff ic ient  of Variation (%) = (Standard DeviationIArithmetic 2 )  x 100 

The delayed neutron act ivat ion method of analysis, by 
which t h e  lake  sediment samples were  analyzed for  to t a l  U, is 
described by Boulanger e t  al. (1975). 

The determinat ions  of U, F and pH in surface  lake  
water  samples were  carr ied  ou t  by Barringer Magenta Ltd., 
Toronto. 

Immediately upon receipt  of t h e  wa te r  samples in 
Toronto, f luoride and pH were  determined by specific-ion 
e l ec t rode  and glass-calomel combination e lec t rode 
respectively.  Fluoride and pH determinat ions  were  carr ied  
o u t  f rom August 1s t  t o  31st, 1977 and f r o m  August 7 th  t o  
25th. 1978. 

determine t h e  arsenic coritents of t he  sediments col lec ted in Uranium was  determined in t h e  wa te r  samples by fission 1978. The extract ion used in the  hydride evolution method is track analysis. more  ef f ic ient  than t h a t  used for t h e  determinat ion of 
arsenic by colorimetry thereby giving results t h a t  a r e  a closer For a more  comple te  description of preparation and 
approximation of to t a l  arsenic. Da ta  f rom a control analytical  methods t h e  reader is referred t o  Open Files 506, 
reference  sample analyzed by colorimetry in 1977 and by t h e  507, 554, and 555 (Geological Survey of Canada, 1978a, b and 
hydride generation method in 1978 a r e  summarized below: 1979a, b). 

West (1977) East  (1978) 

Ari thmet ic  Mean (x) 4.2 9.4 
Standard Deviation (s) 1.8 2.2 
Number of Samples (n) 24 36 

Mercury con ten t s  of t h e  lake sediment  samples were  
determined by t h e  Hatch and O t t  procedure, with some  
modifications, a s  described by Jonasson et al. (1973). 

Loss-on-ignition (L.O.I.) was determined by ashing t h e  
sediment during a th ree  hour t ime- temperature  controlled 
r ise  to  500°C. The organic carbon content  of a lake  sediment 
sample is proportional t o  the  percent weight loss-on-ignition 
(Coker and Nichol, 1975). 

D a t a  Compilation and Map Production 

For t h e  purposes of this regional in terpre ta t ion,  t h e  
geochemical d a t a  f r o m  t h e  lake  sediments  and wa te r s  
col lec ted around the  north shore of Lake Superior (Geological 
Survey of Canada, 1978a, b, 1979a,b) were  combined in to  one 
d a t a  set .  A s ta t i s t ica l  summary of t h e  geochemical d a t a  fo r  
t h e  reconnaissance lake  sediments and wa te r s  is presented in 
Table 1.1. The  tendency of t h e  d a t a  t o  be  positively skewed 
and lognormally distributed, with t h e  exception of pH (a 
logarithmic function), is indicated by t h e  coefficients of 
variation (Table 1.1). Therefore,  in t h e  selection of 
appropr ia te  d a t a  intervals for t h e  production of moving 
ave rage  maps, a combination of percent i le  values, geometr ic  
mean and geometr ic  s tandard deviation levels were  employed 
(see  Fig. 1.3-1.6). 



The Applicon colour plott ing sys tem was used to  
produce 1:2 000 000 scale  moving ave rage  maps of 
t h e  geochemical data.  For deta i ls  on t h e  Applicon 
colour plott ing sys t em t h e  reader is referred t o  Coker 
et al. (in prep.). 

General  Geology 

It is important t o  understand the  distribution of 
the  various lithologies (both bedrock and glacial), a s  
t he  regional e lementa l  distribution within t h e  
secondary environment may b e  a function of t h e  
mineralogy of specific lithologic units and associated 
me ta l  deposit types. For this reason t h e  regional 
bedrock geology, metallogeny, bedrock geochemistry 
and glacial geology will b e  reviewed. More detailed 
descriptions a r e  included in Coker et al. (in prep.). 

Regional Bedrock Geology 

Bedrock within t h e  survey a r e a  consists of 
lithologies of both t h e  Superior and Southern 
provinces of the  Canadian Shield. Immediately 
northeast  of the  survey a rea  the  Hudson Bay Lowland 4 

includes Paleozoic and Cretaceous  sedimentary 0 ;s-eREIF=-- 
s t r a t a .  WE~~CLMSTCWS 

Archean bedrock of the  Superior Province, 0 W W d N p E L D  

J CEKRbLlZEDoLnCL F L O N W ( E C W  

within t h e  Survey a rea ,  is composed of large,  
east-trending, metavolcanic and metasedimentary  9 

(Units I and 3, Fig. 1.1) supracrustal  remnants  
(i.e. Shebandowan - Wawa and Quet ico  sub-provinces), Figure 1.2.. Generalized glacial dispersal directions and selected 
intruded and partly surrounded by composite glacial features for the Lake Superior study area and adjacent 

ranodioritic batholiths and tonalit ic gneiss domains regions. Total carbonate contents determined on 44 m-63 p m 
Unit 5, Fig. 1.1) (Goodwin, 1972). f fractions of till from >3 m depth. 

The Southern Province consists largely of 
Proterozoic  bedrock, unconformably deposited on 
deformed Archean basement,  and la ter  slightly deformed and Additional occurrences  of Keweenawan bedrock occur  
metamorphosed (Card et al., 1972). The Proterozoic  supra- along t h e  e a s t  shore  of Lake Superior. These  occurrences  
crus ta l  rocks in t h e  a r e a  consist of t h e  Animikie Group and (Unit 8, Fig.l.1) consist  predominantly of basal t ic  flows, 
Keweenawan Supergroup. interlayered with polymictic conglomerate  and r a re  

volcaniclastic horizons, and intruded by smal l  acid bodies, A ~ h e b i a n  rocks of the Animikie consist of thin basic dykes and a few small quartz gabbro bodies Gunflint and Rove format ions  (Moorhouse, 1960) exposed 
southwest of Thunder Bay and discontinuously along t h e  shore (Annells, 1973). 

of Lake Superior, eas tward f rom Thunder Oay  to Rossport 
(Unit 6, Fig. 1.1). The Gunflint Formation consists of a basal 
conglomerate,  overlain by two  cycles of cher t ,  tuf faceous  
shale,  and carbonate-taconite capped by a discontinuous 
l imestone member (Kustra,  et al., 1977). The Rove 
Formation conformably overlies the  Gunflint Formation and 
consists largely of t h ree  lithologic units (Guel, 1970): black 
pyr i t ic  shale and argillite, a rgi l l i te  interbedded with 
greywacke and shale, and quar tz i t ic  greywacke wi th  argil l i t ic 
interbeds. 

Helikian s t r a t a  (Sibley Group, Osler Group) of t h e  
Keweenawan Supergroup, cover t h e  Archean basement  rocks 
through much of the  Nipigon-Red Rock a r e a  (Fig. 1.1). The 
Sibley Group (Unit 7, Fig. 1.1) consists of t h ree  formations: 
Pass Lake, a basal qua r t z  a ren i t e  locally conglomeratic;  
Rossport, comprising lower and upper red dolomitic members 
separa ted by an in termedia te  cher t -carbonate  and 

A large  variety of Helikian intrusions a r e  present within 
t h e  survey a r e a  around Lake Superior, including Logan 
tholeii t ic diabase sills (Blackadar, 1956; Unit 9, Fig. 1.1) and 
alkaline intrusive complexes including t h e  Por t  Coldwell 
(Mitchell and P la t t ,  1977) and Killala Lake alkali syenitic 
bodies and t h e  Pra i r ie  Lake and Firesand River carbonat i te  
complexes (Sage, 1975, 1977). 

The  Hadrynian Jacobsville Formation, exposed near  
Sault  Ste. Marie (Fig. 1.1, Unit 1 I), is a c las t ic  redbed 
sequence which underlies much of Lake Superior 
(Card et al., 1972; Dell, 1975). I t  is locally overlain by 
Paleozoic  sedimentary  s t r a t a .  

The Paleozoic s t r a t a  of t h e  Hudson Bay Lowland a r e  
composed dominantly of carbonate.  The Mesozoic s t r a t a  a r e  
composed of lignite-bearing sandstones and associated 
kaolinit ic beds. 

st;omatolitic -member; Kama  Hill, purple moderately fissle 
shale and sil tstone (Franklin, 1978). 7 h e  Osler Group (un i t  8, Regional Metallogeny 
Fig. 1.1) consists primarily of subaerially deposited tholeii t ic Because t h e  chemistry and mineralogy of meta l  basal t  with very minor rhyolite and minor in tercala ted  fluvial  occurrences and deposits can give some indication of c las t ic  rocks (Franklin, 1978). expec ted  e lement  associations in lake environments a 

generalized deposit classification, summarized f rom 
Coker et al. (in prep.), is presented. Deposit types  may be  



conveniently grouped in to  four major classes. Selected 
deposits and occurrences representing each  class a r e  shown 
on  Figure 1.1 ("1. 

I. S t ra t i form deposits. 
(a) Archean volcanogenic massive sulphide deposits 

("19). 
(b) Archean ("22) and Aphebian (*2) iron formations. 
(c) Archean gold deposits ("20, 21). 

11. Intrusion hosted deposits 
(a) Ni-Cu-Pt deposits in both Archean ("8) and 

Helikian (*I) intrusions. 
(b) Helikian alkalic and carbonat i te  deposits 

("16, 17, 18, 23). 
(c)  Archean massive sulphide ("1 1). 

I11 Veins 
(a) Veins re la ted  to  Helikian intrusions 

( I )  Ag-Pb-Zn-Cu veins ("4) 
(2) Pb-Zn-Ag (*I41 
( 3 )  Pitchblende ("24) 

(b) Genetically similar veins re la ted  t o  t h e  uncon- 
formity between t h e  Sibley Group and Archean 
(locally Aphebian) rocks. 
( I )  Pb-Zn-Ba-amethyst ("5, 6) 
(2) Pitchblende and uraniferous a p a t i t e  ('7) 

(c) Copper veins and disseminations re la ted  t o  various 
Helikian s t r a t a  ("9, 10, 25). 

(d) Archean gold-bearing veins (*I 3). 

IV Breccia pipes (*I 5, 26). 

Regional Bedrock Geochemistry 

Relevant chemical character is t ics  (Hg, F, As, CaO, 
MgO, Con  and Si02)  of t he  various bedrock lithologies within 
t h e  eas t  half of t he  survey a rea  a r e  summarized in Table 1.2. 

Bedrock samples were  crushed, ground, and ball milled 
t o  pass a 100-mesh (150 p m) sieve. The resultant mater ia l  
was  ,analyzed for: mercury, by t h e  Hatch and O t t  procedure 
(Jonasson et al., 1973); arsenic,  by a tomic  absorption-hydride 
generation (Aslin, 1976); fluorine, a f t e r  fusion, leaching and 
mixing with TISAB, by se lect ive  ion electrode; CaO, MgO and 
SiOn by X-ray spect rometry;  and C o n  by w e t  chemistry. 

The survey a r e a  is primarily underlain by s i l ica te  
bedrock, a s  indicated by SiOZ con ten t s  (Table 1.2). 
Exceptions a r e  t h e  two  carbonate-rich (as  depic ted by 
relatively e levated CaO+MgO+C02 contents,  Table 1.2) 
lithologies: t h e  Pra i r ie  Lake carbonat i te  (Fig. 1.1, "16) and 
t h e  Rossport Formation of t h e  Sibley Group (Fig. 1.1, Unit  7). 

Further examination of the  da ta  summarized in 
Table 1.2 reveals o ther  bedrock lithologies with distinctive 
chemical characterist ics.  The Rove Formation of t h e  
Animikie Group (Fig. 1.1, Unit 6) is character ized by highly 
e levated mercury contents.  Elevated average fluorine 
contents  occur in the  Coldwell syenitic complex 
(Fig. 1.1, *l8), t he  Rove and Gunflint formations of t h e  
Animikie Group (Fig. 1.1, Unit 6 ) ,  and t h e  Kama Hill and 
Rossport (dolomitic members) for mations of t he  Sibley Group 
(Fig. 1.1, Unit 7). Significant levels of arsenic a r e  found in 
t h e  Rove and Gunflint formations of t h e  Animikie Group 
(Fig. 1.1, Unit 6), Archean pegmat i tes  (Fig. 1.1, Unit 5) and 
metasedimentary  rocks (Fig. 1.1, Unit 3), and the  Kama Hill 
Formation of t h e  Sibley Group (Fig. 1.1, Unit 7). 

Carbonate  f ac i e s  iron format ions  t h a t  occur  in t h e  
vicinity of Wawa (Fig. 1.1, "22) have appreciable arsenic  
con ten t s  averaging 210 ppm, based on 97 samples  
(Goodwin, 1964). 

Regional Glacial  Geology 

Regional Ice  Flow History. The study a r e a  l ies d i rec t ly  
down i ce  f rom t h e  major Paleozoic carbonate  basin of Hudson 
Bay (Fig. 1.2). Through severa l  glaciations t h e  general  i ce  
flow pa t t e rn  in this region was  southerly and southwesterly 
f rom a glacial  c e n t r e  in Labrador-Quebec (Prest ,  1970, 
p. 712, 713; Shilts  et al., in press; Skinner, 1973). During 
r e t r e a t  of t h e  i c e  sheet  f rom t h e  region, lobes were  formed 
by i ce  flow channeled along major depressions or by surging 
of unstable i c e  f ronts  in to  glacial  lakes. These las t  i ce  
movements were  in some  cases  at considerable angles t o  
general flow pat terns  during t h e  maximum development of 
t h e  Quebec-Labrador sector  of t h e  i ce  sheet ,  but t hey  
probably had l i t t l e  e f f ec t  on the  composition of t h e  drift. 

Glacial  Lakes. During t h e  recession of t h e  i ce  sheet ,  
proglacial lakes were  formed in Lake Superior and adjoining 
basins. Zoltai (1965) reported t h a t  varved sediments  
deposited in these  lakes  can  be found in depressions along t h e  
north shore of Lake Superior t o  a l t i tudes  of a t  least  250 m 
above sea  level. They a t t a in  thicknesses of more  than 11 m 
but  ave rage  about 3 m. Boissonneau (1966) reported a reas  of 
varved clay a t  a l t i tudes  of 300-330 m in t h e  northeastern par t  
of t h e  study area.  Ryder (1964) re la ted  pat terns  of alkalinity 
and to t a l  dissolved solids in lake  wa te r s  of western  Ontar io  t o  
a r e a s  of former  submergence in glacial  lakes or  mar ine  
waters.  According t o  Boissonneau and Zoltai, however, t h e  
occurrence  of f ine  grained water-laid sediments  in a r e a s  
covered by these  glacial  lakes is spot ty  and t h e  formerly  
submerged a reas  a r e  mainly underlain by t i l l  o r  bedrock. 

Dri f t  Composition. Although many types  of glacial  
d r i f t  and postglacial sediments  occur  in t h e  region, most of 
t h e  study a r e a  is  covered by grey, sandy ti l l  with abundant 
s tones  derived f rom local bedrock. Beneath  Lake Superior 
i tself ,  t h e  t i l l  is red  and more  f ine  grained, ref lec t ing 
derivation f rom hemat i t e  - cemented,  Hadrynian Jacobsville 
sandstone t h a t  underlies much of t h e  basin (Dell, 1975). 
According t o  Dell, l a t e  glacial northward flow from t h e  north 
flank of a Lake Superior glacial  lobe carr ied  red, hemat i te-  
r ich t i l l  on to  land west of t he  Sibley Peninsula. It is not 
known how far  north this dispersal extends.  

East of Lake Nipigon, t h e  till contains,  according t o  
Zoltai (1965, p. 251) "A g rea t  number of fossiliferous 
l imestone fragments...", presumably derived f rom the  
Paleozoic bedrock of t h e  Hudson Bay Lowland. \Vest of t he  
Nipigon moraine (Fig. 1.21, Zoltai (1965) repor ted  t h a t  no 
ca rbona te  e r r a t i c s  were  known t o  occur. Boissonneau (1966) 
s t a t ed  t h a t  t h e  nor theas tern  par t  of t h e  study area ,  north of 
Wawa, is covered by sandy ti l l  t h a t  conta ins  abundant 
ca rbona te  er ra t ics .  Boissonneau (1966, p. 560) aptly 
summarized t h e  influence of glacially t ranspor ted  carbonate  
bedrock; "Since i c e  masses moving f rom J a m e s  Bay have 
transported g r e a t  quant i t ies  of ca rbona te  rocks in to  t h e  
(Boissonneau's) study area ,  t h e  Paleozoic rocks t o  t h e  north 
have  had an important  influence upon t h e  petrography of t h e  
dr i f t  materialsft .  

Zoltai (1965, p. 251) measured It... up t o  15% calcium in 
t h e  f ine  matrix.." in sandy tills. He also noted t h a t  tills 
derived f rom t h e  Proterozoic  "red shale bedrock" north of 
Lake Superior (presumeably t h e  Rossport Formation of the  
Sibley Group) contained up t o  40% "carbonates." Boissonneau 
(1966) found t h a t  sandy tills occurring in t h e  northeastern 
par t  of t h e  present study a r e a  contained 15-20% 
"carbonates." 

Ryder (1964) did not mention t h e  e f f ec t s  of t he  
chemical  composition of dr i f t  on regional lake water  
alkalinity patterns.  He implied t h a t  t h e  pat terns  were  
re la ted  solely t o  f ac to r s  associated with mar ine  or lacust r ine  
submergence, but gave  no indication of what  physical o r  
chemical proper t ies  of sediments  in t h e  submerged a reas  



Table 1.2 

The Hg, F, As, CaO, MgO, Con and SiOn contents of various lithologies, 
north shore, Lake Superior (52A, 52H(S 1/21, 42D and 42E(S 1/21) 

L i t h o l o g i c  
U n i t  (Fig.  1.1) 

11 

10 

9 

8 

7 

6 

5 

3 

1 

N* = N u h e r  of  Samples 
* I f  the number o f  samples f o r  any i n d i v i d u a l  parameter 

d i f f e r s  f rom the t o t a l  it i s  ind tca ted  i n  brackets 

Hg 
( P P ~ )  

20(1) 

15(4) 
5-28 

5(1) 

28(1) 

235(13) 
54-568 

Age and General 
Descr ip t ion  

PRECAMBRIAN 

PROTEROZOIC 
Hadrynlac - -  

Sandstone, conglomerate, shale 

H e l i k i a n  - - --  

C a r b o n a t i t e - a l k a l i ~  complexes 

Diabase 

Volcanic and mi nor sedimentary 
rocks 

Sedimentary rocks(Conglomerate, 
sandstone,shale,carbonate 
rocks)  

' 

Aphebian - - - - 

Sedimentary rocks (Greyw'acke, 
shale,argillite,conglomerate). 
minor volcanics and der ived 
metamorph i c  rocks. 

ARCHEAN 

F e l s i c  igneous and 
metamorphic rocks, m igmat i t i c  
metasediments 

Metasediments and metavolcanics 

Metavolcanics and metasediments 

Ar i thmet i c  mean 
390-1155 - Range (minimum - 

F 
( P P ~ )  

55 

1740 
190-3700 

180 
105-270 

606(4) 
390-1155 

499(25) 
61-1825 

138(4) 
36-205 

150 
81-205 

142(3) 
77-190 

683(16) 
200-1425 

1120 
41-3700 

153 
55-450 

280 
85-1065 

153 
90-205 

130 

115 

116 
68-205 

154 
45-270 ' 

250 
230-270 

259 
60-450 

185 
125-245 

Spec i f i c  Group, 
Formation o r  L i tho logy  

P r a l r e  Lake Carbonati t e  

Coldwell Syent ic  Complex 

Osler Group 

S ib ley  Group 
Kama H i l l  Formation 

Rossport Formation 
Upper and lower 
do lomi t i c  member 

Medial cher t  member 

Pass Lake Formation 
Sandstone member 

Conglomeratic member 

Animik ie Group 
Rove Formation 

G u n f l i n t  Formation 

Gran l t e  

Quartz monzonite 

Granodior i  t e  

Trondhjemi t e  

Tona l i  t e  

Pegmatite 

Grani te gneiss 

M igmat i t i c  metasediments 

Metasedimentary rocks 

Metavolcanic rocks 

maximum) 

As 
( P P ~ )  

0.3 

2.5 
0.3-6.6 

0.7(3)  
0.3-1.2 

5.5(2) 
2.5-8.5 

1.6(14) 
0.2-4.6 

0.3(3) 
0.2-0.3 

0.6(4) 
0.3-1.2 

0.8(2) 
0.7-0.9 

16.8(14) 
1.8-54.4 

20.0(1) 
- 

0.5(17) 
0.3-1.2 

1.4(11) 
0.3-8.5 

0.6(3) 
- 

0.6 

0.6 

9.3(11) 
0.3-96.9 

0.7(6) 
0.3-1.2 

0.6 
0.3-0.8 

5.6(6) 
0.6-24.6 

N* 

0 

2 

10 

4 

0 

3 

21 

5 

2 

3 

10 

18 

16 

5 

1 

1 

13 

7 

2 

7 

2 

CaO 
(%I  

53.9 
53.3-54.4 

4.1 
1.2-11.4 

9.4 
7.9-10.1 

1.6 
1.1-2.1 

10.6 
0.5-19.8 

18.0 
13.0-25.1 

2.1 
0.1-8.1 

2.1 
2.0-2.2 

0.5 
0.3-0.6 

4.0 
0.1-9.2 

0.4 
0.1-1.5 

0.9 
0.1-2.7 

0.5 
0.2-0.6 

0.5 

1.5 

0.5 
0.2-1.1 

1.0 
0.3-1.7 

3.2 
3.1-3.2 

2.0 
1.1-2.4 

3.2 
1.5-4.8 

0.4 
0.2-0.6 

2.0 
0.1-8.0 

9.2 
5.6-13.5 

5.3 
2.6-6.9 

8.9 
0.3-17.7 

7.4 
3.6-10.8 

1.2 
0.2-2.6 

1.3 
0.3-2.3 

3.0 
2.6-3.3 

1.8 
0.1-4.8 

0.6 
0.1-1.5 

0.8 
0.3-2.2 

0.5 
0.3-0.8 

0.3 

0.6 

0.4 
0.1-1.0 

1.0 
0.2-2.8 

2.2 
1.6-2.8 

3.0 
2.3-3.8 

2.6 
1.2-4.0 

42.3 
41.8-42.8 

0.4 
0.0-2.7 

0.3 
0.0-1.3 

0.8 
0.0-2.4 

14.6 
0.3-32.1 

19.7 
14.9-24.4 

2.0 
0.0-7.6 

3.2 
1.7-4.7 

0.1 
0.1-0.2 

5.6 
0.0-27.3 

0.0 
0.0-0.3 

0:l 
0.0-1.0 

0.0 
0.0-0.1 

0.0 

0.0 

0.0 
0.0-0.1 

0.1 
0.0-0.6 

0.3 
0.0-0.6 

0.0 
0.0-0.1 

1.7 
0.1-3.2 

1.2 , 

0.8-1.7 

55.7 
44.8-63.9 

49.3 
47.8-50.7 

62.4 
57.3-69.2 

52.2 
23.0-94.2 

51.6 
40.2-64.0 

86.1 
78.6-94.8 

88.0 
84.4-91.5 

65.5 
63.9-68.1 

64.6 
29.1-94.5 

73.2 
70.3-75.8 

70.8 
59.9-75.5 

72.8 
70.3-74.2 

74.8 

69.7 

74.9 
70.6-82.9 

71.0 
63.2-74.2 

63.3 
61.4-65.2 

64.3 
61.3-68.2 

65.8 
64.3-67.2 



Table 1 .3 

A comparison of the pH and fluorine content of lake waters, and of the mercury and arsenic contents of 
lake sediments from northwestern Manitoba, north shore of Lake Superior and southeastern Ontario 

Southeastern 
Ontario (31 C, F) 

Area 
(N.T.S.) 

Northwestern Manitoba 
(64 9, K, N, 0 )  

North Shore of Lake 
Superior (52 A, H; 
42 C, D, E, F; and 
41 K, N) 

- 

177(266) - Arithmetic mean (Standard Deviation) 
108(0.403) - Geometric mean (loglo Standard Deviation) 
20-2440 - Range (minimum - maximum) 
(852) - Number of samples 

)DaT 4 10-580 
(1250) 

pH  : Northwestern Manitoba and southeastern Ontario pH measured i n  situ using a Matek Mark V Water Quality Analyzer. 
North shore of Lake Superior pH measured using a glass-calomel combination electrode. 

F : Selective ion electrode. 
Hg : Hatch and Ot t  procedure (Jonasson et al, 1973). 
As : Northwestern Manitoba, north shore of Lake Superior (west half of area only) and southeastern Ontario As measured 

by colorimetry. North shore of Lake Superior (east half) As determined by atomic absorption-hydride generation 
(Aslin, 1976). 

Lake Water 

could have influenced alkalinity or concentrations of 
dissolved solids. It seems to the present authors that the 
pockets or sheets of fine grained lacustrine sediments in  
former areas of submergence would be subject t o  more 
erosion than other types of d r i f t  and would cause heavier 
sediment 1oads.in the modern drainage systems. As this fine 
grained detritus is calcareous, being originally derived f rom 
calcareous glacial debris, much of it may dissolve causing 
disproportionate effects on alkalinity and concentrations of 
dissolved solids. 

PH 

6.8(0.5) 

4.2-8.2 
(1111) 

6.9(0.6) 

3.1-8.3 
(4293 ) 

1.5(4.0) 
0.9(0.350) 0.5-80.0 

(1250) 

Zoltai (1965) analyzed a number of samples of varved 
sediments for carbonate content, finding them to  contain 
16-20 per cent "carbonates" by weight within the study area. 
Since it is not known by what method the carbonate analyses 
o f  Boissonneau and Zoltai were accomplished nor on what 
specific textural fraction the analyses were performed, not 
much can be concluded about the buffering capacity of the 
lake sediments or tills, other than to say that the t i l ls are 
exceptionally carbonate r ich i n  comparison to "normal1' sandy 
t i l ls of the Canadian Shield. 

Reference 

pH and F (Coker , 1976) 

Hg and As (Hornbrook e t  al, 
1976a, b,c,d) 

Geological Survey o f  
Canada (1978a,b, and 
1979a, b)  

Lake Sediments 

F 
( P P ~  

177(266) 
108(0.403) 
20-2440 
(852) 

45(24) 
42(0.152) 
10-760 
(4293) 

pH and F (Coker and Closs, 1979) 

Hg and As (Geological Survey of 
of Canada, 1977a, b )  

The present authors have analyzed the carbonate 
content of the 63p m to 4 4 ~  m fraction of unweathered till 
samples from boreholes dril led by the Polar Gas Consortium 
just north of the study area. Total carbonate was determined 
with a Leco carbon analyzer using a method described by 
Foscolos and Barefoot (1970). The results of these analyses 
(depicted on Fig. 1.2) give some idea of how carbonate 
content of this fraction varies wi th increasing distance down 
ice from the Paleozoic carbonate terrane. For comparison, 
analyses of the same fraction of till from three boreholes in 

Hg  
( P P ~ )  

43(22) 
37(0.244) 
5-190 
(3661) 

133(58) 
122(0.193) 
20-710 
(1816) 

the area of Paleozoic outcrop in  northeastern Manitoba 
yielded tota l  carbonate contents of 10 to  17 per cent wi th a 
mean of 15 per cent (1 1 samples). 

As 
( P P ~ )  

1.2(6.8) 
0.8(0.290) 
0.5-400.0 
(3661) 

0.9(2.7) 
0.6(0.263) 
0.5-150.0 
(4293) 

Geochemical Distribution Patterns of Lake Water and 
Lake Sediment Samples 

pH  of Lake Waters 

There is documentation of the incidence of acid 
precipitation and the subsequent acidification of 
freshwater lakes within Ontario, specifically in the 
vicinity of Sudbury (Gorham and Gordon 1960; 
Conroy e t  a]., 1975; Beamish and Van Loon, 1977) and south- 
central Ontario (Dillon e t  al., 1978; Scheider e t  al., 1979 and 
Jeffries et al., 1979). However, there is t o  date no 
documentation of acidification of lakes within Ontario west 
of Sudbury. 

The east shore of Lake Superior is at  times subjected to 
surface winds (Bryson, 1966) that pass through the east- 
central U.S.A., the dominant source of sulphur dioxide and 
nitrogen oxide emissions in North America (Voldner and 
Shah, 1979). Likens (1976) il lustrated that whereas the east 
shore of Lake Superior received precipitation wi th weighted 
annual average pH greater than 5.6 i n  1955-56 (5.6 being the 
value for "clean" precipitation i n  equilibrium wi th 
atmospheric carbon dioxide), it received precipitation wi th 
weighted annual average pH varying between 4.5 and 5.0 in  
1972-73. Shaw (1 979) also has demonstrated that high aerosol 
sulphate concentrations in  the Great Lakes area (as high as 5 
t o  15 pg/m3 along the east shore of Lake Superior) are being 
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Figure 1.3. Lake water acidity ( p H ) ,  north shore, Lake Superior, Ontario. 

t ranspor ted  by wind and deposited by precipitation as far  e a s t  
as t h e  Mari t ime provinces. It is evident,  therefore ,  t h a t  t h e  
e a s t  sho re  of Lake Superior rece ives  acid precipitation.  

The  determinat ion  of t h e  pH of su r f ace  lake  wa te r s  
around t h e  north shore  of Lake Superior gives an  e s t i m a t e  of 
t h e  present degree  of ac id i f ica t ion  of lakes within this region 
(Fig. 1.3). The pH of t h e  su r f ace  lake  wa te r s  within t h e .  
survey a r e a  varies f rom 3.1 t o  8.3, averaging 6.9 (Table 1.1). 
The variations in pH a r e  t h e  result  of t h e  combined e f f ec t s  of 
na tura l  and anthropogenic fac tors .  

North of Lake Superior,  pH is governed by t h e  s a m e  
t h r e e  f ac to r s  t h a t  Kramer  (1975) c i t ed  for  lakes of t h e  
Sudbury area :  (a) t h e  r a t e  of input of s t rong acid;  (b) t h e  
location of t he  lake  re la t ive  t o  t he  prevailing winds, which 
can modify (a); and (c)  t h e  geochemistry of t h e  surficial  
sediments  and bedrock, which determines  t h e  buffering 
capaci ty  of t he  l ake  and t h e  runoff wa te r s  enter ing  it. 

The  Lake Superior survey a r e a  is primarily underlain by 
siliceous bedrock (Table 1.2, Fig. 1.1). In o ther  a r eas  of t h e  
Canadian Shield with similar siliceous bedrock, such a s  
nor thwestern  Manitoba and southeas tern  Ontario,  su r f ace  
lake  wa te r s  ave rage  neutrali ty (pH=7.0) (Table 1.3). The main 
d i f ferences  between t h e  o the r  a r e a s  and t h e  north shore of 
Lake  Superior are:  ( I )  t h e  localization of groups of acid 

lakes, primarily along t h e  ea s t  shore  of Lake Superior (2) t h e  
higher incidence of more  severely depressed pH values, t o  a 
minimum of 3.1, in s u r f a c e  lake  waters ;  and (3) t h e  l a rge  
region of a lka l ine  lakes  in t h e  nor theas tern  pa r t  of t h e  a r e a  
(Fig. 1.3, Table 1.3). 

Within t h e  survey a r e a  t h e r e  is similar bedrock o n  t h e  
e a s t  shore  of Lake Superior and immedia te ly  nor th  and 
nor thwest  of Thunder Bay (Fig. 1.1). However, s u r f a c e  l a k e  
wa te r s  f r o m  t h e  e a s t  shore  of Lake Superior a r e  t h e  most 
ac id  within t h e  survey a rea ,  whereas  those  nor th  and 
nor thwest  of Thunder Bay a r e  generally neut ra l  t o  slightly 
ac id  (Fig. 1.3), t h e  common range of su r f ace  wa te r  pH f o r  
lakes associa ted  wi th  siliceous bedrock. The  pH of t h e  highly 
acidified lakes  on t h e  ea s t  shore  of Lake  Superior has  possibly 
been depressed a s  a result  of acid precipitation (i.e. d i rec t ly  
equatable  t o  Kramer ' s  (a) and (b) f ac to r s ,  a s  ear l ie r  described 
and a s  documented for  t h e  ea s t  shore  of Lake Superior 
(Bryson, 1966; Likens, 1976; Voldner and Shah, 1979; and 
Shaw, 1979)). 

Nor theas ter ly  t rending reent rants  of acid su r f ace  lake  
wa te r s  in to  t h e  a r e a  of alkaline su r f ace  lake  waters ,  e a s t  of 
Nipigon-Red Rock, a t  Schreiber-Terrace Bay and a t  Marathon 
may be re la ted  t o  pulp and paper manufactur ing operations in 
t hese  centres.  
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Figure 1.4. The distribution of fluorine in lake waters, north shore, Lake Superior. Ontario. 

Kramer  (1975) suggested ( fac tor  c) t h a t  ca lcareous  
surficial  sediments  and/or bedrock l i thologies can  ass imi la te  
hydrogen ions and continuously buffer local  waters ,  thereby 
overriding all o ther  f ac to r s  af fec t ing  pH. This phenomenon is 
i l lustrated by t h e  l a rge  a r e a  of relatively alkaline su r f ace  
lake  wa te r  extending f rom just ea s t  of Lake Nipigon t o  t h e  
nor theas t  corner and c e n t r e  of t h e  ea s t e rn  border of t h e  
survey a r e a  (Fig. 1.3). This a r e a  is underlain by ca lcareous  
"drift" (till and proglacial lake sediments).  The ca rbona te  
component has been transported southerly and southwesterly,  
f rom t h e  Paleozoic bedrock t h a t  forms t h e  Hudson Bay basin 
and adjoining lowlands, severa l  hundred k i lometres  o u t  on to  
t h e  Canadian Shield. The alkaline nature  of t h e  surface  lake  
wa te r s  in this par t  of t h e  a r ea  is indicative of t h e  capaci ty  of 
t h e  ca lcareous  d r i f t  t o  buffer t h e m  and sugges ts  t he i r  
enhanced to lerance  t o  acid precipitation,  compared wi th  
o ther  Shield areas.  

Carbonate-bearing bedrock (Table 1.2) within t h e  survey 
a r e a  has  a def in i te  buffering e f f e c t  on t h e  w a t e r s  of lakes 
located on it. A region of relatively neut ra l  t o  alkaline 
surface  lake wa te r s  nor theas t  of Thunder Bay and both e a s t  
and west of Nipigon - Red Rock (Fig. 1.3) is underlain by t h e  
Sibley Group (Fig. 1.1, Unit 7), in par t icular  i t s  ca rbona te  
members  (Table 1.2). Along t h e  ea s t  shore  of Lake Superior 
most surface  lake  wa te r s  a r e  acid with t h e  except ion  of a n  
a r e a  trending nor theas ter ly  f r o m  Wawa in which lakes a r e  

underlain by ca rbona te  (as  well a s  minor sulphide and oxide) 
f ac i e s  iron format ions  (Fig. 1.1, "22). In both  these  a r e a s  t h e  
pH of t h e  su r f ace  lake  wa te r s  is a ref lec t ion  of t h e  buffering 
capaci t ies  of t h e  associated bedrock lithologies. 

Fluorine in Lake Waters  

Variation in t h e  fluorine con ten t  of su r f ace  lake  w a t e r s  
around t h e  north shore  of Lake Superior is depic ted  in 
Figure  1.4. The north shore  of Lake Superior is character ized  
by relatively low ave rage  f luor ine  concentra t ions  in su r f ace  
lake  wa te r s  compared with nor thwestern  Manitoba and 
southeas tern  On ta r io  (Table 1.3). 

Within t h e  survey a r e a  e levated  fluorine con ten t s  in 
su r f ace  lake  wa te r s  (Fig. 1.4) a r e  d i rec t ly  corre la t ive  w i th  
high ave rage  f luor ine  contents  in speci f ic  bedrock l i thologies 
(Table 1.2). At  Marathon high fluorine is re la ted  t o  t h e  
Coldwell alkali  syenit ic complex (Fig. 1.1, *18); southwest of 
Thunder Bay relatively e levated  fluorine contents  a r e  
associa ted  wi th  t h e  Rove  and Gunflint  format ions  of t h e  
Animikie Group (Fig. 1.1, Unit 6); wes t  of Schreiber high 
fluorine probably r e f l ec t s  t h e  f luor i te  t h a t  occurs in veins in 
g ran i t e  near Rossport (Fig. 1.1.); and, nor theas t  and north- 
west  of Nipigon - Red Rock e l eva t ed  fluorine is associated 
wi th  t h e  Karna Hill and Rossport  format ions  of t h e  Sibley 
Croup (Fig. 1.1, Unit 7) .  
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Figure 1.5. The distribution of arsenic  in lake  sediments,  nor th  shore,  Lake Superior, Ontario.  

There  is a moderate  positive correlation (Fig. 1.7) 
between fluorine and pH (ie. alkaline) in surface  lake waters  
(Fig. 1.3, 1.4). This association possibly explains t h e  
relatively elevated fluorine contents  of lakes over cer ta in  
carbonate  lithologies, such a s  the  carbonate  members of t h e  
Sibley Group around Nipigon-Red Rock (Fig. 1.1, Unit 7) and 
t h e  carbonat i te  bodies north of Marathon (Fig. 1.1, Unit 10). 
Although variations in dr i f t  types  and thicknesses may also 
exe r t  some  influence on fluorine patterns,  such a s  t h e  
relatively enhanced fluorine levels in surface  lake  waters  
around White River, an  a rea  of granitic (pegmat i t ic)  bedrock 
overlain by calcareous drift ,  t h e r e  a r e  no obvious 
relationships in t h e  data.  

Arsenic in Lake Sediments 

As previously discussed, t h e  analytical  method for  the  
determination of arsenic  in lake sediments  varied between 
t h e  east (a tomic  adsorption-hydride generation) and west 
(colorimetry) halves of t h e  survey area.  Sta t is t ica l  
computations carr ied  out  on t h e  arsenic contents  of t h e  to ta l ,  
eas t  half (east  of 86") and west half (west of 86") lake 
sediment populations a r e  su r r~~nar i zed  a s  fouows:- 

Range (minimurn- 
maximum) 

Ari thmet ic  mean 
Standard deviation 
Coeff ic ient  of 

Variation 
Geometr ic  mean 
logl Standard 

deviation 
Number of Samples 

Total  - 
0.5-150.0 

West (1977) 

0.5-30.0 

East  (1978) 

0.5-150.0 

As 80 per c e n t  (Fig. 1.5) of t h e  arsenic  d a t a  l ies a t  or below 
t h e  detect ion l imit  for both analytical  methods (1.0 ppm), t h e  . .  . 
extract ion method used is only df significance for comparing 
values of samples containing more  than 1.0 pprn. Therefore,  
even though the  arsenic contents  of lake  sediments  f rom t h e  
east half of t h e  survey a r e a  show more  variation (i.e. la rger  
range, s tandard deviation and coeff ic ient  of variation) than 
those  f rom t h e  west  half, al l  lake sediments  with arsenic  
levels above 1.0 ppm should be regarded a s  significant, with 
t h e  realization tha t  t he  arsenic levels b1.0  pprn) in the  west 
a r e  only partial  levels, re la t ive  to  those in the  east .  
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Figure 1.6. The distribution of mercury in lake  sediments,  nor th  shore,  Lake Superior, Ontario.  

The arsenic contents  of lake sediments around the  north 
shore  of Lake Superior (Fig. 1.51, a r e  relatively lower, on 
average, than in northwestern Manitoba or southeas tern  
Ontar io  (Table 1.3). 

Elevated contents  of arsenic  in lake  sediments (Fig. 1.5) 
appear t o  be re la ted  t o  bedrock lithologies (Table 1.2) and/or 
t o  sulphide mineralization known t o  be  associated with 
e levated arsenic concentrations,  such as: t h e  iron format ions  
a t  Wawa (Fig. 1.1, "22); t h e  Rove and Cunflint formations of 
t h e  Animikie Group (Fig. 1.1, Unit 61, west and southwest of 
Thunder Bay; t h e  Kama Hill Formation of t h e  Sibley 
Group (Fig. 1.1, Unit 7), west of Nipigon - Red Rock; and 
various sulphide and gold occurrences,  a s  well a s  specific 
arsenic-bearing Archean pegmat i tes  (Fig. 1.1, Unit 5) and 
metasedimentary  rocks, (Fig. 1 .I, Unit 3) throughout t h e  
survey area.  

There is a def in i te  correlation among t h e  arsenic,  iron 
and manganese contents  of lake sediments  (Fig. 1.7). The 
hydrous oxides of iron and manganese a r e  known t o  be  
scavengers of many t r a c e  e lements  (i.e. Co, Ni, Zn, As) 
within the  lacustrine environment of this region 
(Coker et al., in press). Some of t h e  e levated arsenic  
contents  in lake  sediments  a r e  undoubtedly re la ted  t o  this 
scavenging phenomenon, but for scavenging t o  occur, a source  
of arsenic,  iron and/or manganese must be  coincident with 
suitable limnological conditions. 

Mercury in Lake Sediments 

The  distribution of mercury in lake  sediments  within t h e  
west half of t h e  survey a r e a  is i l lustrated in Figure  1.6. 
Mercury in lake  sediments around t h e  north shore  of Lake 
Superior is appreciably higher than in northwestern Manitoba 
or  southeas tern  Ontar io  (Table 1.3). This is primarily t h e  
result  of t h e  influence of e levated levels of mercury in t h e  
Rove Format ion of t h e  Animikie Group (Fig. 1.1, Unit 6 ;  
Table 1.21, a s  ref lec ted by elevated levels of mercury in lake 
sediments  southwest  of Thunder Bay (Fig. 1.6). Elevated 
mercury in lake  sediments  also appears  t o  b e  re la ted  t o  some 
of t h e  sulphide and gold occurrences,  a s  well a s  t o  some of 
t h e  Helikian intrusions (Fig. 1.1, Units 9 and 101, within t h e  
survey area.  

Mercury is corre la ted  with loss-on-ignition (L.O.I.) and 
with Cu, Ni, Zn and C o  in lake sediments  within t h e  survey 
a r e a  (Fig. 1.7). The association of Hg (and Zn) with loss-on- 
ignition (L.O.I.) i l lus t ra tes  the  affinity of these  e lements  for 
organic m a t t e r  within t h e  lacust r ine  environment.  The 
association of Hg with Cu, Ni, Zn and C o  is a reflection of 
t h e  association of these  e lements  within cer ta in  bedrock 
lithologies such a s  Rove Formation of t h e  Animikie Croup and 
some  of t h e  Helikian intrusions within t h e  survey a r e a  (see  
Coker et al., in prep.) 
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Figure 1.7. Correlation matrix ( A )  and schematic representation ( B )  of the significant chemical associations in 
the lake waters and lake sediments from the north shore of Lake Superior, Ontario. 

Discussion and Conclusions under present natura l  environmental conditions, i.e. t hev  a r e  
in re la t ive  equilibrium with thei r  natura l  'environrhent. 

The Of variation of F, and Hg in Significant decreases  in soil and/or wa te r  pH may upset this modern lakes around the north shore Of Lake Superior 
natura l  equilibrium and could possibly re lease  these  and other  i l lus t ra te  the  s t rong and predictable influence of geology on 
me ta l s  in to  s t reams,  rivers, lakes, groundwaters,  etc. in pat terns  of chemical  variation. D a t a  on these  four  chemical 
potentially noxious forms, for eventual  uptake by vegetation pa ramete r s  a r e  presented here  a s  an  example  of t h e  type  of 
and ter res t ia l  or aquatic organisms (Beamish and geological information t h a t  can be  brought t o  bear on 
Van Loon, 1977; Scheider et al., 1979). evaluation of t h e  nature  and extent  of anthropogenic 

modifications of natura l  chemical systems. For instance,  Figures 1.3 through 1.6 i l lus t ra te  t h a t  many of t h e  
knowing the  a reas  north of Lake Superior where F, Hg and As deta i ls  of t h e  geochemical variation of lake sediments and 
a r e  naturally enhanced in lakes (and most ~ r o b a b l v  in lake wa te r s  a r e  re la ted  t o  t h e  chemical  character is t ics  of 
associated s d i ~ s )  allows some predictions to  be bade about  bedrock in or adjacent  t o  t h e  lake's dra inage basin. For 
a reas  where these toxic substances may become dangerous in example,  e levated mercury contents  of lake  sediments 
an  "acidified" landscape. Arsenic and mercury in lake  southwest of Thunder Bay a r e  c lear ly  re la ted  t o  abnormal 
sediments and adjacent  soils a r e  likely bound in s table  f o r m s  levels of mercury in t h e  Rove Formation; high arsenic near 



Wawa ref lec ts  t h e  e levated arsenic contents  of t h e  iron 
formations mined there;  locally alkaline pH in lakes northeast  
and northwest of Nipigon-Red Rock is related t o  calcareous 
s t r a t a  of t he  Sibley Group. 

Superimposed on these local variations, corre la t ive  with 
bedrock, a r e  t h e  buffering e f f ec t s  (and unknown t r a c e  
e lement  chemical variations) caused by glacial dispersal of  
carbonate  er ra t ics  southward and southwestward f rom t h e  
Hudson Bay Lowland. This glacial  even t  has spread a sheet  
of calcareous dr i f t  over much of t h e  study area.  Although i t  
is not known a t  what r a t e  this carbonate  det r i tus  was diluted 
during glacial  t ranspor t  by non-calcareous, locally derived 
debris, i t  can be  assumed t h a t  t h e  dr i f t  of t h e  northeastern 
par t  of t h e  study area  has the  highest carbonate  contents and, 
therefore,  should have the  greates t  potential  for buffering 
lakes lying on it. Perturbations in t h e  general pa t t e rn  of 
carbonate  dispersal could be caused by 1) l a t e  glacial 
lobations, which may have redistributed dr i f t  along flow 
directions related t o  topography or glacial  surging, 2) lack of 
significant dr i f t  cover either where waves of proglacial lakes 
have removed drift ,  or where dr i f t  is thin or patchy over 
Precambrian highlands, 3) derivation of carbonate-rich debris 
f rom local Precambrian bedrock sources,  such a s  the  Sibley 
Group, 4) cover by thick, non-calcareous post or late-glacial 
fluvial o r  wind-blown sediments,  such a s  outwash or  loess 
which a r e  known t o  reach significant thicknesses in some 
par ts  of t he  study area,  or 5) derivation of carbonate-rich 
debris f rom lacustrine clayey silts, which a r e  relatively 
susceptible to  fluvial erosion and can produce relatively high 
concentrations of (calcareous) dissolved solids because of 
thei r  f ine grain s ize  and potential for high sediment loading 
of drainage systems. 

From the  above discussions two major conclusions may 
b e  drawn:- 

(1) Variations of pH of lake waters  can be predicted t o  
some ex ten t  on t h e  basis of a knowledge of glacial  and 
bedrock geology. Variations of pH re la ted  t o  t h e  
natural  geological environment can be significant over a 
region. 

(2) Knowledge of natural  pat terns  of e levated meta l  
concentrations in lake sediments and soils can be used 
t o  "pinpoint" locations where pH reduction a s  a result  of 
anthropogenic acid precipitation can release potentially 
noxious components into drainage systems, and into the  
surficial  environment in general. 
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ERRATUM 

In t h e  discussion of Quaternary  geology and on Figure  1.2, f igures  
represented  a s  " to ta l  carbonate"  in t h e  63  p m-44 p m frac t ions  of t i l l  f rom 
Polar Gas  boreholes ac tual ly  represent  % C o n  equivalent in t h e  sample.  To  
conver t  these  f igures  t o  weight  96 calc ium ca rbona te  ( C a C 0 3 )  equivalent,  e a c h  
number should be  multiplied by 2.27. 
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Abstract 

Ice flow during retreat of the last ice sheet from southern Labrador was generally easterly but 
was affected greatly by two major topographic features. The Mealy Mountains parted the general flow 
as well as generating local ice caps. Lake Melville basin was a calving bay beheading the easterly ice 
stream that lay to the south of the basin. 

Radiocarbon dates indicate that the coast was deglaciated before 8640 years ago, that the Goose 
Bay area was ice free before 7460 yearsago, and that inland Labrador was deglaciated prior to 
6460 years ago. A moraine system lying south of Goose Bay herein named the Little Drunken Moraine 
tentatively is correlated with the Manitou-Matamek moraine system on the north shore of the 
St. Lawrence. The Late Wisconsin ice limit may lie in the southwest corner of the area, a t  the 
Paradise Moraine. 

This report is based on a reconnaissance Quaternary 
geology study of southeast Labrador. Data were gathered 
largely by airphoto interpretation and checked durin 
3 112 months field work in 1969 and 1970. About 165 000 km 8 
of terrain was mapped, and little detailed information was 
collected. The prime objective of the work was to produce 
surficial materials maps for subsequent biophysical surveys. 

Aspects of the late Quaternary glacial history that are 
presented are: the general pattern of ice flow during 
deglaciation, timing of deglaciation, possible correlations 
between moraines in the study area and areas to the south 
and west, and the possible extent of Late Wisconsin ice. 

The area discussed lies between 52" and 55"N and 
between the Labrador Sea and 64OW (Fig. 2.1). It is underlain 
by Precambrian Shield which in this area mainly consists of 
gneiss but also includes granitic intrusions, several major 
bodies of anorthosite, and small areas of unmetamorphosed 
sedimentary rocks. Landforms include bare rocky coasts, 
rock-controlled hills and mountains, drumlinoid plains, bog- 
covered flats, and extensive proglacial valley fills. 

.Ice Flow During Deglaciation 

The area has been subdivided into a number of regions 
in which flow patterns are similar (Fig. 2.2). The boundaries 
are drawn a t  discontinuities in flow pattern or a t  major 
morainal features that are thought to mark a significant 
break in the flow history. The main ice-directional flow 
features - drumlinoid ridges and crag-and-tail feature - were 
mapped almost entirely from airphotos. 

South Coastal Region (I)  

Evidence for glacial flow in this area is sparse, but a 
few ice-directional features suggest regional ice movement 
towards the southeast. The southerly component in the flow 
suggests movement from an ice centre in the Mealy 
Mountains or from an inland centre thick enough to overtop 
the Mealy Mountains. There appears to be a discontinuity 
between flow in this area and flow in areas immediately to  
the west and north. 

Mealy Mountains Region (6)  

This area is predominantly bare rock with widely 
scattered crag-and-tail features. It is likely that the eastern 
part of the massif was not completely ice covered during the 
Late Wisconsin. Areas higher than about 750 m are rubble 
covered, lack a fresh glaciated appearance, and are 
surrounded by cirques. However, the lower western end of 
the Mealy Mountains apparently was occupied by a local ice 
cap that flowed to the south and to the north. An isolated 
region of parallel southeasterly flow, preserved to the east in 
the Sandwich Bay area, indicates that the Melay Mountains 
flow regime was more extensive than the area outlined in 
Figure 2.2 prior to development of the overall pattern 
presently preserved in the Sandwich Bay area. 

The western Mealy Mountains region may have been an 
early accumulation centre with flow persisting through the 
Late Wisconsin. Confinement of local ice between mountains 
to the east and the ice sheet flowing from the inland centre 
lying to the west may have been the reason for the north and 
south flow from this area. 

The South Coastal flow pattern appears to be the oldest Figure 2.1. Study area location map and regional 
in the study area and, as explained later, probably is not correlations. Numbers (e.g., 9.5) refer to estimated age in 
related to the Late Wisconsin maximum. thousands of years. Dashed lines show the shape and 

estimated age of ice front positions according to Prest (1969). 
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Sandwich Bay Region (3) 

Evidence of i ce  flow is  abundant in th is  region though 
glacial  deposits a r e  thin. In general,  flow was nor theas t  
towards Sandwich Bay from the  confluent flow of t h e  upper 
Eagle River region. This is  in terpre ted a s  a regional flow 
swinging north t o  fill t h e  a r e a  e a s t  of t h e  Mealy Mountains. 

The Sandwich Bay flow postdates flow from t h e  Mealy 
Mountains, and because i t  is  contiguous with, but downstream ' 
from, t h e  upper Eagle River region, i t  must p reda te  
deglaciation of t h e  l a t t e r  area .  The Sandwich Bay flow was 
possibly a very l a t e  glacial phenomenon caused by drawdown 
into  Sandwich Bay ra ther  than a movement f rom a regional 
i ce  centre .  

North River Region (4) 

This a r e a  has  abundant glacial  flow, outwash, and i c e  
marginal features.  Flow direction swings f rom east-northeast  
a t  t he  northern edge of t t l s  region t o  southeas t  in the  south 
where t h e  regional pat tern  appears  t o  have been modified by 
the  presence of t h e  Mealy Mountains. Mountains adjacent  t o  
Sandwich Bay and the  Labrador Sea do not appear  t o  have 
been overtopped by i ce  during t h e  L a t e  Wisconsin; summits  
lack fresh glacial  fea tures ,  while fresh i ce  marginal f ea tu res  
surround them. Extensive outwash aprons and i ce  marginal 
f ea tu res  indicate  e i ther  a major st i l lstand or  readvance; 
possibly they mark the  margin of t he  maximum L a t e  
Wisconsin i ce  advance. 

Flow southeas t  around the  flanks of t h e  Mealy 
Mountains culminated in a morainal ridge t runcat ing 
Sandwich Bay flow features ;  consequently North River flow 
occurred la ter .  Construction of t h e  large  outwash t e r r a c e  in 
t h e  nor theas t  during deglaciation required t h e  continued 
presence of ice  t o  the  north, in Groswater Bay. 

Upper Eagle River Region (2) 

Abundant glacial  deposits and well developed glacial  
f ea tu res  indicate  ice  movement  towards t h e  east or  
southeast ,  apparently fed f rom a major inland Labrador i c e  
centre .  The eas tern  l imit  is a bel t  of well developed 
hummocky ti l l  in Paradise River ba'sin, here  referred t o  a s  the  
Paradise Moraine (Fig. 2.1). The western margin is a bel t  of 
well developed moraine ridges a few kilometres wide, 
extending south f rom t h e  L i t t l e  Drunken River (a t r ibutary  of 
t h e  Kenamu River). 

The flow pa t t e rn  postdates  t h e  glacial  maximum Mealy 
Mountains flow and p r e d a t e s . t h e  Lake Melville and L i t t l e  
MCcatina flow patterns.  It is obviously t runcated by the  flow 
fea tu res  formed by drawdown into  Lake Melville basin; flow 
probably was beheaded by the  opening of tha t  basin. 

Lake Melville Region (7) 

The Lake Melville region includes t h e  lake basin, low 
a reas  t o  the  south and west,  and some  slightly higher a r e a s  t o  
t h e  west and north. Extensive marine and glaciofluvial 
deposits a r e  present  a t  t h e  west  end of Lake Melville and in 
valleys f a r the r  west. The eas ter ly  flow pat tern  over higher 
land north of t h e  basin (region 5) shows only minor evidence 
of being a f f ec t ed  by drawdown in to  t h e  basin. To t h e  south  
and west  of Lake Melville, however, drawdown caused a 
major swing in flow through 90' f rom t h e  regional southeas t  
flow t o  a north-northeast  flow. 

L i t t l e  Drunken Moraine (Fig. 2.1) is  contemporaneous 
with this drawdown flow pat tern  because the  nor theas t  
trending segment  of t h e  moraine was built by i c e  flowing 
nor theas t  towards Lake Melville. Consequently, th is  moraine  
is  in pa r t  contemporaneous with l a t e r  s t ages  of flow into  t h e  

Lake Melville basin and may have developed a s  t h e  i ce  shee t  
stabil ized following t h e  sudden drawdown of ice. The Lake 
Melville flow pa t t e rn  is  l a t e r  than t h a t  of t h e  downstream 
North River  flow. 

I t  seems odd t h a t  flow north of Lake Melville was 
a f f ec t ed  s o  l i t t le  by the  opening of t h e  basin. The reason 
may be t h a t  a t  this t ime  ice  t o  the  north had thinned 
sufficiently for  t h e  relatively high ridges paralleling t h e  north 
shore  of t h e  basin t o  prevent  flow into  it. 

L i t t l e  Mkcatina Region (8) 

Flow in this region was towards the  southeast ,  
apparently controlled by an inland Labrador ice  centre .  The 
regional pat tern  largely postdates the  opening of Lake 
Melville and is  contemporaneous with flow in adjacent  par ts  
of t h e  Kanairiktok River-Groswater Bay region. 

Kanairiktok River - Groswater Bay Region (5) 

This region s t r e t ches  across  the  northern pa r t  of the  
study a r e a  north of t he  Lake Melville basin. Flow was 
generally e a s t  or eas t -nor theas t  and swung northward a s  the  
coas t  was approached. Several  closely spaced minor till 
ridges a r e  present,  but  t h e r e  i s  no f i rm evidence of shi f ts  in 
glacial  movement,  major st i l lstands,  or  readvances.  This is  
considered t o  be  an  a r e a  of regional flow controlled by an  
inland Labrador ice  centre .  

Flow through the  Kanairiktok River-Croswater Bay 
region must have been s t rong when the  large i ce  con tac t  
t e r r a c e  was forming a t  t h e  border with the  North River flow 
region. The i c e  must have thinned considerably and flow 
must  have weakened by t h e  t i m e  drawdown began in to  Lake 
Melville basin f rom t h e  south. The Sebaskachu Moraine 
sys tem ( a t  t h e  west  end of Lake Melville, Fig. 2.1) i s  a narrow 
and ye t  relatively continuous f e a t u r e  (100 km) and may 
correspond t o  a significant glacial  event.  Possibly i t  
corre la tes  with t h e  L i t t l e  Drunken Moraine. 

Local Flow Pa t t e rns  

Sca t t e red  a reas  contain evidence of flows t h a t  con t ra s t  
with t h e  main pat terns  described. One of these  anomalous 
f!ow pat terns  lies west of t h e  Red Wine Hills; two  o the r s  a r e  
in the  northwest corner of t h e  a r e a  (Fig. 2.2). There  is l i t t le  
evidence of the  relationship of these  flows t o  regional flow 
pat terns ;  however, they appear  t o  be  remnants  of ear l ier  
movements  r a the r  than l a t e  flow phenomena. One  local 
pa t t e rn  t h a t  can  b e  explained a s  a l a t e  featu're i s  a drawdown 
flow pa t t e rn  a t  t h e  wes t  side of Lake Michikamau, just west 
of t he  a r e a  shown in Figure 2.2. 

Absolute Chronology 

A re la t ive  chronology for  i c e  flow even t s  i s  given 
above; unfortunately i t  i s  no t  possible t o  f ix  th is  in t ime. 
The es tabl ishment  of an  absolute  chronology was a t t empted  
by dat ing t h e  lowest organic sediments  in bog deposits. A t  
20 m a.s.1. a t  a Sandwich Bay a d a t e  of 6720 + 140 years 
(Lowdon and Blake, 1975) was obtained; in the  s a m e  a rea ,  a t  
an  elevation of about 70 m t h e  bog mater ia l  dated 5950 + 150 
years  (Lowdon and Blake, 1975); and f rom a n  a r e a  400 km 
inland, well  above t h e  mar ine  l imit ,  a d a t e  of 6460 k 200 years  
(Lowdon and Blake, 1973) was obtained. This, t oge the r  with 
shell d a t e s  mentioned below, indicates t h a t  t h e  o ldes t  organic 
mater ia l  preserved in bogs accumulated well a f t e r  
deglaciation. 

Marine shells a r e  sparsely present in coas ta l  deposits. 
Unfortunately t h e  only samples found were  in deposits t ha t  
could not  be  re la ted  di rec t ly  t o  s e a  level at t h e  t i m e  of 



deposition or  to  specific deglaciation events.  It appears  t h a t  
t h e  acidic nature  of surficial  materials,  combined with high 
precipitation, has created a strong leaching environment t h a t  
has  removed most shell mater ia l  f rom permeable near- 
surface  deposits. A shell d a t e  of 8640 ? 230 years(GSC-1453) 
was  obtained a t  t he  mouth of Michael River, north of 
Groswater Bay (Fig. 2.2). The shells were  2 m a.s.l., bu t  
s t ra t igraphic  relationships (Hodgson and Fulton, 1972) suggest 
t h a t  s e a  level a t  t h e  t ime  of shell  deposition was a t  leas t  
7 5  m. Marine l imit  in t h e  a r e a  appears  t o  be  no more  than 
9 5  m. A shell d a t e  of 7490 ?. 150 years  (GSC-1254, Lowdon 
and Blake, 1975) was obtained for  mater ia l  about 4 m a.s.1. a t  
Muskrat Falls about 40 km up Churchill River from Goose Bay 
(Fig. 2.2). The s i l t  containing the  shells was deposited when 
s e a  level was a t  leas t  85 m above present.  Marine l imit  in 
th is  a r e a  appears to  be about 135 m a.s.1. Shells collected 
f rom shoreline deposits a t  an  elevation of 33 m at North West 
River (west end of Lake Melville) were  dated a t  5330 ?. 170 
years  .(GSC-I 135, Fitzhugh, 1972). 
significance f rom interior Labrador was  
3 m peat  section 40 km e a s t  of Lake 
mater ia l  gave  a d a t e  of 6460 2 200 yea r s  
and Blake, 1973). 

The only d a t e  of 
f rom t h e  base of a 
Michikamau. This 
(GSC-1592, Lowdon 

The available da te s  supply minimum ages  only. They 
show t h a t  t h e  coas t  immediately north of Groswater Bay was 
i ce  f r e e  by 8640 years ago, t h a t  i ce  had r e t r ea t ed  f rom Goose 
Bay by 7490 years ago, and t h a t  t he  i ce  had disappeared f rom 
t h e  Lake Michikamau a r e a  (150 km e a s t  of t he  Labrador i ce  
cen t r e )  by 6460 years ago. 

Correlation with Adjacent Areas  

I t  has proved difficult  t o  co r re l a t e  deglaciation of th is  
a r e a  with t h a t  of adjacent  regions. Some prominent moraines 
were  t raced t o  t h e  south and wes t  by means of airphoto 
in terpre ta t ion;  some  success was achieved t rac ing L i t t l e  
Drunken Moraine, a s  a continuation of th is  f ea tu re  was t r aced  
on airphotos southwestward for  about  200 km almost  t o  t h e  
a r e a  where  Dubois (1977) had delineated the  Manitou- 
Matamek Moraine, also by airphoto in terpre ta t ion (Fig. 2.1). 
Unfortunately evidence of the  moraine could not be  found in 
rugged ter ra in  in the  vicinity of t he  Lower Romaine River. It 
would appear however t h a t  t h e  Li t t le  Drunken Moraine is a t  
leas t  approximately corre la t ive  with the  Manitou-Matamek 
Moraine. 

in the  southeas t  a r e  rock controlled,  and glacial  deposit ional 
f ea tu res  a r e  conspicuously absent. The only mater ia ls  at t h e  
surface  in upland a reas  in region 1 a r e  boulders and grus. In 
t h e  course  of airphoto in terpre ta t ion only one o r  two  
sca t t e red  f ea tu res  thought t o  b e  due  t o  i c e  streamlining were  
found in t h e  e n t i r e  area .  Eskers a r e  scarce ,  and only a few 
channels thought t o  have been c u t  by mel twater  flow were  
found. The coas ta l  a r e a  north of Lake Melville conta ins  
abundant.  eskers  and glaciofluvial sys tems t h a t  end a s  ice  
con tac t  del tas  near  marine limit. In contras t ,  t o  t h e  south,  
valleys a r e  not filled with glaciofluvial sediments,  and 
alluvial t e r r aces  thought t o  be re la ted  t o  former  high sea  
levels a r e  found well back f rom the  coast.  Several valleys 
with extensive t e r r aces  a r e  connected t o  a low divide a r e a  
near  the  Paradise Moraine by underfit  channels t h a t  possibly 
were  carved by mel twater .  Elevations of t hese  ter races ,  
where  they might have graded t o  maximum s e a  level,  a r e  
about  95 m. 

I t  has  thus been established t h a t  t h e  southern  corner  
d i f fers  f rom t h e  r e s t  of t h e  study a r e a  in type  of surf ic ia l  
deposits and landforms. The question is whether  this 
d i f ference  is due t o  t h e  length of t i m e  since t h e  a r e a  was 
deglaciated o r  t o  a change in glacial  conditions and processes. 
The southeas t  likely was near t h e  margin of t h e  i c e  shee t  and 
consequently erosion and deposition were  not a s  rigorous a s  in 
a reas  up ice. Also, t h e  length of t ime  t h a t  glacial  processes 
would have ac t ed  in t h e  a r e a  would have been less than in 
centra l  Labrador and hence fewer  recognizable glacial  
landforms might develop. There  is also a possibility t h a t  non- 
erosive cold-based i c e  covered this area;  however if t h e  
model of Laurent ide  Ice  developed by Sugden (1978) is  
followed, southeas t  Labrador lay in an  a r e a  covered by 
erosive, warm, melting ice. 

Pollen s t ra t igraphy of offshore  cores  f rom t h e  Labrador 
Shelf off Groswater Bay (Vilks and Mudie, 1978) shows a well  
developed and thick sedge-shrub tundra  pollen zone, dated 
12 900 t o  21 000 years, t o  be  present.  Vilks and Mudie 
consider t h a t  these  tundra pollen could have been deposited 
only if an  extensive i ce  f r e e  a r e a  existed in the  region a t  this 
t ime. Because of i sos ta t ic  depression due t o  t h e  inland i ce  
load, l i t t l e  of t h e  shelf could have been land during t h e  las t  
glacial  maximum. Consequently they f ee l  t h a t  t h e  a r e a  
supporting t h e  sedge-shrub tundra  vegetati'on a t  th is  t i m e  was  
in t h e  present  onshore area .  

H.E. Wright (pers. comm., 1979) of t h e  University of an age Of 9500 9600 years On Minnesota recent ly  began a coring program in southern t h e  Manitou-Matamek Moraine - a n  e s t ima te  based on a Labrador. H e  obtained one  d a t e  f rom a lake  bo t tom c o r e  
230 ' 180 year maximum date for the moraine system' 90 km inland f rom t h e  coas t  of region I t h a t  corroborates  t h e  and a 9350 + 200 year  minimum d a t e  for  format ion of t h e  

Lac  Daigle moraine (Dubois, 1977), a t  t h e  west  end of t h e  d a t a  of Vilks and Mudie. 

svstem. In summary, t h e  scanty  evidence favours an  i c e  f r e e  
a r e a  in s o u t h e r n ' ~ a b r a d o r  during t h e  las t  glaciation. The The Paradise Moraine was t raced due south t o  within logical place to draw the Late Wisconsin ice margin 50 km of the  Gulf of St. Lawrence. At present,  however,  i t  is a t  t h e  Paradise Moraine. From this moraine t h e  i ce  f ron t  

be any  other morainic features might have extended along t h e  eas t e rn  side of Sandwich Bay. datable  marine fea tures .  The Brador Moraine (Fig. 2.1) lies Continuing t o  the  north i t  would be  logical t o  include the  southeas t  of t he  Paradise Moraine and south of region I extensive outwash area south of Groswater Bay as an ice 
(D.R. Grant ,  unpublished manuscript). marginal d e ~ o s i t .  Immediatelv north of Groswater  Bav no 

L a t e  Wisconsin I c e  Limit 
evidgnce has  been found t o  suggest t h a t  t h e  L a t e  wiscdnsin 
margin was on land. 

Coleman (1921) proposed t h a t  southeas tern  Labrador 
was not  i ce  covered during t h e  las t  elaciation. All r ecen t  Conclusions " " 
regional reconstructions of t h e  Quaternary  i ce  cover  of t h e  During r e t r e a t  of t h e  las t  i ce  shee t  f rom southern a r e a  (except for  Ives, 1978) have assumed t h a t  t h e  whole of 
southern Labrador was covered by i ce  during the  las t  Labrador, major topographic f ea tu res  great ly  influenced an 

eas ter ly  i ce  flow pat tern  t h a t  was controlled by an  inland i c e  glaciation. In general,  however, t h e r e  has been l i t t le  hard centre. In the southern part  of the study area, where evidence put forward t o  support  e i the r  point of view. topography is relatively uniform, flow was generally in an  
Observations made during this study pointed t o  a eas t -southeas t  direction. Likewise, in the  northern par t ,  , . 

marked di f ference  in 1andfGms between southeas tern  regional flow character is t ics  dominated, and movement '  was 
Labrador and the  r e s t  of t he  study a rea .  All aspects  of relief eas ter ly  and northerly. The Mealy Mountains obst ructed this 



flow and i ce  swept around them;  in addition, they generated 
thei r  own i c e  cap  which flowed north and south. Drawdown 
into  Lake Melville basin diverted movement  south of i t  f rom 
t h e  regional east-southeast  direction t o  north and northeast .  

Radiocarbon da te s  available indicate  t h a t  t h e  coas t  
north of Groswater Bay was deglaciated prior t o  
8640 years  ago; t ha t  t he  Goose Bay a r e a  was ice  f r ee  before  
7490 years  ago; and tha t  ice  had disappeared from inland 
Labrador prior t o  6460 years ago. 

I t  i s  possible t h a t  t he  L i t t l e  Drunken Moraine, which 
extends  south from t h e  west end of Lake Melville, can  be 
corre la ted  with t h e  Manitou-Matamek Moraine on t h e  north 
shore of t he  St. Lawrence. 

Scanty  evidence indicates t h a t  about 20 000 k m 2  of 
southeas t  Labrador was not  i ce  covered a t  t he  maximum of 
the  last  glaciation. 
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Abstract 

The development of tundra ponds begins with the thawing of  exposed ice  wedges, followed by  
saturation of  formerly dry peat and the development of  low centre polygons. Wetting and refreezing 
the peat gives it an increased thermal conductivity. Subsequent thawing produces shallow, f lat -  
bottomed ponds within the peat, which eventually coalesce and deepen until mineral substrate is 
reached. Once this occurs large, shallow lakes develop and continue t o  expand b y  both wave and 
thermal erosion of marginal peat banks. Lakes and ponds drain where ice  dykes are breached or when 
stream channels migrate. The delicate balance between the development of thermokarst features and 
their demise indicates that peatlands in the Hudson Bay Lowland are highly sensitive t o  slight changes 
in moisture and temperature regime. 

In t roduc t ion  T h e r m a l  c o n d u c t i v i t v  v a l u e s  c a n  b e  used  t o  c a l c u l a t e  

This r e p o r t  t r a c e s  t h e  probable  d e v e l o p m e n t  of t u n d r a  
ponds and  t h e r m o k a r s t  l akes  in polygonal  pea t lands ,  using 
visual  f ie ld  observa t ions  on  ponding c h a r a c t e r i s t i c s  as t h e y  
e x i s t e d  dur ing  t h e  s u m m e r  of  1978, c o m b i n e d  w i t h  
c a l c u l a t i o n s  of p r e d i c t e d  s e a s o n a l  c h a n g e s  in t h a w i n g  which 
would o c c u r  wi th  c h a n g e s  in t h e r m a l  a n d  m o i s t u r e  p r o p e r t i e s  
of  t h e  pea t .  T h e  r e s u l t s  i n d i c a t e  t h a t  t h e r e  is  a d e l i c a t e  
b a l a n c e  b e t w e e n  t h e  d e v e l o p m e n t  and  d e g r a d a t i o n  of 
p e r m a f r o s t  in th i s  t e r r a i n  type .  

N a t u r e  o f  t h e  P e a t l a n d  

The  p e a t l a n d s  under  s tudy  c o n s t i t u t e  open ,  f l a t  t e r r a i n  
within t h e  Hudson Bay Lowland b e t w e e n  s e a  leve l  a n d  a b o u t  
120 m a.s.1. (Fig. 3.1). The  f r o z e n  p e a t  is fair ly dry ,  having 
less t h a n  22  per  c e n t  w a t e r  c o n t e n t  by volume a p a r t  f r o m  i c e  
wedges ,  and is  150 t o  200 c m  thick.  T h e  minera l  s u b s t r a t e  is  
a s i l t -clay t i l l  o r  f i n e  gra ined  m a r i n e  s e d i m e n t .  

The  s u r f a c e  of t h e  p e a t  is  c h a r a c t e r i z e d  by high c e n t r e  
polygons def ined  by s y s t e m s  of i c e  wedge  t roughs  (Fig. 3.2), 
many of which a r e  f i l led with w a t e r .  Low c e n t r e  polygons 
a r e  also p r e s e n t  a s  secondary  f e a t u r e s  in t h e  landscape.  The  
t e r r a i n  is d o t t e d  by numerous ,  v e r y  shallow, f l a t - b o t t o m e d  
ponds measur ing  s e v e r a l  m e t r e s  t o  s e v e r a l  t e n s  of m e t r e s  
across .  These  ponds l i e  t o t a l l y  within t h e  p e a t  and  a r e  
usually less  t h a n  I m d e e p  (cf .  Fig. 3.3). Large ,  g e n e r a l l y  
e l o n g a t e  lakes  m o r e  t h a n  1 k m  long a r e  a l s o  c o m m o n  f e a t u r e s  
(Fig. 3.4). These  w a t e r  bodies  a r e  i r regular  in s h a p e  b u t  t h e i r  
o u t l i n e s  cons is t  of a s e r i e s  of  a r c s  with fa i r ly  t i g h t  radii  of 
c u r v a t u r e  (cf. Fig. 3.5). L a k e s  of t h i s  s o r t  h a v e  s i l t y  
s e d i m e n t s  a round t h e  e d g e s  a n d  b e a c h e s  a t  t h e i r  l e e w a r d  
ends.  L ike  t h e  s m a l l e r  ponds, t h e y  a r e  fa i r ly  sha l low,  
probably less  t h a n  3 m d e e p ,  a n d  f l a t  bo t tomed.  L a k e  f l o o r s  
a r e  c o v e r e d  by a dark  l a y e r  of d i s s e m i n a t e d  p e a t  f ibres.  

T h e r m a l  Conduct iv i ty  and D e p t h  of Thawing  

T h e  t h e r m a l  c o n d u c t i v i t y  of  a m a t e r i a l  i s  t h e  f a c i l i t y  
(ease  or di f f icu l ty)  by which h e a t  i s  a b l e  to t r a v e l  th rough 
t h a t  mater ia l .  In t h e  case of a w e t ,  porous  m a t e r i a l ,  t h e  
t h e r m a l  conduct iv i ty  depends  o n  w h e t h e r  t h e  m a t e r i a l  i s  in a 
f r o z e n  o r  t h a w e d  state. With p e a t ,  i t  is a l s o  highly d e p e n d e n t  
o n  t h e  v o l u m e t r i c  m o i s t u r e  c o n t e n t .  T a b l e  3.1 s h o w s  t h e  
r a n g e  of t h e r m a l  c o n d u c t i v i t i e s  a n d  t h e  m a g n i t u d e  of c h a n g e s  
in conduct iv i ty  a s  p e a t  c h a n g e s  f r o m  o n e  s t a t e  t o  a n o t h e r .  
T h e  mois ture  c o n t e n t s  l i s ted  a r e  typ ica l  of  t h o s e  found in t h e  
p e a t s  in t h e  s tudy  a r e a .  

d e p t h  of t h a w  (below), a n d  h e n c e  t h e r m o k a r s t  subsidence.  
T a b l e  3.1 a l s o  l i s t s  t h e  d e p t h  of t h a w  t h a t  could  b e  e x p e c t e d  
t o  o c c u r  o v e r  a typ ica l  season ,  based  on  Churchi l l  a i r p o r t  
t e m p e r a t u r e s ,  f o r  g iven  va lues  of t h e r m a l  conduct iv i ty .  
T h e s e  t h a w  d e p t h s  a r e  d e t e r m i n e d  using t h e  S t e f a n  e q u a t i o n  
(Dredge ,  1979; modified f r o m  T u m a  a n d  Abdel-Hady,  1973): 

w h e r e  x is  annual  t h a w  d e p t h  (cm)  

TI is  thawing  index ( " C  degree-days)  = 1155 f o r  Churchi l l  

L is  t h e  l a t e n t  h e a t  of fusion (mil l ical  ~ r n - ~ )  = 8 0 * ~ * 1 0 ~ * 1 0 - ~  

K is  t h e r m a l  conduct iv i ty  of t h e  soil (mil l ical  c m - ' s - ' O ~ - ' )  

W is  w a t e r  c o n t e n t  in per  c e n t  (g ~ m - ~ * 1 0 0 )  

Figure.7.1. Location of polygonal peatlands within the 
study area. 
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Hypothesis f o r  t h e  Development of 
Thermokars t  Ponds and Lakes 

The following s t ages  cons t i t u t e  one  model fo r  
explaining t h e  development of la rge  thermokars t  
lakes in polygonal pea t  te r ra in  based on ave rage  

observations,  measured summer  thaw and lake  
depths,  and predicted thawing based on changing 

I 
conditions. The model is based on visual f ield 

i 
thermal  character is t ics .  The s tages  explain 1 
sequentially what was observed spatially in t h e  1 
field. A t  any given s i te ,  which may b e  we t t e r  than 

more s t eps  may not  have  occurred.  
ave rage  o r  have a shallower pea t  cover ,  one  o r  , 

This sequence  d i f fers  f rom o the r s  t h a t  have  
appeared in t h e  l i t e r a tu re  in t h a t  i t  considers 
landforms and processes in peat ,  whereas o the r s  1 

deal  primarily with loams or marine sediments  (cf.  
Black, 1969; Czudek and Demel<, 1970; Hussey and ! 
Michelson, 1966; Johnston and Brown, 1964; 1 
Sellman et al., 1975). Peaty  ma te r i a l  has d i f ferent  
primary physical character is t ics  (e.g. density,  1 
permeabili ty) and a g r e a t e r  range of mois ture  
contents.  Consequently, pea t  has  more  var iable  F i ~ e  3-6- 
thermal  transmission proper t ies  in i t s  various SCrub(W). 
f rozenlunfrozen and wet ldry  s t a t e s .  As a resul t  
peatland thermokars t  f ea tu re s  d i f fer  in form,  magnitude,  and 
developmental  sequence f rom those found in inorganic 
terrain.  For example,  t h e  baydjarakh and dujoda s t ages  
(Czudek and Demek, 1970) a r e  absen t  in peatland, 
thermokars t  valleys a r e  no t  produced, and lakes have  
maximum depths  of about  4 m. 

0. Equilibrium condition. In t h e  init ial  c a s e  p e a t  in th is  
te r ra in  is generally dry (22% moisture by volume) and 
therefore  has  a low conductivity (K - 0.23, Table 3.1). 
Seasonal thawing extends  only t o  about  50 c m  and does  not 
pene t r a t e  through t h e  peat ,  which is 150 t o  200 c m  thick in 
most places. 

I. Thawing of i ce  wedges. Thermokarst  development  
commences  with t h e  thawing of i ce  wedges t h a t  have  become  
exposed due  t o  a var ie ty  of fac tors ,  including rupturing of t h e  
overlying peat  during growth of t h e  wedge. Melting proceeds 
along the  wedges; ice  wedge troughs, and particularly where  
troughs in tersec t ,  develop in to  water  filled depressions 
(Fig. 3.4). 

2. Satura t ion  of pea t  within polygons. Water f rom depressed 
i ce  wedge troughs seeps  in to  t h e  ad j acen t  relatively dry 

Drained lakes and ponds vegetated by grass (G) and willow 

ac t ive  layer  of t h e  p e a t  and f r e e z e s  in winter.  The following 
season these  zones, now having higher moisture con ten t s  and 
hence  higher thermal  conduct iv i t ies  (K = 2.3 t o  4.8), exper- 
ience  an  increased depth  of thaw (up t o  115 cm). Ice mel ts  in 
t h e  polygons, some  subsidence occurs  (20 t o  40 c m  observed), 
and smal l  pools of wa te r  fo rm over  t hese  polygons with 
lowered cent res .  (Fig. 3.4). 

3. Development of ponds. Once  t h e  dep th  of wa te r  in t h e  
pools exceeds  approximate ly  2 5  cm,  t h e  pool a c t s  a s  a 
radiation t r ap  in summer  and t h e  thawing process 
acce l e ra t e s .  Thawing and subsidence proceed radially f rom 
t h e  pool, but la tera l  thawing exceeds  ver t ica l  thawing, for  
two  reasons. First ly,  t h e  ac t ive  layer beneath  t h e  pond 
gradually r eaches  a n  equil ibrium thickness,  and no fur ther  
downward thaw occurs  unti l  t h e  cha rac t e r i s t i c s  of t h e  h e a t  
source  o r  t ransmit t ing  medium change. Secondly, t h e  
t he rma l  conductivity is  g rea t e r ,  and t h e  r a t e  of h e a t  flow is 
t he re fo re  f a s t e r ,  in a ref rozen sa tu ra t ed  a c t i v e  layer  than in 
t h e  underlying pea t  having lower ice  content .  The result  in 
both cases  is  t h e  expansion of pools t o  fo rm t h e  shallow f la t -  
bot tomed ponds (Fig. 3.4) which a r e  so widespread in t h e  
a r ea .  These ponds a r e  be tween 50 and 70  c m  deep  (Fig. 3.3). 

Table 3.1 

Thermal  conductivity values and thaw depths  
ca lcula ted  f rom t h e  S t e fan  equation 

Mater ia l  Water con ten t  Thermal  conductivity Re fe rence  Predic ted  thaw depth  
(94 of volume) (millical cm-Is- '  OC- a t  Churchil l  (cm)  

Frozen p e a t  22  

50 

9 0 

Ice 100 

Unfrozen p e a t  5 0 

9 0 

Water 100 

Frozen o r  unfrozen 10-30 
si l t-clay 

0 . 2 3  Dredge,  1979 50 

2 . 3  MacFar lane ,  1969 107 

4 . 8  MacFarlane,  1969 115 

5 .0  

0.7 MacFarlane,  1969 5 0 

1 .3  MacFarlane,  1969 60 

1.36 

4-8 Sanger ,  1963 270-250 



4. Expansion of ponds. As t h e  pond grows,  bo th  l a t e r a l  a n d  
v e r t i c a l  thawing a r e  a u g m e n t e d ,  increased  subs idence  by 
mel t ing  of ground i c e  occurs ,  a n d  ponds c o a l e s c e .  As  t h e  
ponds deepen ,  thawing  e x t e n d s  i n t o  t h e  minera l  s u b s t r a t e  at 
a b o u t  200 c m l .  

5. Development  of lakes. F u r t h e r  l a t e r a l  expans ion  of l a r g e  
ponds o c c u r s  by t h e  m e c h a n i c a l  p rocesses  of i c e  r a m m i n g  
during spring brealc-up and w a v e  b a t t e r i n g  and  undercu t t ing  
of p e a t  banks  in s u m m e r ,  combined  with t h e  t h e r m a l  erosion 
of i c e  wedges  and  ground i c e  a d j a c e n t  t o  t h e  lakes.  In s o m e  
cases l a k e s  h a v e  expanded  p r e f e r e n t i a l l y  along a souther ly  o r  
s o u t h  e a s t e r l y  axis ,  in response  t o  t h e  prevail ing winds f r o m  
t h e  n o r t h  and  nor thwes t .  Not  a l l  l akes  deve lop  in t h i s  
manner ,  however ,  s i n c e  t h e  d i rec t ion  of p r e f e r e n t i a l  thawing  
is  also r e l a t e d  t o  random o c c u r r e n c e s  of mass ive  ground i c e  
and  t o  e longa ted  topographic  highs ( r e l a t e d  t o  b e a c h  r idges)  
in  t h e  underlying minera l  s u b s t r a t e .  Both t h a w  d e p t h s  and  
l a k e  d e p t h s  a r e  g r e a t e r  w h e r e  minera l  soi l  is  n e a r  t h e  s u r f a c e  
t h a n  in a d j a c e n t  a r e a s  of  d e e p e r  p e a t  b e c a u s e  t h e  t h e r m a l  
conduct iv i ty  of t h e  minera l  soi l  is g r e a t e r  (K = 4 t o  8). 

6. C o a l e s c e n c e  of lakes. Expansion of lakes  o c c u r s  by t h e  
c o a l e s c e n c e  of a d j a c e n t  ponds. L a r g e  lakes  tend  t o  lose any  
pre-exist ing elongation during t h i s  s tage .  T h e  l a k e s  a r e  
i r regular  in shape ,  a n d  t h e  shore l ines  f o r m  a s e r i e s  of a r c s  
which d e m a r k  t h e  ou t l ines  of  f o r m e r  ponds (Fig. 3.5). 

C e s s a t i o n  o f  L a k e  G r o w t h  

T h e  expansion of lakes  is h a l t e d  in s e v e r a l  ways:  

1. A g e n e r a l  v e r t i c a l  g e o t h e r m a l  equi l ib r ium i s  r e a c h e d  
b e t w e e n  seasona l  f r e e z i n g  a n d  d e p t h  of thawing.  

2. As  p e a t  banks  a round l a k e s  a n d  ponds co l lapse ,  a l a y e r  a 
p e a t  f i b r e s  is d i spersed  a c r o s s  t h e  l a k e  b o t t o m .  The  w e t ,  
unf rozen  p e a t  g radua l ly  f o r m s  a n  insulat ing l a y e r  which 
r e d u c e s  t h e  r a t e  of h e a t  p e n e t r a t i o n  and  thawing.  

3. Subs idence  is  l imi ted  by t h e  v o l u m e t r i c  e x c e s s  i c e  
original ly available.  O n c e  t h i s  e x c e s s  i s  d e p l e t e d ,  
t h e r m o k a r s t  subs idence  hal ts .  

4. Ponds  drain when spring f looding,  n a t u r a l  m e l t ,  o r  
migra t ion  of w a t e r  c o u r s e s  c a u s e  i c e  wedges  c o n n e c t i n g  
lakes  t o  m e l t  t o  a leve l  be low t h e  s u r f a c e  of t h e  higher 
lake.  Dra inage  a l s o  o c c u r s  when  t h e  f r o z e n  conf in ing  
b o t t o m s  o r  s ides  of  ponds t h a w  d u e  t o  l o c a l  th ickening  of 
t h e  a c t i v e  layer.  Many s c a r s  of l akes  a r e  visible on  
a i r p h o t o s  of t h i s  a r e a  (Fig. 3.6). If t h e  w a t e r  t a b l e  drops  
sl ightly,  paludif icat ion commonly  occurs ;  if l a k e s  dra in  
c o m p l e t e l y ,  g r a s s  and s c r u b  willow commonly  c o l o n i z e  t h e  
w e t  c e n t r e s  a n d  d r i e r  marg ins  of t h e  lakebeds ,  
respec t ive ly .  

T h e r m o k a r s t  P o n d s  a n d  Thermal Sens i t iv i ty  

Visual e v i d e n c e  f o r  t h e  a c t i v e  d e v e l o p m e n t  a n d  d e m i s e  
of t u n d r a  ponds and t h e r m o k a r s t  l akes  in t h e  a r e a  sugges ts  
t h a t  t h e  processes  a r e  presen t ly  in a s t e a d y  s t a t e .  This 
equi l ib r ium is  sens i t ive ,  however ,  f o r  t w o  reasons.  Many 
t u n d r a  pools  a r e  just at t h e  p o i n t  where ,  if a m a r g i n a l  

i n c r e a s e  in thawing  occurs ,  p rogress ive  t h e r m o k a r s t  
d e v e l o p m e n t  i n t o  t h e  minera l  s u b s t r a t e  will begin. D u e  t o  
t h e  h igher  conduct iv i ty  of t h e  minera l  soi l  ( T a b l e  3.1), rap id  
increased  thawing  a n d  subs idence  c a n  o c c u r  in i c y  sed iments .  
Secondly,  t h e  t h e r m a l  c o n d u c t i v i t y  of  p e a t  is  highly s e n s i t i v e  
t o  c h a n g e s  in m o i s t u r e  c o n t e n t .  Doubling t h e  w a t e r  c o n t e n t  
will i n c r e a s e  t h e  t h e r m a l  conduct iv i ty  of f r o z e n  p e a t  by a n  
o r d e r  of magnitude.  Presen t ly ,  t h e  polygonal  p e a t  t e r r a i n  is  
a typ ica l ly  dry  r e l a t i v e  t o  m o i s t u r e  c o n t e n t s  in p e a t  in  o t h e r  
reg ions  (cf .  a l l  r e f e r e n c e s )  a n d  h e n c e  h a s  a v e r y  l o w  t h e r m a l  
conduct iv i ty .  However,  any  n a t u r a l  o r  m a n  induced  p r o c e s s  
which i m p e d e s  soil d r a i n a g e  m a y  c a u s e  d e e p  thawing ,  bo th  
t h e  p e a t  and  through t h e  p e a t  i n t o  t h e  minera l  s u b s t r a t e ,  with 
t h e  possible a c c e l e r a t e d  expansion of t h e r m o k a r s t  ponds and 
lakes  o v e r  a broad  a r e a .  
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Abstract 

TJe thermal conductivity of thick, relatively dry polygonal peat is 0.23 millicalories 
c m - l S  ~ o c - ~ x .  The maximum depth of seasonal thawing in this type o f  peat is about 50 cm. 

Thawing does not extend through polygonal peat (which is 150 t o  200 crn thick) into the subsoil. 
Subsoil temperatures are sufficiently below freezing t o  maintain the soil in a continuously frozen 
state, despite the presence of capillary moisture. Wetter peats have a higher thermal conductivity, 
ground temperatures are vlarmer, and thawing may penetrate through to  the mineral substrate. Thaw 
depths in peat can be predicted from air temperature data, and an equation which expresses the 
relationship between these two parameters has been derived. The distribution of permafrost in the 
Hudson Bay Lowland depends on the thermal regime of  the peat; the actual boundary between 
discontinuous and continuous permafrost lies to the south of  that boundary defined on the basis of 
mean annual air temperature alone. 

Introduction 

Mapping of t h e  surficial  geology in National 
Topographic System map  a r e a s  5 4  E, F, K ,  and L was  
under taken during summer  1978. This paper  presents  observa- 
t ions on permafros t  conditions and d a t a  on thaw depths  
determined during t h e  course  of t h e  work. 

The  Hudson Bay Lowland between Churchill, Manitoba, 
and t h e  Nelson River is an  a lmost  f l a t  plain composed of 
mar ine  si l ts  or silty till. The  lack  of relief and low 
permeabili ty of t h e  soil inhibit drainage; this, combined with 
a cool, humid summer  c l ima t i c  regime, provides conditions 
sui table  for  t h e  growth and accumulation of organic mater ia l  
over a broad area.  The presence  of widespread peatland and 
i t s  cha rac t e r  have a f f ec t ed  ac t ive  layer depths  and 
influenced both  t h e  na tu re  and distribution of permafros t  in 
th is  area .  

Nature of the P e a t  

O n e  of t h e  most widespread and dis t inc t ive  peatland 
types  in t h e  region is relatively dry, polygonal bog (Fig. 4.1) 
which began t o  form about  6500 years ago  a s  t h e  postglacial  
Tyrrell  Sea  withdrew f rom t h e  lowlands. It ex tends  f rom 
about  30 m t o  100 m ASL; on t h e  north and south i t  grades  
in to  w e t  sedge meadowlfen and in to  open we t  fen  and thence  
in to  fores ted  bog t o  t h e  west. Polygonal peat  fo rms  a 
virtually fea ture less  open plain, with regional slopes of less 
t han  I m km-'. The  main f e a t u r e s  within this plain include 
t h e  polygonal sys t em of depressed i c e  wedge troughs 
measuring roughly 10 m on a side; shallow, roughly circular 
ponds within t h e  peat;  and f la t -bot tomed,  deeper  thermokars t  
lakes which have  extended through t h e  p e a t  and in to  t h e  
mineral  subs t r a t e  (Fig. 4.2). 

The peat  deposits a r e  commonly about  2 m thick  over 
t h e  en t i r e  area.  They consist of moderately fibrous, 
horizontally ma t t ed  yellow or brown moss layers, interspersed 
wi th  darker,  more  decomposed fen  peat.  The base commonly 
consists of a woody zone which is separa ted  f r o m  t h e  mineral  
subs t r a t e  by a layer of i c e  2 t o  10 c m  thick. Ice is also 
present  in small  amounts  a s  th in  s t r a t a  and random c rys t a l s  in 
t h e  res t  of t h e  peat  profile and in at leas t  t h e  upper pa r t  of 
t h e  mineral  substrate.  

Physical proper t ies  of t h e  peat,  de termined f r o m  frozen 
c o r e  samples,  show t h a t  i t  is remarkably uniform, both 
area l ly  and vertically through t h e  profile. The  p e a t  is 
uncompressed,  and bulk and dry densit ies ave rage  0.24 and 
0.039 g respectively.  These  values a r e  less  t han  those  
determined f o r  p e a t  in o the r  s tudies  ( s ee  Table 4.1). Moisture 
con ten t s  ave rage  about  600% of t h e  dry weight  and account  

9 6 O  92" 

I00 KM 

WET FEN HUDSON 

BAY 1 

9 6 O  92" 

t t t SOUTHERN L I M I T  OF CONTINUOUS 
PERMAFROST 

Figure 4.1. Peat types in the study area. 



Midsummer Tempera tu re  Prof i les  

Se t s  of seven-bead thermis tor  strings 
. - were  installed in two boreholes ~n t h e  peat  and 

P- - -  

-- ---.---- f under ly~ng mlneral substrate.  These were  read 
a t  Intervals between July 14 and July 31. 
D u r ~ n g  t h ~ s  perlod t h e  Churchlll a r ea  
experienced 157 thawlng degree-days 

! -.- (Cels~us) ,  about 18% of t h e  annual total .  
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Figure 4.3. Temperature profile, midsummer 1978. 

t h e  f reezing Index is 3698("C); and mean 
annual a l r  t empera tu re  is -7.3 "C. 

The beads were  not optimally placed for 
measuring v a r l a t ~ o n s  In t h e  depth  of thaw 
because t h e  expected m a g n ~ t u d e  of 
t empera tu re  change was  much g rea te r  than 
t h a t  ac tual ly  observed. Thaw depths, 
therefore ,  were  measured with a s t a ~ n l e s s  
s t e e l  frost  probe a t  t h e  thermis tor  s i t e s  over 

for  less than 25% of volume of material .  These figures a r e  
also low re la t ive  to  'typical' peat  described in t h e  l i tera ture ,  
where  wa te r  comprises 50% t o  90% of the  volume (75% t o  
1500% of the  dry weight). These moisture differences great ly  
a f f e c t  t he  thermal  properties of t h e  peat. The thermal  
conductivity (K) calculated f rom density and moisture da ta  
and measured soil t empera tu res  is 0.23 millical cm-' s-' "c-' 
(0.056 BTU ft-' h-' OF-'). 

Figure 4.2. Polygonal peatland. The main features of this peat type are t h e  course  of t h e  summer. Despi te  problems 
Ice wedge polygons, shallow ponds, and thermokarst lakes. with the  placement  of t he  beads, a number of 

conclusions can be  drawn f rom t h e  da ta  
(Fig. 4.3). 

I .  Act ive  layer depths a r e  very shallow. Tota l  depth  of thaw 
by t h e  end of July was  31 cm. This is significantly less 
than  measured depths  in mineral soil on  t h e  s a m e  day, 
where  no f rozen ground was  present  t o  at leas t  120 cm. 
(At  some  s i tes  no permafros t  was encountered.) 

2. Through t h e  pea t  t h e  ave rage  t e m p e r a t u r e  gradient is 
0.03 "C  cm-'. (Brown and Williams (1972) quote  averages  
of about  0.06 " C  cm- ' for  we t t e r  peats.) Below a depth of 
about  150 t o  200 cm,  t h e  gradient falls  off rapidly and 
t empera tu res  remain uniform a t  about  -4.5"C. Thus, 
e f f ec t ive  heat penetra t ion is l imited to  t h e  upper 150 cm. 

3. Over t h e  period of measurement,  when t h e  a r e a  
experienced i t s  highest r a t e  of thaw and a n  18% 
increment  in thawing degree-days, t h e r e  was  l i t t l e  change 
in a c t i v e  layer depth  and no change in t h e  t empera tu re  
profile below 6 0  crn. This fur ther  a t t e s t s  t o  t h e  low 
the rma l  conductivity of t h e  peat. 

4. The t empera tu re  values, and lack of change over t ime, 
indicate  t h a t  t he  0" isotherm does  not pene t r a t e  through 
t h e  pea t  into the  mineral subsoil and tha t  t he  
t empera tu res  a r e  sufficiently low t o  prevent  thawing of 
capillary moisture in t h e  f ine  grained subst ra te .  In all  
boreholes, t h e  subsoil beneath  polygonal peatland was 
frozen. This was  not t h e  case  fo r  we t t e r ,  nonpolygonal 
pea t  types  with higher thermal  conductivity,  where  
thawing e i ther  ex tended through t o  t h e  subst ra te ,  or else 
t h e  t empera tu re  was  high enough for  capillary water  t o  be  
present in an  unfrozen s t a t e  in t h e  mineral soil. 

Measured Progression of Regional Thawing, 1978 

Thaw depths  were  measured over t h e  region during t h e  
summer of 1978 by ringing t o  permafros t  with a stainless 
s t e e l  f ros t  probe. Measurements were  read on t h e  probe t o  
5 cm. Figure 4.4 shows t h e  measured thaw depths  and how 
they  changed with time. 

I .  The graph shows a general  increase f rom about 10 c m  on 
June 1 5  t o  about 35 c m  on August 15. 

2. Pea t  depths (150 t o  200 cm)  greatly exceeded thaw depths 
a t  all s i tes  in polygonal peatlands. 



Table 4.1 

Physical properties of pea t  

Refe rence  1 Moisture 

MacFar lane ,  1969 

Walmsley, 1977 

Density 

Material  

\V W bulk dry 

(%wt) (% vol) (g/cm3) (g/cm3) 

619 22 0 .24 0.039 

750-1500 50-90 0.4-1.2 0.08-0.32 

0.4-1.2 0.02-0.34 

Frozen peat 
Frozen peat  
Frozen peat  
Unfrozen peat  
Unfrozen peat  
Frozen or unfrozen silt-clay 

Moisture 
W 

(% volume) 

Thermal Conductivity 
K 

(millical cm-'s-' O C - ' )  

0.23 
2.3 
4.8 
0.7 
1.3 
4-8 

Refe rence  

this study 
MacFarlane, 1969 
MacFarlane, 1969 
MacFarlane, 1969 
MacFarlane, 1969 
Sanger, 1963 
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Figure 4.4. Progression o f  thawing in peat, summer 1978. And predicted increase in active layer depth (ALD). 
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3. Although the re  is a sys temat ic  clustering, a fairly high 
degree  of s ca t t e r  is apparent.  This sca t t e r  probably 
ref lec ts  differing moisture contents a t  various sites. The 
conclusion tha t  t he  thermal  properties of pea t  a r e  highly 
dependent on moisture content  is borne o u t  by field 
observations; those s i tes  noted in the  field a s  being 
particularly wet,  for example,  had significantly greater  
thaw depths. 
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Theoretical  Progression of Thawing, 
Using Air Temperature  D a t a  

and substi tuting this value in to  t h e  Stefan (or modified 
Berggren) equation (modified f rom Tuma and Abdel-Hady, 
1973): 

where  x = depth of thaw (cm) 
K = thermal  conductivity of t h e  soil 

(millical s-' cm-' C -' 1 
TI = thawing index in degree-days (OC)_ 
L = la tent  hea t  of fusion (rnillical c m  3 ,  

The hypothetical dep th  of thawing or f reezing can  be 
predicted using s tandard meteorological d a t a  by calculating 
the  number of degree-days available for thawing (or freezing) 



The Berggren equation differs f rom t h e  Stefan model in t h a t  
i t  has an additional multiplier contant.  In this case,  because 
of t h e  thermal properties of t h e  peat,  t h e  multiplier 
approaches unity. Therefore,  t h e  results f rom t h e  two 
equations a r e  almost identical. 

The Stefan equation is based on a model of uniform hea t  
flow and has been found to  be accura t e  in predicting thawing 
or freezing in mineral soils. For this study, t empera tu re  da ta  
f rom Churchill a i rpor t  a r e  sufficiently representa t ive  for 
degree-day calculations, because t h e  en t i r e  a r e a  is an  open 
plain and is exposed t o  t h e  e f f ec t s  of Hudson Bay. Latent  
hea t  values were  calculated f rom density and moisture d a t a  
derived f rom t h e  analysis of cores. The thermal  conductivity 
used in t h e  equation was  empirically derived by substi tuting 
known measured thaw depths into t h e  Stefan equation. 
Standard values for conductivity published in t h e  l i tera ture  
(cf.  Table I )  could not b e  used in the  calculation because they 
apply t o  peats with much higher volumetric water  contents.  

Using t h e  Stefan model, with conductivity of 0.23 
millical cm-' s-' OC-', progressive seasonal thaw values were  
ca lcula ted  and plotted (Fig. 4.4). The graph shows relatively 
good agreement  between t h e  c lus ters  of measured d a t a  and 
predicted thawing in dry peats. This correspondence permits 
ca lcula ted  values t o  be  extrapolated beyond the  last 
measured value t o  the  end of the  thawing season (end of 
September) where an expected maximum thaw depth  would be 
43 cm in 1978 and 49 cm in average years. 

These values indicate t h a t  tots! annual thawing is also 
less than t h e  thickness of pea t  and t h a t  t h e  subsoil must 
remain f rozen throughout t h e  year over t h e  broad a r e a  
covered by polygonal peat. In contras t  t o  this, up  t o  2 m of 
thawing is expected t o  occur  in we t t e r  peats  and 1.75 t o  
2.5 m of seasonal thawing in mineral soils in t h e  same  general 
area .  

Significance of t h e  Thermal Regime t o  t h e  Regional Boundary 
Between Continuous and Discontinuous Pe rmaf ros t  

Three  significant conclusions about t h e  upper thermal  
regime can be  summarized f rom examination of t h e  vertical  
t empera tu re  profiles and progressive seasonal thawing 
calculations: 

I. Thawing does not extend through polygonal peat  into the  
subsoil. 

2. In polygonal peatland, subsoil temperatures  a r e  
sufficiently below freezing t o  maintain t h e  underlying 
clayey mineral soil in a f rozen s t a t e  despi te  capillary 
moisture. 

3. For wet ter  peats, which have a higher thermal  
conductivity,  o r  for thinner peat  accumulations, 
t empera tu res  a r e  warmer  and thawing may pene t r a t e  t o  
t h e  mineral substrate.  

C l ima te  is a basic f ac to r  in t h e  format ion and preserva- 
tion of permafrost ,  and continent-wide studies have shown a 
broad relationship between mean annual a i r  temperature ,  
ground temperature ,  and permafros t  occurrence. Based on 
Soviet s tudies  i t  has  been found t h a t  t h e  l imi t  between 
continuous and discontinuous permafros t  corresponds in a 
general way t o  t h e  location of t h e  -8.5OC mean annual a i r  
t empera tu re  isotherm, which in turn  corresponds t o  a mean 
annual ground t empera tu re  of -5°C (Brown and Phwe, 1973, 
p. 75). This relationship is known t o  be valid for  much of 
Canada a s  well. On the  basis of this correlation between air  
temperatures  and permafrost ,  t h e  expected l imit  of 
continuous permafros t  in this a rea  should pass through 
Churchill. 

Field observations and the  preceding numerical calcula- 
tions indicate  tha t  in t h e  Hudson Bay Lowlands a i r  
t empera tu res  and permafrost  distribution do not co r re l a t e  

well. This is due t o  t h e  low thermal  conductivity of regionally 
significant pea t  accumulations; thus permafros t  is much more  
widespread than expected on t h e  basis of a i r  t empera tu res  
alone. Figure 4.1 shows t h e  predicted boundary between 
continuous and discontinuous permafrost ,  de termined on the  
basis of observations on the  types of peat,  measured thaw 
depths, and da ta  f rom shallow boreholes. Continuous perma- 
f ros t  is assumed t o  underlie dry, polygonal peatlands; 
regionally discontinuous permafrost ,  or taliks, underlie w e t t e r  
fen  lands t o  t h e  west,  and thinner we t  peat lands  near  t h e  
coast.  In these  areas ,  although t h e  peat  in places is f rozen 
completely,  t empera tu res  a r e  sufficiently high t h a t  capillary 
water  in t h e  underlying, clayey subs t r a t e  is present  in an  
unfrozen s ta te .  

Conclusions 

1. Thermal conductivity values for polygonal peat  a r e  very 
low (Kz0.23 millical cm-' s-' OC-'). Dry organic deposits 
a r e  an  e f f ec t ive  f ros t  barrier.  

2. Maximum thaw depths  in dry pea t  a r e  about 50 cm. 

3. Over broad a r e a s  of t h e  Hudson Bay Lowland, pea t  
deposits a r e  thicker than the  depth of seasonal thawing. 
The mineral subst ra te  remains frozen throughout the  year, 
and continuous permafros t  conditions prevail. 

4. Thawing in peatland is highly dependent on the  moisture 
content  of peat.  If t h e  moisture content  is volumetrically 
doubled, t h e  the rma l  conductivity may increase  by an  
order of magnitude. 

5. Thaw depths in peat  can be  predicted f rom air  
t empera tu re  data.  For polygonal peatlands in this region, 
t h e  Stefan equation 

2.0 86400 - 0.23 . TI = TI x = ,/- 
17600 

describes t h e  depth of thawing, where  x is thaw depth  (cm) 
and TI is t h e  thawing index (degree-days Celsius.) 
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Abstract 

Samples of coal, associated minerals and sedimentary rocks of Pennsylvanian age from the 
Sydney Coalfield were analyzed for U. The U content of coal samples ranges from 0.03 t o  4.2 ppm 
(avg. 0.46 pprn U)  , but over 50 per cent of them contain less than 0.2 ppm U. The highest 
concentrations are found in shaly coal (9.22 ppm U )  or shale within coal seams, and both overshales and 
undershales are enriched (3.9 ppm U). The average U contents for shale (3.4 pprn U) and sandstone 
(2.9 ppm U)  in the Sydney Coalfield are not different from those of similar rocks elsewhere. No 
significant enrichment has been found in sulphates of sulphides associated with coal. Ash from Sydney 
coal probably averages less than 4 ppm U. 

Introduction 

Although coal is commonly considered to  be  one of the  
leas t  radioactive rocks (Russell, 1945), ore-grade 
concentra t ions  of uranium (U) in coal have been reported 
f rom many par ts  of the  world (Benson and Gill, 1956). 
Because U is  concentra ted  in the  ash when coal  is  burned a s  a 
fuel, consideration has been given t o  i t s  economic recovery 9 Point Aconi 
f rom ash (Vine, 1956), and concern is of ten  manifested on the  
possible e f f e c t s  of releasing these  products of combustion t o  
t h e  environment (e.g. Roffman e t  al., 1977). 

Princess Mine This paper presents da t a  on the  con ten t  of U of coal  and 
associated pyrite, hydrated sulphates, and sedimentary rocks 
f rom t h e  Upper Carboniferous sequence of Sydney Coalfield, 
s i tuated on the  northeastern par t  of t he  Island of Cape 
Breton, Nova Scotia,  Canada (Fig. 5.1) The geology has been 
described by Brown (1845, Dawson (1878), and more  recently 
summarized by Rose e t  al .  (1970). Detailed studies on i t s  
fossil f lora  and secondary mineralogy (Zodrow and 
McCandlish, 1978a, b) provided t h e  momentum fo r  t h e  
present  study. Trace  e lements  in Nova Scotia coals were  
studied by Hawley (1955a, b) and Hawley and Rimsai te  (1954), 
but t o  our knowledge, no U analyses have been published for  
Nova Scotia coals. 

The studied rock sequence represents  t h e  exposed pa r t  
of a gently folded basin t h a t  trends nor theas t  and plunges 3 t o  
20" in to  the  At lant ic  Ocean. The Pennsylvanian s t r a t a  
comprise Westphalian C and D floral zones (Zodrow and 
McCandlish, 1978a) and a r e  probably 2000 m thick. They a r e  
composed chiefly of micaceous, coa r se  grained t o  
conglomeratic sandstones ("millstone grit") of fluvial origin, 
with intercalations of red and grey (carbonaceous) shales, t he  
latter.  forming t h e  hangingwall (overshale) and footwall  
(undershale; underclay) of the  larger coal  seams. These 
undershales and overshales a r e  ext remely variable in lqgure 5.1.  ti^^ of uranium samples in a d n e y  
thickness and la tera l  e x t e n t  (from z e r o  t o  several metres). Coalfield, Cape Breton Island, Nova Scotia. Sydney basin 
The coal seams themselves vary from a few mill imetres to  is identified by "X". 
over 2.3 m. Several of t h e  I3 seams (Table 5.1) were  mined 
in the  past  and two  of them a r e  presently mined by t h e  Cape 
Breton Development Corporation (DEVCO) a t  t he  Lingan, Analytical  Procedures  
No. 26 and Prince mines, producing bituminous coal. Most samples  were  analyzed by an Induced Fission 

The samples used in this study were  collected by E.L.Z. Track Technique (IFT) a s  routinely used a t  Dalhousie 
o r  se lec ted f rom t h e  collections of t h e  College o f  C a p e  University (Zentilli et al., 1977; Mitchell and Aumento, 1977). 
Breton, Sydney, Nova Scotia and the  Nova Scotia Museum, Precision and accuracy of t h e  method have been discussed by 
Halifax, Nova Scotia. Fisher (1970) and Dostal e t  al .  (1975). Because for the  IFT 

analyses one does  not  weigh t h e  sample  but measures the  

Depar tment  of Geology, College of Cape Breton, Sydney, N.S. B I P  631 
Depar tment  of Geology, Dalhousie University, Halifax, N.S. B3H 332 
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Figure 5.2. Composite and schematic profile a-b from Point 
Aconi (Fig. 5.1) and uranium content (Table 5.2). Measured 
thickness of  the coal seam is 110 cm.  

a m o u n t  of U per  unit  a r e a  (vo lume)  of a s a m p l e  pe l le t ,  w e  
h a v e  found (Zenti l l i  a n d  Taylor,  in prep.) t h a t  f o r  s a m p l e s  
whose spec i f ic  g r a v i t y  is  s ignif icantly d i f f e r e n t  f r o m  t h a t  of 
t h e  s t a n d a r d  used,  a c o r r e c t i o n  f o r  dens i ty  m u s t  b e  
in t roduced .  Only t h e n  c a n  t h e  IFT r e s u l t s  b e  c o m p a r e d  with 
resu l t s  ob ta ined  by o t h e r  m e t h o d s  t h a t  g i v e  r e s u l t s  in pprn 
(e.g. g / t o n  by weight). This  c o r r e c t i o n ,  g e n e r a l l y  e q u i v a l e n t  
t o  t h e  ra t io ,  S.G. sample/S.G. s t a n d a r d ,  h a s  b e e n  in t roduced  
f o r  o u r  c o a l  analyses.  T h e  precision of t h e  IFT m e t h o d  using 
a s t a n d a r d  g lass  of 0.32 ppm U i s  genera l ly  b e t t e r  t h a n  -+ 20 
p e r  c e n t .  T h e  IFT m e t h o d  c a n  m e a s u r e  c o n c e n t r a t i o n s  as low 
as 0.001 ppm U, making i t  espec ia l ly  a p p r o p r i a t e  for  c o a l  
ana lyses .  

A number  of t h e  s a m p l e s  f o r  this  s tudy  w a s  ana lyzed  by 
a Delayed  Neut ron  Act iva t ion  (DNA) method  with a precision 
o f  ? 2 0  per c e n t  at t h e  0.5 pprn U leve l ,  increas ing  t o  + 5 p e r  
c e n t  a t  t h e  10.0 pprn U level. The  l imi t  of a n a l y t i c a l  

d e t e c t i o n  f o r  r o u t i n e  DNA ana lys i s  i s  a b o u t  0.1 pprn U. 

Uranium Content 

l ' ab les  5.2 to 5.4 show t h e  r e s u l t s  of t h e  a n a l y s e s  of 
o v e r  100 samples ,  including rocks,  c o a l  a n d  a s s o c i a t e d  
h y d r a t e d  s u l p h a t e  minerals .  U c o n t e n t s  of pyr i te - r ich  
f r a c t i o n s  f r o m  c o a l  a n d  a c i d  mine  w a t e r s  a r e  a l so  mentioned.  

A v e r a g e  va lues  f o r  t h e  s a n d s t o n e  in t h e  a r e a  a r e  c l o s e  
t o  3 pprn U (Table  5.2), with t h e  l o w e s t  va lues  found in t h e  
"mil ls tone gr i t "  (brown, c o a r s e  gra ined  t o  c o n g l o m e r a t i c  
sanclstone, 1.5 pprn U) w h e r e a s  f i n e  g r a i n e d  s a n d s t o n e  
c o n t a i n s  nearly t w i c e  t h e  a m o u n t  of U. T h e s e  va lues  a r e  
cons is ten t ly  higher t h a n  published d a t a  l o r  "North A m e r i c a n  
a v e r a g e  or tho-quar tz i te"  (0.45 p p m  U; R o g e r s  a n d  Adams,  
1969), o r  e v e n  f o r  "average  a rkose"  (1.5 pprn U;  R o g e r s  and  
Atlarns, 1969) o r  g r e y w a c k r .  It is similar ,  however ,  t o  t h e  
a v r r a g r  valrlr for "At lan t ic  C o a s t  b e a c h  sands" (3.21 pprn U, 
Malitlnvi, 1964). 

Our  s h a l e  s a m p l e s  a r e ,  a s  e x p e c t e d ,  s l ightly higher in U 
c o n t e n t  t h a n  t h e  sands tones ,  with a n  a v e r a g e  of 3.4 pprn U, in 
a g r e e m e n t  wi th  t h e  " a v e r a g e  North A m e r i c a n  g r e y  and  g r e e n  
sha le"  (3.2 pprn U; R o g e r s  and  Adams,  1969). No s ign i f ican t  
d i f f e r e n c e  w a s  found in t h e  U c o n t e n t  of s h a l e s  r ich  in  
coa l i f ied  fossi l  plan r e m a i n s  (about  3 to 15% by volume)  a n d  
t h o s e  devoid of m e g a p l a n t  remains.  However ,  s h a l e s  i m m e -  
d i a t e l y  (within 10-15 c m )  a b o u t  a n d  b e l o w  c o a l  s e a m s  a r e  
enr iched ,  w i t h  3.9 pprn U (oversha le )  a n d  3.8 pprn U 
(undershale;  underc lay)  respec t ive ly .  T h e  h i g h e s t  v a l u e s  in 
t h e  Sydney Coal f ie ld  w e r e  d e t e c t e d  in s a m p l e s  descr ibed  a s  
"shaly coa l"  (Table  5.3), highly c a r b o n a c e o u s  s h a l e  wi th in  c o a l  
seams.  

These  va lues  a r e  genera l ly  l o w e r  t h a n  t h e  "average  
blacl< s h a l e f 1  (8 pprn U) and  much l o w e r  in U c o n t e n t  t h a n  
m o s t  "mar ine  black sha les"  ( R o g e r s  a n d  Adams,  1969). 

Coal  s a m p l e s  (Table  5.3) a r e  o n  t h e  a v e r a g e  l o w  in U 
c o n t e n t  ( a b o u t  0.5 pprn U); 6 7  p e r  c e n t  of  t h e  c o a l  s a m p l e s  
h a v e  l e s s  t h a n  0.25 pprn U. Most  of t h e  u r a n i u m  a p p e a r s  t o  
b e  a s s o c i a t e d  wi th  t h e  c l a y e y  i m p u r i t i e s  p roducing  loca l  
c o n c e n t r a t i o n s  o v e r  4 pprn U. T h e s e  a v e r a g e  va lues  a r e  
c o m p a r a b l e  w i t h  t h e  r e s u l t s  ob ta ined  f r o m  o n e  s a m p l e  of c o a l  
f r o m  Pennsylvania  a n d  t w o  f r o m  G e r m a n y ,  b u t  t h e  l a t t e r  
individual  va lues  c a n  hard ly  b e  cons idered  r e p r e s e n t a t i v e .  

Across  a s e a m ,  t h e  U c o n t e n t  a p p e a r s  t o  b e  a t  a 
min imum a t  t h e  c e n t r e  and  t o  i n c r e a s e  t o w a r d s  t h e  hanging  
a n d  foo twal l s  (Fig. 5.2, T a b l e  5.2). S e e  a l s o  T a b l e  5.3, t h e  
Mc Aulay s e a m .  I t  i s  n o t  c e r t a i n  w h e t h e r  t h i s  r e f l e c t s  
v a r i a t i o n s  in t h e  c l a y  c o n t e n t s  of t h e  c o a l  o r  if i t  i s  t h e  
g e n e r a l  p a t t e r n  f o r  a l l  t h e  seams.  T h e  o b s e r v a t i o n  by Hawley  
(1955a) t h a t  many t r a c e  e l e m e n t s  (Mn, As, Pb,  Ge ,  Co,  a n d  
Ni) a r e  e n r i c h e d  in t h e  t o p  a n d  b o t t o m  p a r t s  of m o s t  s e a m s  in 
t h e  Sydney Coal f ie ld ,  s u g g e s t s  t h i s  m a y  a l s o  b e  t h e  g e n e r a l  
c a s e  f o r  U. 

T a b l e  5.1 

C o a l  Measures  of Sydney Coal f ie ld ,  C a p e  B r e t o n  Island, 
Nova Scot ia ,  in t h e i r  r e l a t i v e  s t r a t i g r a p h i c  posi t ion 

(younges t  to o l d e s t )  

S e a m  S t r a t i g r a p h i c  P r e s e n t  
~ h i c k n e s s ~  P r o d u c e r  

P o i n t  Aconi  110  c m  

Lloyd C o v e  185 c m  

S t u b b a r t  225  c m  P r i n c e  Mine 
Harbour  180 c m  Lingan & 

no. 26 Mine5 

Bouthil l ier  9 0  c m  

Backpi t  150 c m  

P h a l e n  210  c m  

E m e r y  180  c m  

G a r d i n e r  120 c m  

Tracy  180 c m  

S h o e m a k e r  15 c m  

Mc Aulay 4 5  c m  

Round Island 5 0  c m  

Mississippian 

Zodrow and  McCandlish (1978a). 
Maximum is q u o t e d :  r e f e r  t o  Hacquebard  (1979) 
for  var ia t ions  in thickness.  



Table 5.2 

Uranium content  of sedimentary rocks from Sydney Caolfield. Refer  t o  Figure 5.1 for 
location of samples which a r e  arranged in ascending s t ra t igraphic  order.  

Location Seam Description of Rocks U (ppm) Standard Number of 
mean range Deviation Samples 

1 Mc Aulay Overshale, carbonaceous* 4 .3  4.2-4.4 2 

2 Shoemaker sandstone, fine grained, 3 .3  3 .1 -3 .5  2 

3 sandstone, conglomeratic,  
quartz-rich 1.7 1 

4 sandstone, conglomeratic,  
quartz-rich 2 .4  1 

5 Tracy shale* 3 . 3  I 

6 sandstone, conglomeratic,  
I quartz-rich 1.7 1.5-1.9 2 

7 Emery shale* 3 .5  3.3-3.6 2 

8 Emery shale* 3 . 3  3.1-3.5 2 

9 shale* 3 .5  1 

10 shale* 3 . 1  I 
I I sandstone, conglomeratic,  

quartz-rich 1.9 I 
12 Phalen sandstone, fine grained, 

micaceous, grey 3.6 1 

13 Phalen sandstone, micaceous* 3 . 7  3 .7  2 
no. 26 Mine 

13 no. 26 Mine overshale, within 15cm 3.1 2.4 4.0 t 0 . 7 6  4 
of t he  seam 

14 Harbour overshale, within 15cm 
Lingan of t he  seam, slicken 
Mine sided 5 .5  I 

14 Harbour sandstone, fine grained, 3 .1  2.5-3.9 *0.71 3 
Lingan dark, micaceous* 
Mine 

15 sandstone, grey,  cross- 5 .7  1 
bedded 

16 shale* 3 .5  3.3-3.6 2 

17 sandstone, micaceous, grey 3 . 6  I 

Prince overshale, dark, within 
Mine 15 c m  of the seam* 
Stubbart 4.2 3.7-4.6 t 0 . 3 7  4 
I, ~t undershale, grey, within 

15 c m  of t he  seam 3.1  I 

IS** Upper undershale, grey 3 .3  1 
Bonar 

19 Point shale* 3.6 3.2-4.0 t 0 . 4 3  4 
Aconi 

Point Composite Profile f rom 
Aconi Fig. 5.1: a-b. See  Fig. 5.2 

sandstone, medium grained 2.7 1 
shale* 3 .4  1 
overshale* 3.7 1 

top of s eam I .  I (Repeated in) I 
cen t r e  of s eam 0.2 ( ) 1 
bot tom of seam 0.7  (Table 5 . 3  ) 1 

undershale 5.0 1 
sandstone, crossbedded 2 . 2  1 
red shale 3 .5  1 
red shale 3.7 1 

AVERAGE O F  SHALES 3.4 3.1-4.0 T0.27 16 

AVERAGE O F  SANDSTONE 2.9 1.5-5.7 21 .05  17 

AVERAGE O F  OVERSHALES 3.9 3.1-5.5 ? 0.86 12 

AVERAGE O F  UNDERSHALES 3.8  3.1-5.0 2 I .04 3 - 
TOTAL SAMPLE SIZE 48 
(excluding coa l )  

K 

*Contains f o s s ~ l  plant remains. 
Note: a l l  uranium analyses by t h e  DNA method. 

**Between Locations 17 & 19. 



Table 5.3 

Uranium con ten t  of coals from Sydney Coalfield arranged in s t ra t igraphic  sequence 
from oldest  t o  youngest. Refer  t o  Figure 5.1 for location of samples.  

Location Seam Description or -U (ppm) Standard Number of 
Remarks  mean range deviation Samples 

I Mc Aulay? top of seam,  outcrop 0.21 I 

I Mc Aulay 15cm below top of 
seam,  outcrop 0 .06 I 

2 Shoemaker?? shaly coal 4.82 1.11-9.22 4.1 3 

5 Tracy f rom mine dump 2.15 0.08-4.22 2.9 2 

8 Emery* 100 m of outcrop 0.43 0.03-3.18 0.7 2 3 

12 Phalen 80 t o  lOOcm below 
top of seam,  outcrop 0.17 0.09-0.23 0 .06 4 

No. 16 Phalen former  producer 0.04 0.03-0.05 0 .01 4 
Dominion 

I-B Mine Phalen former  producer 0.11 0.06-0.17 0.07 2 
(13) 

Lingan Harbour present producer 0 .82  0.05-1.65 0 .80  3 
Mine 

Princess 
Mine Harbour former  producer 0 .24 0.14-0.35 0 .15 2 

Pr ince  
Mine Stubbar t  present producer 0.49 0.06-2.51 0.74 10 

16 Upper 
Bonar shaly coal 3.50' I 

Point Point** 
Aconi Aconi r e fe r  t o  Fig. 5.2 0.67' 1.1-0.2-0.7 3 

AVERAGE FOR ABOVE COALS 0.46 0.03-4.2 0.80 55  
(excepting shaly coal)  

AVERAGE FOR SHALY COALS 4.49 1.11-9.22 3.40 4 

Wilkes Barre, Pennsylvania 0.45 I 
Oberhausen, Germany 0.17 1 
Siebengebirge, Germany 0 .03 I 

Measured s t ra t igraphic  thickness a t  sample  site:  
-t 35-40 c m  "150 t o  180 c m  +Determined by DNA. 
t? 11 c m  ""1 10 c m  
See Table 5.1 for  information on t h e  o the r  seams. 

The Sydney Coalfield coals appear to  be poorer in U 
than those from other  Pennsylvanian coalfields in t h e  
Appalachian region of the  United S ta t e s  (avg. 1.4 pprn U, 
Swanson et al., 1976). With t h e  l imited number of samples, i t  
is difficult  t o  d e t e c t  a consistent trend of U con ten t  and the  
re la t ive  age  of the  coal seams. There appears  to  be  a 
posit ive correlation of uranium con ten t  and amount  of c lay  
impurit ies and a relationship between uranium con ten t  and 
stratigraphic position of a sample within a coal seam.  

Nine pyrite-rich samples (FeSzbetween 90 to  97%, the  
remainder being coal) f rom various coal  s eams  around Sydney, 
were  concentra ted  using heavy liquids and analyzed by DNA. 
Of eight samples, seven contain less than 0.2 and one 
0.5 ppm U ;  hence no trend is discernible a t  this resolution of 
results. Although i t  is probable t h a t  a par t  of t he  uranium is 
present  in the  pyr i te  a s  solid solution, higher values would 
probably be indicative of enr ichment  in the  iron oxide coating 
(King, 1953) of t he  pyrite (Zentilli, unpublished data).  

Acid waters  collected f rom drainage di tches  of coal  
s tored in the  open a i r  contained between 0. I and 0.2 pprn U a s  
determined by DNA ( the  samples a r e  f rom no. 26 and Pr ince  

mines, respectively). These samples also provided a 
favourable environment for prolific growth of t h e  bacter ium 
of t h e  type Thiobacillus species  especially a t  4' C.. 

Coal associated hydrated sulphates  (Table 5.4) such 
a s  melanter i te  (FeS04 -7 H20) . contain a lmost  identical  
amounts  of uranium a t  t h e  Lingan and no. 26 mines, and a r e  
r icher  in uranium than s ideronatr i te  (Na2Fe(SOs)6(0H).3Hfl) 
and epsomite  (MgS04.7H20). Chemical results of t hese  
minerals a r e  given by Zodrow and McCandlish (1979). Halite 
f rom no. 26 mine conta ins  less than 0.2 ppm U. Of a l l  
t h e  analyzed hydrated sulphates,  iron t amarug i t e  has t h e  
highest concentra t ion of U, 5.3 pprn, whereas  t amarug i t e  
( N a A l ( S 0 ~ , ) ~ . 6 H 2 0 )  has  2.5 p p m . 3 ~ t  appears  t h a t  coal-  
associated minerals f rom no. 26 mine a r e  r icher  in uranium 
than those f rom t h e  Pr ince  mine. 

Preliminary exper iments  were  conducted to  evaluate  
the  enr ichment  of uranium achieved with progressive ashing 
of some of the  coal  samples  listed in Table 5.3. The results,  
however, were  e r r a t i c ,  leading t o  severalfold enr ichment  in 
some experiments,  no enr ichment  or  even t o  U loss in others.  
It is possible tha t  during combustion of the  coal  some of the  

- -- 

Pickeringite ( M ~ A L ~ ( S O I , ) ~ - ~ ~ H ~ O ) ,  sample  location no. 8, Fig. 5.1, conta ins  on the  average 17 pprn U (added note  in proof). 



uranium is  los t  wi th  t h e  vo la t i l e  f r a c t i o n ,  &, ashing should 
b e  d o n e  a t  low t e m p e r a t u r e s  and  under  carefu l ly  cont ro l led  
condi t ions  (e.g. Lloyd and Franc is ,  1975). S o m e  a s h e s  
r e m a i n e d  black and  s t icky  even  a f t e r  a long period of hea t ing ,  
a n d  o n e  such  ash  f r o m  t h e  Mc Aualy s e a m  violently exploded  
when being hydraulical ly pressed i n t o  a pe l le t  f o r  I F T  ana lys i s  
s h a t t e r i n g  t h e  mass ive  s t e e l  cylinder:  ash ing  e x p e r i m e n t s  
w e r e  discontinued.  

Discussion 

The  a b o v e  resu l t s  a r e  a n  indicat ion t h a t  t h e  uran ium 
c o n t e n t  in mos t  s e d i m e n t a r y  rocks  f r o m  t h e  Sydney Coal f ie ld  
is  low, a n d  n o t  s i g n i f ~ c a n t l y  d i f f e r e n t  f r o m  t h a t  of o t h e r  
Upper P a l e o z o i c  r o c k s  on  t h e  Island of C a p e  Breton.  T h e  
h igher  uran ium c o n t e n t s  a r e  found wi th in  s h a l e s  in  t h e  
proximi ty  of coa l .  Ki rkham (1978) h a s  published uran ium 
ana lyses  of s e d i m e n t a r y  rocks  n e a r  t h e  Horton-Windsor 
unconformi ty  of Early Carboni fe rous  a g e ,  which a r e  local ly 
minera l ized  with C u ,  P b  and  Zn. T h e  s a n d s t o n e  a v e r a g e s  
a b o u t  2.5 pprn U a n d  o t h e r  a s s o c i a t e d  l i thologies,  such  as 
c o n g l o m e r a t e  and l imes tone ,  c o n t a i n  4 t o  5 pprn U on  t h e  
a v e r a g e .  Agains t  t h e s e  values,  t h e  Sydney Coal f ie ld  
s a n d s t o n e  (2.9 ppm U), s h a l e  (3.4 pprn U), a n d  undersha le  a n d  
o v e r s h a l e  ( a b o u t  4 pprn U) d o  n o t  a p p e a r  v e r y  d i f fe ren t .  T h e  
low c o n c e n t r a t i o n s  of u ran ium in c o a l  a r e  l o w e r  t h a n  t h o s e  
r e p o r t e d  f o r  m o s t  Pa leozoic  c o a l s  in t h e  Nor th  C e n t r a l  a n d  
E a s t e r n  U.S. (Vine, 1956, Swanson e t  al.,  1976). T h e  a v e r a g e  
c o a l  in  t h e  U.S. c o n t a i n s  1.8 ppm U (Swanson et al., 1976) b u t  
t h e i r  Neut ron  Act iva t ion  a n a l y s e s  did n o t  d e t e c t  va lues  lower  
t h a n  0.2 pprn U. Considering t h a t  6 7  p e r  c e n t  of t h e  Sydney 
c o a l  s a m p l e s  h a v e  less  t h a n  0.2 pprn U, if a l l  t h e s e  a n a l y s e s  
a r e  a r b i t r a r i l y  g iven  a va lue  of 0.2 pprn U a n d  if shaly c o a l  
s a m p l e s  a r e  included,  t h e  a v e r a g e  U c o n t e n t  of Sydney c o a l  
would b e  0.9 pprn. As  in t h e  Sydney coa l f ie ld ,  s h a l e s  a n d  
underc lays  f r o m  t h e  U.S. Pa leozoic  coa l f ie lds  a r e  r icher  in 
uran ium t h a n  t h e  coa l  (Snider,  1954). Loca l  e n r i c h m e n t s  of 
u p  t o  8 0  ppm U in Illinois coa l ,  a n d  u p  t o  190 pprn U in 
Pennsylvania  ( P a t t e r s o n ,  1955) a r e  cons idered  a n o m a l i e s  d u e  
t o  secondary  p r o c e s s e s  t h a t  h a v e  a f f e c t e d  t h e  c o a l  
(Vine, 1956). High-rank,  low-ash c o a l s  of t h e  t y p e  m o s t  
des i red  for  fue ls  a p p e a r  t o  b e  ra re ly  uran i fe rous ,  and  
s ign i f ican t ,  widespread  c o n c e n t r a t i o n s  of U a r e  b e t t e r  
r e p r e s e n t e d  in  low rank  and  i m p u r e  coa l ,  including l ign i te  a n d  
subbi tuminous  coal .  In m o s t  cases ,  t h e s e  h igher  

Table  5.4 

Uranium c o n t e n t  in pprn of coa l -assoc ia ted  
Minera l s  f r o m  Sydney Coal f ie ld  

Mineral  Lingan no. 2 6  Mine Princc 
Mine (Pha len  s e a m )  Mine 

  el ante rite^ 0 . 2 7  0 . 2 8  c 0.2+ 

Aluminocopiap i te l  0.4' < 0 . 2 +  

F i b r o f e r r i t e 2  0.3' ~ 0 . 2 ~  

s i d e r o n a t r i t e 2  0 . 0 9  

 somi mite^ 0 . 0 0 3  

Tarnarugi te  2 . 5  

Iron-bearing 
T a m a r u g i t e  5 . 3  

H a l i t e  < o .  2'+ 

F r o m  no. 26: 

( ~ a o . o ~ ~ ~ a o . o o s M g o . o e s M n o . o ~ 3 ~ e ~ ' o . ~ ~ s ~ l o . ~ ~ 3 )  

( F ~ ~ ~ O . ~ C I ~ A L O . O I  7 ) 4 ( 0 ~ ) 2 ( ~ 0 4 ) 6 * 1 $ . 4 ~ ~ 0 .  

For  discussion of i n t e r r e l a t e d  paragenes i s  a n d  c h e m i c a l  
cornposit ion r e f e r  Zodrow a n d  McCandlish (1978'). 

by t h e  DNA method .  

c o n c e n t r a t i o n s  a r e  n o t  cons idered  to b e  s y n g e n e t i c  (Benson 
a n d  Gill, 1956; DeVoto,  1978). T h e  r a t h e r  c o n s i s t e n t  low 
va lues  in t h e  Sydney c o a l  sugges t  t h a t  c o n d i t i o n s  of  w a t e r  
c i rcu la t ion  in t h e  very  e x t e n s i v e  Pennsylvanian  p e a t  bogs 
(with a n  ear ly  r e m o v a l  of U f r o m  t h e  w a t e r s  n e a r  t h e  basin 's  
margins?)  a n d  t h e  lack  of glassy v o l c a n i c  d e b r i s  in t h e  
s e q u e n c e  c o n t r i b u t e d  t o  m a k e  t h i s  c o a l  uranium-poor.  During 
coa l i f ica t ion ,  i t  is possible t h a t  a c e r t a i n  propor t ion  of  t h e  
uran ium w a s  lost. Breger  et a l u  (1955,  and  Breger  and  Deul 
(1956) i n d i c a t e d  t h a t  9 8  p e r  c e n t  of t h e  uran ium in l ign i te  
f r o m  Wyoming is  p r e s e n t  in t h e  f o r m  of organo-uran ium 
complexes .  A t  a b o u t  1 0 0 ° C  o r g a n i c  d e g r a d a t i o n  of t h e  h u m i c  
a c i d  p r e s e n t  in c o a l  t a k e s  p l a c e  and  kerogen ,  which i s  i n e r t  t o  
uran ium,  is  f o r m e d  (DeVoto,  1978). F u r t h e r m o r e ,  Moore 
(1954) d e m o n s t r a t e d  e x p e r i m e n t a l l y  t h a t  a l though pea t ,  
l ign i te  and  subbi tuminous  c o a l  e x t r a c t  9 8  p e r  c e n t  o r  m o r e  
t h e  uran ium f r o m  a n  a q u e o u s  solut ion,  b i t u m i n o u s  c o a l  r e t a i n s  
only 17 per  c e n t .  This  would diminish t h e  possibility of 
secondary  uran ium e n r i c h m e n t  in t h e  Sydney b i tuminous  
coa ls ,  b u t  s u g g e s t s  t h a t  a n o m a l o u s  uran ium c o n c e n t r a t i o n s  
could  b e  found locally in l o w e r  rank  c o a l s  in t h e  proximi ty  of 
u n c o n f o r m i t i e s  o r  p e r m e a b l e  por t ions  of s e d i m e n t a r y  
s e q u e n c e s  e l s e w h e r e  in Nova Scot ia .  

T h e  re la t ive ly  high v a l u e s  a b o v e  a n d  be low c o a l  s e a m s  
a n d  t h e  v e r y  low c o n c e n t r a t i o n  of u r a n i u m  in t h e i r  middle  
s e c t i o n s  should b e  d e t e c t a b l e  wi th  g a m m a  b o r e h o l e  logging 
techniques .  Hawley (1955a) a t t e m p t e d  s t r a t i g r a p h i c  
c o r r e l a t i o n  based  on  t r a c e  e l e m e n t s  of t h e  s e a m s ,  and  
s u g g e s t e d  t h e r e  i s  a n  e n r i c h m e n t  in c e r t a i n  t r a c e  e l e m e n t s  
(e.g. As) as t h e  s e a m s  g e t  younger.  Probably  uran ium c o n t e n t  
could  b e  used in a s imi la r  m a n n e r ,  b u t  a l a r g e r  n u m b e r  of  
s a m p l e s  and  a m o r e  d e t a i l e d  s tudy  would b e  requi red  t o  
e v a l u a t e  th i s  possibi l i ty.  However ,  on  a pre l iminary  basis  i t  
a p p e a r s  t h a t  roughly c o i n c i d e n t a l  w i t h  t h e  Westphalian C-D 
boundary (Table  5.11, on  t h e  a v e r a g e ,  u ran ium v a l u e s  show 
s o m e  t e n d e n c y  t o  i n c r e a s e  (shaly c o a l  is  n o t  considered).  

C o m p l e t e  ash ing  of c o a l  f r o m  t h e  Sydney Coal f ie ld  
l e a d s  t o  a n  a v e r a g e  8.6-fold e n r i c h m e n t  of m o s t  of i t s  t r a c e  
e l e m e n t s  (Hawley ,  1955a). F o r  t h e  a v e r a g e  c o n c e n t r a t i o n  of  
0.46 pprn U d e t e r m i n e d  in t h i s  s tudy  f o r  c o a l  (except ing  sha ly  
coa l )  combus t ion  should l e a d  t o  a n  a v e r a g e  a b o u t  4 pprn U in 
t h e  ash ,  provided no  uran ium is  los t  wi th  t h e  vo la t i l e  f r a c t i o n .  
We h a v e  n o t  d e t e r m i n e d  t h e  Th  c o n t e n t  of t h e  c o a l ,  b u t  
cons ider ing  t h a t  t h e  a v e r a g e  Th/U r a t i o  f o r  7 9 9  s a m p l e s  of 
c o a l  f r o m  28  s t a t e s  in t h e  U.S. is  2.6 (Swanson e t  al., 1976), 
t h e  a s h e s  f r o m  Sydney c o a l  may c o n t a i n  less  t h a n  1.5 pprn 
thor ium.  

A c k n o w l e d g m e n t s  

This inves t iga t ion  h a s  b e e n  suppor ted  by t h e  Nat iona l  
R e s e a r c h  Counci l  of  C a n a d a  through g r a n t s  t o  bo th  a u t h o r s ,  
by t h e  Geologica l  Survey  of C a n a d a ,  th rough a R e s e a r c h  
A g r e e m e n t  with Zenti l l i ,  and  by t h e  C o l l e g e  of C a p e  Bre ton ,  
G r a n t  CCB-10058 t o  Zodrow. Spec ia l  t h a n k s  a r e  e x t e n d e d  t o  
Mr. Kei th  A. Taylor  of Dalhousie Univers i ty ,  f o r  a l l  t h e  IFT 
uran ium d e t e r m i n a t i o n s  a n d  to of f ic ia l s  no tab ly  
Mr. G. MacLean ,  of  D e v c o  f o r  r e p e a t e d  a n d  ongoing 
a r r a n g e m e n t s  t o  visi t  t h e  c o a l  m i n e s  (espec ia l ly  no. 2 6  mine). 
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Abstract 

The response of a gamma ray logging system to a thin zone of radioactive material depends on a 
number o f  instrumental, borehole, and formation parameters. This paper considers the e f f ec t s  of 
borehole diameter, borehole fluid, and casing thickness on the shape of the system response function 
and the area beneath it in total-count gamma ray logging. 

Introduction and Czubek (1971) wherein t h e  noise-free response 4 (z )  of a 

The noise-free response of a gamma ray logging sys tem 
t o  a thin zone of radioactive mater ia l  perpendicular t o  t h e  
borehole is called t h e  system response function. The shape 
and amplitudes of t he  gamma ray log f rom a borehole a r e  
determined by t h e  o r e  distribution and t h e  sys tem response 
function; thus, successful quant i ta t ive  in terpre ta t ion of t h e  
log depends on a knowledge of the  form of the  sys tem 
response function. The shape and a r e a  of this function 
depend on many instrumental,  formation, and borehole 
parameters .  In this paper we consider the  e f f ec t s  of t h ree  
borehole parameters :  borehole d iameter  (over the  range f rom 
9-33 cm), borehole fluid (air or  water), and casing thickness 
(from 1.6-12.7 mm s t ee l  casing). The results presented he re  
a r e  based on t e s t s  in the  borehole calibration models located 
at t h e  U.S. Depar tment  of Energy radiometr ic  calibration 
fac i l i t ies  a t  Grand Junction Colorado (Mathews et al., 1978). 

Theoret ica l  Background 

The theoretical  basis for quant i ta t ive  in terpre ta t ion of 
gamma ray logs is given by the  equation 

point de t ec to r  t o  a thin zone of radioactive mater ia l  a t  
depth z = 0 was approximated by 

where a is a constant  for  a given s e t  of instrument,  borehole, 
and format ion parameters .  The inverse f i l t e r  coeff ic ients  a r e  
given by 

where Az is t he  sampling interval along t h e  borehole. 

A simple method for  determining ci which is valid in 
e i ther  model or  field boreholes has  been discussed by 
Conaway (in press). All t h a t  is required is  a digital log across 
an  in ter face  between a barren zone and an  o r e  zone, where  
the  barren zone is essentially homogeneous over a d is tance  of 
perhaps 1.5-2 m away f rom the  in t e r f ace  (Fig. 6 . la) .  It is not 
necessary t h a t  t h e  o r e  zone b e  homogeneous or  infinitely 
thick. The constant  (except for  s ta t i s t ica l  noise) 'background' 
radiation intensity in the  barren zone is subtracted f rom each 
discre te  value, and t h e  resulting d a t a  a r e  plotted as t h e  
natural  logarithm of t h e  count  r a t e s  ('background' corrected)  
a s  a function of depth (Fig. 6.lb). The desired value 
of a is  t h e  slope on this plot-of t h e  l inear anomaly flank (Scott  et a le ,  1961). Here, A is t h e  a r e a  beneath a given outside of the ore zone. T~~~ technique is more difficult to 

On the gamma ray log1 is the thickness Of the apply t o  da ta  f rom an analog logging sys tem because of the  
radioactive zone causing the  anomaly, G is t h e  average distortion introduced by t h e  analog r a t eme te r  (Conaway, in radioelement concentration or  grade over  t h a t  thickness, and press). This semi-log slope technique for determining a is use- 

's the 'Onstant of P ~ ~ P ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Y '  Equation ( ' )  assumes f u l  for the behavior of t h e  system response function 
t h a t  t he  sys tem is linear (i.e. follows t h e  principle of super- a s  a function of borehole d iameter ,  borehole fluid, and casing position). The constant  K is generally determined in model thickness, and will be used in subsequent sections of this calibration boreholes under standard conditions of casing 
thickness, borehole d iameter ,  and borehole fluid. If these  
condition; a r e  d i f ferent  in the  field than in the  model, t he  
sensit ivity of t h e  sys tem t o  a given radioelement may change, Steel Casing 
requiring a compensating change in K (usually applied in Figure 6.2a shows a plot of gamma ray intensity a s  a 
the form Of separate correction e'g' and function of depth  measured in a model borehole containing a Eschliman, 1972). 1.5 m thick 'ore' zone between two  barren zones, for  no 

The validity of equation ( I )  is independent of the  shape 
of t h e  sys tem response function. However, if the  gamma ray 
log is t o  b e  deconvolved t o  produce a record of radioelement 
concentra t ion a s  a function of depth (e.g. Scot t ,  1963; 
Conaway and Killeen, 1978) then the  shape of t h e  sys tem 
response function must b e  known a t  l ea s t  approximately s o  
t h a t  an appropr ia te  deconvolution opera tor  can be  derived. 

A digital  inverse f i l ter  for deconvolution of gamma ray 
logs has  been given by Conaway and Killeen (1978) based on 
ear l ier  work by Suppe and Khaikovich (1960), Davydov (1970), 

casing and for six thicknesses of s t ee l  casing (1.6, 3.2, 4.8, 
6.4, 9.5, and 12.7 mm). The borehole is water  filled and 
11.4 c m  in diameter.  All of t h e  curves  have been normalized 
so t h a t  thei r  a r eas  a r e  equal, fo r  comparison; this has  no 
e f f e c t  on the  computed value of a. The digital sampling 
interval Az = 3 cm,  logging velocity v = 0.3 mlmin, and the  
de tec to r  is  25 x 7 5  mm NaI(T1) with t h e  lower energy 
threshold of t he  ins t rument  s e t  a t  100 keV. 



INTENSITY LOG, (INTENSITY) 

(a)  Seven logs through a model ore zone with different thicknesses of steel casing, 
as described in text .  A11 areas have been normalized to  a constant value. 

. . 
(b)  Semi-log plot of  the data shown in Figure 6.2.a, background subtracted. 

(a)  Measured total count (T.C.) gamma 
ray response across a barren zone/ore Figure 6.2. 
zone interface. 

(b) Natural logarithm of  data in 
Figure G.l(a)  (background subtract~d) 
plottedagainst depth. Unitsof aare cm '. 

Figure 6.1. 

0 5 10 15 0 5 10 15 

steel casing thickness mm steel casing thickness rnm 
Figure 6.3. Plot of a as a function of steel casing thickness Figure 6.4. Plot of anomaly area as a function of steel 
based on data shown in Figure 6.2b. The straight line through casing thickness, normalized t o  a value of  1 for no casing. 
the experimental points is not meant t o  imply that the data 
follow a linear pattern; statistical scatter is too large t o  
determine this reliably. 



INTENSITY LOG, (INTENSITY) 

(a)  Five logs through a model ore zone in uncased water- 
filled boreholes of different diameters, as described in text .  
All areas have been normalized to  a constant value. 

(b)  Semi-log plot of the data shown in Figure6.5a, 
background subtracted. 

Figure 6.5. 

INTENSITY LOG,(INTENSITY 1 

(a)  Five logs through a model ore zone in uncased air-filled 
boreholes of di f ferent  diameters, as described in text .  A11 
areas have been normalized t o  a constant value. 

(b)  Semi-log plot o f  the data shown in Figure6.6a. 
background subtracted. 

Figure 6.6. 

It is c lear  f rom Figure 6.2a t h a t  t h e  casing has  l i t t l e  
e f f e c t  on the  shape of the  log. Subtract ing t h e  background 
and plott ing t h e  natural  logarithm a s  described above gives 
Figure 6.2b. In spi te  of considerable s ta t i s t ica l  noise outside 
of the  ore  zone in this figure, some divergence of the  curves 
can be seen a s  distance f rom the  o re  zone increases. 
Figure 6.3 shows a plot of a a s  a function of casing thickness 
based on a least-squares f i t  on the  linear portion of t h e  
anomaly flanks in Figure 6.2b, over the  range f rom 6-36 c m  
outside o i  the  ore  zone, on both sides. 

Figure 6.4 shows the  e f f e c t  of casing on the  to ta l  a r e a  
of the anomaly, normalized to I for no casing. The inverse of 
this curve would give multiplicative casing correction f ac to r s  

which can be  applied to  gamma ray curves with d i f ferent  
casing thickness. It should be emphasized t h a t  Figures 6.3 
and 6.4 a r e  dependent upon instrumental character is t ics ,  and 
correct ion f ac to r s  should be individually determined fo r  each 
probe and logging system. 

Borehole Diameter and Fluid 

The e f f e c t  of borehole d iameter  on a has  been discussed 
by Suppe and Khaikovich (1960) and Davydov (1970) based on 
exper imenta l  results, and by Czubek (1971) based on an  
analytical  expression for t h e  point detector  sys tem response 
function. The da ta  given in t h e  present paper were  obtained 
in f ive  water-filled model boreholes of d i f ferent  d iameters  
(8.9, 11.4, 17.8, 22.9 and 33 cm) through t h e  same  1.5 m thick 
o re  zone (Figure 6.5a). In all cases  the  borehole probe was 
kept in con tac t  with the  borehole wall throughout t h e  log. 
The logs shown in Figure 6.5a have been normalized t o  give 
uniform a rea ,  a s  explained previously. These same  logs 
('background' corrected)  a r e  plotted on semi-log co-ordinates 
in Figure 6.5b. Examination of Figure 6.5b shows t h a t  the  
anomaly flanks a r e  not completely linear. The corresponding 
normalized logs for the  same  boreholes air-filled a r e  given in 
Figures 6.6a and 6.6b. The differences caused by t h e  various 
borehole d iameters  a r e  more  pronounced in t h e  case  of air-  
filled boreholes. In l a rge  diameter  boreholes, t h e  o r e  zone 
will be  de tec t ed  f rom a g rea te r  d is tance  if t h e  borehole is 
air-filled ra ther  than water-filled due t o  increased radiation 
passing through t h e  borehole fluid in t h e  case  of air. This 
explains why t h e r e  is a greater  d i f ference  between t h e  results 
in a i r  and in water  for large  diameter  boreholes than for 
small  diameters.  

The values of a determined using t h e  semi-log slope 
technique, based on the  da ta  shown in Figures 6.5 and 6.6 a r e  
plotted in Figure  6.7. Figure 6.8 shows t h e  to t a l  a r e a  under 
t h e  anomaly curves for t h e  f ive  borehole diameters,  both air 
and wa te r  filled, normalized to  the  8.9 cm diameter  case.  In 
t h e  case  of a n  air-filled borehole one expects  very l i t t le  
change in a rea ,  whereas for t he  water-filled case  the  curve 
asymptotically approaches a constant  a rea  corresponding t o  
t h e  case  of infinite d iameter  (i.e. logging along a f l a t  wall). 
If t he  probe were  centred, of course,  t h e  curve for t h e  water-  
filled case  would asymptotically approach zero. 

diameter c m  
Figure 6.7. Values of a as a function of borehole diameter, as 
explained in text .  
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Figure 6.8. Area under the  anomaly curves f rom boreholes of 
various d iameters  through a model o r e  zone, normalized t o  
100 per  cen t  for  air-filled case.  

Discussion and Conclusions 

In this paper we have i l lustrated t h e  variations in t h e  
shape of t h e  sys tem response function (in particular t h e  
variations of t he  constant a in equation (2)) with changes in 
borehole d iameter ,  borehole fluid, and s tee l  casing thickness, 
for to ta l  count logging. In addition, variations in t h e  sys tem 
sensitivity (i.e. a r ea  beneath the  response function) with 
these same  borehole parameters  have been described. 

Results such a s  these,  obtained with a particular s e t  of 
equipment,  should not be  used to  derive correction f ac to r s  for 
o ther  equipment.  These fac tors  should be determined 
individually for each logging system. The results presented 
here,  however, s e rve  t o  i l lustrate the  ef fects  which can be 
expected under these  conditions. 

In the  case  of gamma ray spect ra l  logging equipment,  
correction f ac to r s  should be  determined individually for each 
spect ra l  window, for  best results. Differences between the  
behavior of t h e  d i f ferent  windows under various conditions 
may b e  small, but  this should b e  verified experimentally 
ra ther  than assumed. 
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Abstract 

Three computer programs implemented in BASIC are used with a mini-computer, a graphic 
cathode ray tube (CRT), and a digital plotter t o  ( i )  record a variety of range and bearing information in 
order to calculate and display the position on the CRT, (ii) record data collected at the position, and 
(iii) display on separate maps produced on the digital plotter all positions and/or the data recorded at 
the positions. The first program is an interactive program for the positioning, CRT rapid display and 
data recording on magnetic tape. The other two programs are interactive with the first and are used 
t o  produce maps on the digital plotter o f  the positions or specific data respectively. 

Introduction 

The programs listed in this paper require a mini-computer, a graphic ca thode ray tube  (CRT), and 
a digital p lo t ter  and a r e  particularly suited for positioning, recording and display of spatially 
distributed data .  The system was designed for,  but  is not res t r ic ted  to,  rapid analysis of coas t a l  and 
marine da ta  enabling an in-field assessment of inter-relationships among numerous variables through 
the  production of maps (McLaren and Sempels, 1978). 

The objectives of t h e  system are:  

I. To record s i t e  information such a s  name, chosen reference  points, length and bearing of baseline, 
la t i tude  and longitude a s  well a s  qual i ta t ive  description unique t o  t h e  site.  This information is 
referred t o  a s  Level I parameters.  

2. To record t h e  position of individual sample  locations (fixes) re la t ive  t o  chosen r e fe rence  points 
defined by Level I parameters.  Information used e i ther  directly or  indirectly t o  ca l cu la t e  position 
a r e  referred t o  a s  Level I1 parameters.  

3. To calcula te  a fix position according t o  severa.1 possible combinations of range and/or bearing d a t a  
or ,  when necessary by dead reckoning. 

4. To display rapidly on a graphic CRT t h e  position of t h e  fix a s  well as re fe rence  points and a l l  
previous fixes a t  which da ta  have been recorded (Fig. 7.1). This is particularly useful in verifying 
t h e  exactness of t he  positioning information and in some cases,  a s  during geophysical work, in 
advising on modifications of t h e  ship's course. 

5. To record the  kind of d a t a  obtained a t  a fix, e i ther  by an immediate  quant i ta t ive  result  such a s  a 
wa te r  depth,  or  by a numeric qualifier designed to  provide maximum on-site information; fo r  
example,  234 may represent  a grab sample  composed of less than 20 per  c e n t  gravel  (2) and 
moderately sorted sand (3) which is predominantly fine (4). Fur thermore  the  system is not 
res t r ic ted  in e i the r  t h e  type  of d a t a  or  t h e  number of kinds of da t a  t h a t  may b e  col lec ted a t  a fix. 

6. To produce, with t h e  aid of a digital  p lo t ter ,  s epa ra t e  maps of t h e  fixes and t h e  numerical values of 
t he  da ta  recorded a t  each fix (Fig. 7.2). 
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Program Listings 

Introduction 

All components of t h e  sof tware  a r e  implemented in BASIC. Although t h e  programs contain some 
machine dependent s t a t emen t s  for  a Tektronix 4051, they a r e  easily adaptable  t o  o the r  types  of rnini- 
computers.  To faci l i ta te  possible subsequent user modifications, t he  programming is in a clear,  
organized manner. St ructured programming (very l imited with the  BASIC version used) and 
programming for t ime  eff ic iency were  not  particularly sought a s  nei ther  a r e  limiting f ac to r s  in the  
operations of this software.  
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Figure 7.1 Example of fix positions displayed on the graphic CRT relative to  reference 
points BEA and COC. The last and second last fixes are identified by "+I" and '42" 
respectively enabling ready identification of the present position. 

Site No. I, Philpols Island *COC 

Sidescon recording 

Scale: 1 : 66 667 

I N.M. 

Figure 7.2. Example of map produced by the digital plotter displaying the position and 
qualifiers for side scan sonar data. For example the qualifiers 232 indicate an immediate 
assessment of the record by the geophysicist that two patterns are present (2), the bottom 
is predominantly sandy (3) and there is moderate relief (2). 



The sof tware  is made up of two principal components. The f i rs t  is an in teract ive  program for the  
positioning, CRT rapid display and d a t a  recording on magnetic tape.  The second comprises two 
separa te  in teract ive  programs to  produce maps on a digital plotter.  The two components require 
18 504 and 13 896 bytes of memory respectively t o  b e  stored in an  external  ASCII format .  

Positioning, C R T  Rapid Display and Da ta  Recording Program 

The program s t a r t s  by creat ing a new da ta  fi le with t h e  input of Level I information a s  the  fi le 
heading or by reading an existing fi le if i t  is used more than once a t  the  same  s i t e  (Fig. 7.3). When two 
reference  points a r e  used the  westernmost point is always defined a s  reference  point I. The baseline 
distance ('Base distance', s t a t emen t  790) is the  d is tance  between t h e  two  reference  points expressed in 
t h e  same  units a s  t h e  ranges t h a t  will b e  used in determining t h e  fix position. Because conversion of 
distance units is never performed in the  program, i t  is  essential  t o  be  consistent with units. The 
baseline bearing ('Base bearing', s t a t emen t  770) is t h e  angle between t h e  lines f rom reference  point 1 
to  reference  point 2 and f rom reference  point I t o  t rue  north. It follows t h a t  this angle must b e  such 
that  0 < Base bearing < 180'. 

The program is then normally used t o  ca lcula te  the  position and record t h e  d a t a  for subsequent 
fixes (Level 11 and Ill data). The calculation of fix position follows a defined hierarchy depending on 
t h e  availability of Level I1 data .  This hierarchy is, (i) both ranges, (ii) range and bearing t o  r e fe rence  
point 1, (iii) range and bearing t o  r e fe rence  point 2, (iv) both bearings and, failing a l l  these  (v)  dead 
reckoning. Once calculated, t he  position can be  displayed on the  graphic C R T  a s  well a s  a l l  previous 
fix positions and the  reference  point(s) (Fig. 7.1). If acceptable ,  t he  l a t e s t  fix information can be  
stored on tape ,  otherwise i t  may be  deleted. The listing is a s  follows with appropriate annotations. 

A use r  def inable e n t r y  p o i n t  ( use r  d e f i n a b l e  key no 1 1 R ~ l c  ***xx P O S I T I O I ~ I N O  RtID ERTH KECOKDING PRUGRHM. *.**** 
on a Tek t ron i x  4051). Used t o  force c o n t r o l  i n t o  3 00 1 0  1 0 a  
p l o t t i n g  a11 da ta  on t h e  CUT. Can'be used t o  o b t a i n  4 GO TO 2 1 3 0  
a p l o t  o f  a l l  p o s i t l o n s  a f t e r  t h e  program has been 2 0 0  PROE 
t e m l n a t e d  voluntarily o r  acc iden ta l l y .  1 1 8  PRINT 'INSERT CORRECT TRPE AND ENTER RPPROPRIRTE F I L E  NUWRER "r 

1 2 0  INPUT 8 2  
1 3 8  F IND 02 

I n i t i a l i z a t i o n  of 
vectors.  

of t h e  program's v a r i a b l e s  and 

2 2 0  
2 3 0  
2 4 0  
2 5 0  

SET DEGREES 
DIM R S i 7 2 ) , 8 % ( 3 ? .  CS(3) ,  ES(4) .  F f  ( 4 ) ,  G f ( 2 ) )  T4(3CC),  
D IM  1 9 I 3 ? ,  JS<3>,  K S < 3 ) ,  LS(31,  Mf  ( 3 ) ,  Nf (3 ) ,  OC(3)  

R2-0 
PRINT " J - IS  T H I S  R NEW S I T E ?  ( Y E S = l .  NO=Ol ", 
INPUT 2 1  
I F  Z 1 = 1  THEN 5 6 0  
INPUT @ 3 3  R I  
PRII IT "J- F I X  NUI1EERS RERD J - "  
ON EOF ~ 0 )  THEII 3 8 0  
1 Y P I I T  m7 74 . , . , - , . - - - 
GO TO 2 4  OF 318 .160 ,480  
INPUT @33-01 .25 ,26 r  Z7,28.,2PP Y 1 ,  Y 2 2  i 2 , Z 3  
INPUT @ 3 3  RSI CI 

Reading data s to red  on tape d u r i n g  a prev ious work ing 
session. Th i s  i s  necessary i f  t h e  p o s i t i o n s  def ined 
du r i ng  a subse vent  day a re  t o  be d i sp layed  a long w l t h  
a11 Prev ious t7xes. 

3 5 0  0 0  TO 4 3 0  
3 6 6  INPIJT 8 3 3 :  Di .  X2, V3,V4 
2 7 0  INPUT 8 3 3  -E%, IS.  JS, I($. L I ,  MI, N I ,  0 %  
3 8 0  PRI I lT  D l .  
3 9 0  I F  V3.9999 AIlD Y4=9999  THEN 2 9 0  

I 4 1 8  Td (T2>=V3  
4 2 8  TS(T2>=V4 
4 3 0  1 6 - 1 6  111fl V3 
4 4 8  T7nT7  MRX V3 

4 7 0  0 0  TO 2 9 0  1 4 8 0  INPUT 8 3 X : Y 2  
4 9 R  00 TO 790 - - - . . -. - 
$ 0 0  PRINT "J-" 
5 1 0  PRINT " J - F I L E  RERD, RERDY TO OVERWRITE EIID OF F l L E  LAST F I X = " i C l  
5 2 8  PRINT ,,------.---------------.----------------------------- 
5 3 0  P R I  "LI-NOTE PGM INILL F R l L  I F  NEXT F I X  1 5  R OEHD KECKONNINO CRSE. G;G-" 
*',a LQI,,T ,*----------------------...-------------.------------------ J- 

I 5 8 0  PRINT  P33:RS 
5 9 0  PRINT  "J-TYPE OF INPUT9 <HERDER=l, FIX-2,  SVB-HERDER=3, END-4). "i 
coo 1rrPllT 7.4 ......... - . 
6 1 0  PRINT "d-"  I 6 2 0  OD TO 21 OF 63s. 9 9 0 , 1 1 ( 8 ~  2 6 3 3  

. . . .  6 3 0  PRI I IT  " J - S I T E  IIUPIEER. 
6 4 0  INPUT R 1  

. . . . . .  6 5 8  PRINT "IIRHE ( 3  CHRR. ) OF REF PT i . . . . . . . .  
6 6 0  INPUT E J  
6 7 8  PR!NT "LRTITUDE OF REF. PT. I ( 6  D I G I T I )  . . . .  . . . . . . .  
6-40 I I lPUT 2 5  
698 PRINT  "LONGITIJDE OF REF. PT. 1 <i D I G I T S ) . .  . . . . . . . . . . . . . . .  "j 

. . . .  I 7 0 9  INPUT 2 6  
7 1 8  PRINT  '.NAME t 3  CHAR. > OF REF. PT. 2 ( I F  NOllE.. VSE ***l.. '"; 

. .  
7 2 8  I I IPUT CS 
7 3 0  PRINT  "LRTTTIJDE OF REF PT 2 (6 PIGITE ,  I F  ABSENT 999999 ) .  *; 
7 4 0  INI'UT 2 7  

I npu t  o f  Level I data. Th l s  i n fo rma t i on  IS used i n  7 5 0  PRINT "LOIIGITUDE OF REF. PT 2 ( 7  L,ll3!TS. I F  RE'CENT 9 9 9 9 9 9 9 ) .  "., 
d e f i n l n  t he  se lec ted  reference p o i n t ( s )  and serves as 7 6 0  INPUT 28 . . . . . .  header q s t a t e n e n t ~  890-920) i n  t h e  ove*a l l  data f i l e .  7 7 0  PRINT "BRSE BERRlYG ( I F  8 UCE 360, I F  RESENT UCE 9 9 9 5 )  "i 

The p o s i t i o n  of r e fe rence  p o i n t  2, when used, i s  c a l -  789 INPUT 2 9  
. .  . . . . .  c u l a t e d  14th respec t  t o  r e fe rence  p o i n t  1 (s tatements 7 9 8  PRINT "BR5E DICTRNCE < I F  RBE.EIIT EIITER 9 9 9 3 ) .  , I  

870-880). 8 0 0  II4PUT Y l  
8 1 0  PRINT  "ORTE (i D I G I T S )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " i  
8211 !NPUT Y2  1 830 I C  C;i<>"***" THEII 870 



Input of Level I 1  and Ill data. This contains the in fo r -  
rnatlon necessary t o  cmpute  the pos i t i on  o f  a f i x  
(Level I 1  data, s t a t m n t s  1010-1140) and the coded 
resu l t s  of measurenents performed a t  t h a t  f i x  (Level I 1 1  
data. statements 1150-1300). 

Branching t o  the appropr iate posi t ioning method 
t o  the presence o r  absence of pos i t i on ing  data. 

according 

Optional tape storage o f  data i n  the event tha t  the 
pos l t l on  of the f i x  could not be computed. 

Calculat lon of f i x  p o s i t i o n  when ranges t o  two reference 
po ln ts  are present. 

Calculat ion o f  f i x  p o s i t i o n  when a range and a bearing 
t o  reference p o i n t  1 are present. 

Calculat ion o f  f i x  pos i t i on  when a range and bearlng 
t o  reference po in t  2 are present. 

C a l C ~ l I t i O n  Of f i x  p o s i t l o n  when both bearings t o  
reference po in t  1 and 2 are present. 

Calculat ion of f i x  pos i t i on  by dead reckoning, using 
elapsed time, ship 's course and speed. 

Display of the X Y coordinates of the l a s t  f i x  w i t h  
respect t o  reference p o i n t  1 and opt ional  CRT dfsplay 
of map. 

8 8 0  2 3 = Y I * S I l l t 9 0 - 2 9 )  
690 PRINT 0 3 3 : 2 4  
9 0 0  PRII IT 8 3 3  :Q1, 25, 26, 27, ZS, 29, Vl, Y2, Z2, 2 3 ,  
9 ? 0  PRINT P 3 3 : B I  
9 2 0  PRINT 8 3 3 : C S  
9 1 0  I F  22 -6  RND 23.0 THEFl 550 
9 4 8  PRII IT USING 9 5 0  2 2 . 2 3  
9 5 0  !ARGE ".J-IlOTE. COORDIIIHTES CF n?EF PT-2 .  >:= ' .  ;D 20. " Y=", 3 D  ZD, "G-G-" 
9 6 8  V 3 - 2 1  

2 8 9 6  PRINT  "RRDRR EERRING TO REF. PT 2 ( I F  D UEE 360. I F  PIONE A). ", 

1 2 5 8  PR!Nr "URTER DEPTH.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  ".. 
1 1 6 8  11IPUT X 2  
2 1 7 8  PRINT  'ECHO EGIJIIDER IURL IFCER ' 3  CHRR. ?. . .  . . ,  
1 2 8 0  IYPU' !I 

. . . . . . . . . . . . . . . . . .  1 1 9 4  PRINT "SIDE SCRII RURL!FIER 'I CeiP. ? . . .  " :  
:28e ICPUT JJ 

. . . . . . . . . . .  PR!NT "SCO-eOTTOf PROFILER PURLlFlEW ( 3  CHRR. > 
INPUT '<I 

. . . . . . . . . . . . . .  P L l N T  "GEOLOGICAL GRAB nl !aL lF lER i l  CPAR.) 
!NPUT L I  

. . . . . . . .  P R I t V  "81OLOO!CRL GRRS DURL lF lER  ( 3  CePL. ). 
INPUT 11% 
PRINT  "BENTh!C TRRUL ?!JRL!F?EP <: CPAR * 
lNPIJT I13 
I 'RIIIT "SljRFPCE SUCPEfIDED SEDIMEII? QCAL1F:ER (I ICiPR 3 

I f lPUT 0 s  
I F  Y5 /?@ RlrD Y7<,C THEII 15:O 
!F YS<:,0 RIID $,6 '>6 V E H  L620 

:F V6/:>0 RllD Y8'::)O THE11 174C 
F .  1 8  RIJD EIC:.., ,, L~PIL? X I :  c P ~ O T .  ','pr,c TYEFI 

P P I N I  , 'C -O-r ' - ' r r ;* ' l *  FA!,~.19E T h  PE:ERF:!tIE PO< IT iC r i  CF Cl' 
PRINT ',..I-!S Tr'E !UFO TO UE STOREP CII TAPE:' (YECII. t;OsC> 
INPUT "5 

I 
1 4 5 9  PRINT 8 3 3 . 1 3  
:'I68 P P I I I T  833 .55 .  
!*I?@ faR!tlT 8 3 2  IKS 
1 4 8 0  PRINT  0:: LS 
1 4 9 0  PRINT 0-3 nr 
1 5 6 6  PRINT 6 3 3 . N I  

\.s:a PRINT 0 3 3 : o s  
1 9 2 0  GO TO 5 9 0  
1 5 3 8  PRINT  ' '<-IS F I X  dS0VE (1) OR BELOL (2, EREE L i N E >  '; 

1Sd@ :NPUT R 1  
1556 GO ?O Ri OF 1 5 % n , l S 9 0  
156e V 3 = V S * C O S ~ 9 O - Z P * R C S ~ c ' i S 5 2 * Y 1 1 2 - Y 7 7 2 ~ / i Z * v ? * Y i ) ~ ?  
:57Y V 4 - Y 5 r S I l I < 9 0 - Z s + P C S < ~ Y S - Z + Y 1 ' 2 - Y 7 - 2 ~ / ( 2 r Y ~ r ' , ~ l ) ) ?  f 
5 5 2  GO TO 2 0 0 0  
1 5 9 8  ~ 1 3 = V 5 * C O S ~ 9 0 - Z ? - R C S ~ ~ Y 5 " 2 + Y l ~ Z - Y 7 ~ 2 ~ / f 2 * Y 5 * Y l ~ ~ ?  
"68 ~ ~ = V 5 5 S 5 I N < 9 @ - Z P - H C 5 ~ ~ Y 5 5 2 * V 1 1 2 - Y 7 7 2 > / ( 2 * Y S * V 1 ? ? ?  

/;C20 Y6=Y6+XI  
6::O I F  "6<36R THEN 1 6 5 0  

"?= \~HL(O3?+60 -VRL(H I?  
!F V?<6O THE11 1 9 8 0  
l!7-\I?-60 
~ ~ 3 - < Y 9 + V 8 ) / ? 2 0 * ' , ~ 7 * C C 5 ~ 9 0 - X ? ) + \ ~ ?  
?,4= (Y9+V8? /220* \~7*S!N I90 -X i ) *T1  
PRI I IT  USII IG 2010: V3.1'4 
l l lROE "r'-POC:TIOI1 OF F::! X - " ,  l o .  ZD. " V=-. 3C. ZD. '".I_" 
IF T2-D THEII ae50 
PRI I IT  "J-11RP3 (VES=I. NO=*; I F  PI DETR 1 5  STORED 011 THPE 
IIIPU' R 2  



/ 21-W L4INDOLI T6 P! l I  Y?, T i  ?:A,: "I., T? C l l l  VJ. T 9  PHX V4 

CRT d i s  lay  o f  the pos i t i on  o f  a l l  f i xes  and reference 
po ln t (s1  used. The scal lng i s  performed a u t n a t i c a l l y  
such tha t  m s t  o f  the  CRT d isp lay  area i s  used without 
creat ing a d i s t o r t i o n  i n  the X Y proport ions o f  the  
f i e l d  area; Fixes are denoted by '.'. the second l a s t  
f i x  by '+2' and the l a s t  f i x  by '+Ir (Fig.  1) providing 
quick evaluat ion of the ship 's posi t ion.  Displaying the 
sh! ' s  t rack (by changing statement no. 2250 t o  'DRAW 22, 
23 !, or  l a b e l l i n g  each f i x  w i th  i t s  number proved too 
confusing and time-consuming. 

Optional tape storage of Level I 1  and 111 data. If 
the information i s  not stored on tape, i t  i s  deleted 
from a l l  fur ther operations. 

2 1 5 0  "IEI.IPCRT 20, 110 .  5,  PC 
2:LGQ 52=RBS( ~ i i  P!RX V I  )-<iE " I t :  6'2! ). ,9C 
2 2 7 0  52.152 ! IRA R B C , : i - 9 I + P . X  V J > - ( - : ?  ! I : ! :  w ? ,  9" 
2 1 8 0  10\ lE Ci. B -..- ~ - ~ 

2130  S C R L E  52.52 
2R0P PHI!l" "*"; SI 
22::e :F 22=0 Htl t  ZI-C ?.;Ell 2iJ@ 
2220 HOVE -2.22 
2 1 Z B  ?'iZN? .'+".. C3, 
224B FCR to=? -C :I 
2250  1IOl'E ' 4  ! a ' > .  75 '  N >  

2390  PRGE 
2499 I F  R3=1 THEtr 24SE 
2 4 1 0  T2=T.?-1 
2a2R GO :O CPO 

' 570  JC -2 599 
.:?a6 P F ! 4 7  J;_;.R7E . d  L.I:I-S 

Input o f  sub-header type o f  data. This Infornat ion 
i s  'used t o  denote new days w i t h i n  the overa l l  data f i l e .  2 , -7  ,*'!: ;4 

. . .$? PI; : ' : 7  ,a::: '.,: 

Ilnsert correct tooe and enter o o ~ r o ~ r i d t e  f i le number.1 

Is this a new site? + 
I 

Input of level Idoto.  Reoding doto file and positioning magnetic tape 
head such that It ia ready t o  overwrite end-of-file. 

t 
I 

I l ~ ~ p e  of data i h t  
* 
1 

I - I -l 
l f  level I data:l 

I 
Ilf Level II +llI dota:l 111 sub-heoder information:l Ilf end of oper0tions:l 

I i i 
p i $ m x l  
tape file and terminate 
program. 

Display of fix X,Y coordinotes with respect to reference 

User definable entry point. F Optionol CRT mapping. - 
t 

( ~ ~ t i o n a l  mognetic tape stor- 

No 

Figure 7.3. Flow diagram of functions performed by the positioning, CRT rapid display and 
data recording program. 



I Insert correct tapeand enter oppropriate file number. ) 

1 

First data scan. Determination of tne dimensions of the area to be mapped and appropriate scaling factor. 

1 Beginning of mapping.Plotting of frame,referencr point(s) and title (port of magnetic tape file header). I 

Selection of the type of data to be mapped. a 
Second dato scan.Mapping of appropriate data type 

4 User definable entry point. 

v 
Selection of position for the legend.Display of data type and numerical and graphic scale. 

Figure 7.4.  Flow diagram of functions performed by  the interactive 
mapping programs. 

Sile No. I, Philpols Island 
. I2  

FIX numbers. 

Scale. 1 66667 

I N.M. 

Figure 7.5. Example of map produced by the digital plotter o f  all f i x  locations. 



Interactive Mapping Programs 

Two programs a r e  used t o  produce maps of t h e  d a t a  which a r e  s tored on t a p e  by t h e  positioning 
and recording program. The programs a r e  similar t o  each other  and use an  identical  sequence of 
operations (Fig. 7.4). Both require two sepa ra t e  d a t a  scans  t o  produce t h e  maps. The f i r s t  scan 
determines  the  maximum dimensions of t he  a rea  t o  b e  plotted as well a s  a sui table  scaling factor.  The  
maximum dimensions a r e  then compared with the  corresponding dimensions of t he  a rea  to  be used on 
t h e  digital  p lo t ter  such t h a t  t h e  maps  will have identical  overall  dimensions with no distortion. The 
second scan reads and plots individual fix data.  The use of two  da ta  scans  avoids the  necessity of 
storing all d a t a  in the  computer 's  memory which could easily lead to  s torage requirements exceeding 
t h e  machine's capacity.  

In case  of uncertainty a s  t o  whether or not the  legend will in ter fere  with the  da ta  plotted,  i t  can  
b e  scribed a f i rs t  t ime  without pen or  with the  pen in the  up position. After  verification, t h e  user 
definable ent ry  point (user definable key no. I on a Tektronix 4051) can  b e  used t o  plot t h e  legend 
information with the  pen down in t h e  same  or  a more  appropriate position. The legend consists of t h e  
type of d a t a  plotted and a numeric and graphic scale  (Fig. 7.2). 

The f i r s t  in teract ive  mapping program produces a map of the  f ixes  and t h e  coded results of t h e  
measurements performed a t  those fixes (Fig. 7.2). The type of d a t a  t o  b e  plotted is selected by the  
operator.  The annota ted listing is as follows: 

2 REM a**** PLOTTEE MRF'PIIIG <IF PI?SITIOII: i'llD ,?UFLIF IERC 4 **r . I :  
User def inable entry point .  Used to  force control  3 CIS:' T o  1 8 8  
i n to  p l o t t i n g  the legend of the nap. Can be used t o  '1 GO TO 1 2 5 0  
repeat the legend i f  i t s  posit ion in te r fe res  w i th  the 
data plotted.  !.I8 F'RIN' " I l iSERT HPPROFRIATE THFE AtlD EIITER F I L E  tll1nUER " 

1 2 8  :IIPIJT 02 
1 3 0  I ' I l iD (0.2 

4 0  D I M  R r i 7 2 ~ .  ES<2?,  Ci<3>,El ,4: ,  FS(4?. I S \ Z > , J S < I > ,  Y f < L i ,  L 5 < 2 )  
M $ r 3 j .  t I S f 3 ~ .  O d L 3 h  P S < l e ,  

I n i t i a l i z a t i o n  of some of the program's variables and 
vectors. 

1 8 0  1 8 - 0  

Reading data stored on tape by the posit ioning and 
data recording program. Calculat ion of the overa l l  
dimensions o f  the area t o  be p lo t ted  and of a su i tab le  
scaling factor.  

2 5 8  INPUT 6 3 ?  Q i r  ZS.Zi .27.28.  ZP. Yl, Y 2 , 7 2 2  2: 
2 6 8  INPUT O3? - E l .  C l  
'79 03~:2 
2 8 0  %J4=23  
2 9 8  OU TO 3 2 0  1 3eR - INPUT 6 3 3 - 0 1 ,  :12, VX. '14 
3'28 INPCl l  8 3 1  E l ,  1'3.1 Jt, K I ,  L i ,  P!*. NP. Of 
3 2 8  I F  V3=3399 RNO V4=399Y THE11 21.0 
330  T!;=Te: I<!N V 3  
249 T7=T7  NhS V? 
3 5 8  78=19 Mlh'  ?3 
3 6 0  1 9 = T 9  NRX 74 
::?a 0 0  '10 2>0 

INI'IJT @ 3 3  Y 2  
GO r n  2 3 8  
P R I t I l  ".!-FILE RERD, MRPPItlG 
PRINT T€,T7.18, T 9  
GIIEIII'ORT 0, 150.  8. 1 8 0  
IilNDOW 0.150,  0, 1 0 8  
IMO'IE O1 .B .  8 
ORRN 01 :0 ,180  
DRRH @ I  -256, 1 8 0  
DRnl l  8 1  - 1 5 8 . 6  
3RfilI 11 0. O ~ - -  . - ~ ~  

d9O PRIN' 81. 17 1, 1. 4 
Beginning o f  the napping phase. Drawing border. '508 r4ovE 8 1  : 75 -LE l l <R l ' / 2 ,35  
p l o t t i n g  locat ions and nanes of the reference point(s)  
used and scribing t i t l e .  5 2 E  S3= f tBS(T i -TG) /140  

4 1 6  S2=5: Elfix R 8 S ( T 9 - T 8 > / e 5  
54cl PR1tI.r 0 1 ~ 1 7  U. 6 ,  I 
558 Ult lDUU 'd, 77, 78, T9  

,538 PR!tlT "TYPE OF MRPaJ-" 
C:4@ PR!li ' l  "F!X llUMBERS WID VOSITICI IS . . . . . . . .  ,, 
2 5 0  PR lHT  "ERTHYI1ETKY.. - ,, . . .  . . L  . . . . . . . . . . . . .  

7 ., G60 PRINT  "ECHO SOUtIDIIIOP . . . . . . . . . . . . . . . . . . . . .  - 
6 7 0  PRINT "S IDE  SCRtI. . . . . . . . . . . . . . . . . . . . . . . . .  4" 
6 8 8  PRINT '"SUE ROTTOM . . .  . . .  5"  

.'RO P R l t l ' l  "BIOLOGICRL GRRPS. . . . .  . . - ,, . I 

7 1 0  P i i I t i l  "EEIITHIC TRRULS. . . . . . . . . . . . . . . . . . . . . .  :"a 

7 2 0  PRI t IT  "SURFACE SUSPEflDED 5EDIE:ENTS . . . . . . . . . . . . . . . .  9JL" 
7 3 8  Itli'lJ'I 6'1 
'..is3 PAGE f 
;'58 F!tID 02 
7 6 6  INPUT @ 5 3 .  f i l  
7 7 8  PRINT '"J-SECOND DHTfi SCRN I N  PROCESE J-* 
:ao ow EOF THEN 1 2 4 8  
7 9 0  INPUT 8 3 3  2 4  
300 00 TO 2 4  OF 8 1 8 , 8 4 0 , 1 2 2 8  

INPUT B 3 I  BS,Cl  
hn rn ;.on 

8 9 0  $08  PRIII'I 00 T O  C.I 7 9 0  "+'1, DL 

9 1 8  I40YE @1.V3,  '14 
526 PRINT d l : " + " ;  l t l T ( X Z >  
5 3 8  GO TO 7 9 0  



Request f o r  the type o f  map desired and second data scan 
with p l o t t i n g  of ind iv idua l  f i x  data. 

Positioning and writing map legend. 

. - 

3 7 0  613 '13 790 
9'36 iF J4="@@8J" THE11 7SO 
398 nOVE @? V3. V 4  
lORQ PRIt4T O l  . " + " a  Jl 
l R l 6  GO TO 790  
?.BZO I F  1:1="8210" THEll 7 9 0  
1 6 3 0  MOVE 0 1  "3. V4 
;048 P l i I I I T  @ I  :"+", KI- 
1 8 5 8  GO 'TO 7 9 0  
l 0 i O  IF Ll="e%38" THEfl 790 
!.@70 11O'IE 01 \'3. V d  
IUaB P R I N T  a1 "*",  L I  
!.a90 Od T O  7 9 0  
!.?09 I F  WQ="OOO" TeE l l  7 9 0  
: l i e  nnve 81 - ~3.04 
1128 FRI I lT  11 "+", 149 
:!.'I) GO '0 :90 
.:A48 11: N l ; "0Ct ' ,  'PE:l ?PC 
1158 MOvE @l -?:. V J  
l l b 0  PRINT @? '-".:a1 - -  

11711 60 'TO 7 9 8  
! ,~ ' )6 !F n r = , ' n m  C p  08;'Oo.l 7i13 

~ 1 ' 2 ~ 3  ilOVE A: '!;. '14 
:,@a F l l l l l T  @I "-", Ol 
LZIR -GO 'rc 7 9 8  
* 3 2 0  !NPUT 833 Y2 I ... 

1 2 5 6  PRINT "J - INDICATE I t i  WHICH POSITION I S  THE LEGEFIO T O  EE PLACED. J-" 
1 2 6 0  PRINT " .L 18 

1 2 7 0  PRII IT " 8 2" 
1 2 8 0  PRINT " 7 7 8, 

1 2 9 8  PRINT " 6 4 "  
1 3 0 0  PRI t lT  " f 5 I, ; 

1 3 1 0  INPUT R2 
1 3 2 0  ldI14001-1 0, 150, 0, I 0 0  
1 3 3 0  VIEI4PORT 0,156, 0 ,100 
1 3 4 6  GO TO R2 OF 1350,13?0,1436,1470,151C1, 1550.. 1598,  1 6 3 0  
1 3 5 0  tlOVE 8 1  : 60 ,80  
2 3 6 6  R3=60 
1 3 7 0  R4=SB 
1 3 8 0  GO TO 1 6 6 8  
1 3 9 0  IlOVE 0 1  : 115,  8 0  
1 4 6 8  R3=115 
1 4 1 0  R4=80 
1 4 2 0  GO TO 1 6 6 0  
1 4 5 0  MOVE 8 1  : 1 1 5 , 5 0  
1 4 4 0  E3=115 
:I458 R4=50 
1 4 6 8  GO TO 1 6 6 0  
1 4 7 6  MOVE 8 1  : 115,15  
2 4 8 0  R3-115 
1 4 9 0  R4=15 
1 5 6 6  GO TO 1 6 6 0  
1 5 1 0  llOVE 11 160, 15 
1 5 2 6  R3=B0 
1 5 3 0  R4-15 
1 5 4 0  GO TI3 1 6 6 0  
1 9 5 0  MOVE 8 1  : 5, I S  
2 5 6 8  R3=5 
1 5 7 0  R4=15 
1 5 8 6  GO TO 1 6 6 0  
1 5 9 6  MOVE 8 1 : 5 , 5 0  
1 6 0 0  R3=5 
1 6 1 0  R4=50 
1 6 2 0  G O  TO 1 6 6 0  
1 6 3 8  MOVE 8 1  : 5, 8 0  
1 6 4 0  R3=5 
1 6 5 0  R4=80 
1 5 6 0  GI] TO K 1  OF 1670,,  1 6 9 0 ,  1718,  1710, 175E1. 1 7 7 P e  1790., 1:?.1P.. 
1 6 7 0  P $ = " F I X  tlUMBERS AND POSITIOIIE. " 
1 6 8 0  GO TO 1 8 4 0  
1 6 9 0  Pf="BHTHYIIETRY " 
1 7 6 0  GO TO 1 8 4 0  
1 7 1 6  Ps="ECHO SOUt4DIFIOS. " 
1 7 2 0  GO TO 1 8 4 6  
2 7 3 0  P$="SIDE 5CAtl " 
1 7 4 8  GO TO 1 8 4 0  
1 7 3 0  PO="SLIB-BUTTOI? PROFILER. " 
1 7 6 0  GO TO 1 8 4 8  
2 7 7 0  PO="OEOLOGICHL GRABS. " 
I 7 8 0  0 0  TO 1 8 4 6  
1 7 9 0  P$="BIOLOGICRL GRAB::. " 
1 8 8 0  GO TO 1 8 4 8  
1 8 1 8  PO="BENTHIC TPHLILS. " 

1 8 2 6  GO TO 1 8 4 0  
18:3B PS="SI.IRFRCE 51-ISPEllDEP SEDINEtITS. " 

1 8 4 0  PRINT 81.. 1 7  :;L. 1 .  4 
1 8 9 6  PRINT @ 1 : F $  
1 8 6 8  MOVE 0 1  R3, R4-3 
28;70 RS=;12960,/1:1,J52,~'10::8 
1 8 8 0  PRINT 0 1 :  USII-lG 1%90:"SL'ALE 1 :  ";R 
1 8 9 0  IMAGE ?A, 6D. 2D 
1 9 0 0  PIOVE P I :  R3.. R4-6 
1 9 1 6  Rd=10/(R5,'72960:, 
19:?0 DRA1.I 0 1  : R3+R6? P4-6 
1 9 3 0  IIOVE 11 : R2, R4-7 
1 9 4 8  DRAPI 8 1  -R3+R6, F'4-7 
1 9 5 0  DRAW 0 1  R3+R6.. F::-I-6 
1 9 6 0  tlO',!E @I :R3, R4-6 
2 9 7 0  @RAW 0 1  : R3, R4-7 
" 9 8 0  tlO?!E 8 1  - R3+RG. R4-7 

\;9~ ~ ) R I ~ I T  a 1  1 rr I.:. 8 8  



The second in teract ive  mapping program which is only slightly d i f ferent  from the  f i rs t ,  plots 
position and fix number of any d a t a  type ra ther  than t h e  coded measurements performed a t  those fixes 
(Fig. 7.5). The program is a s  follows: 

1 RE!+ ***** PLOTTER NRPPIIIG OF P051T10f15 Rf!@ F I Y  fl l lMFEfiE ***** 
3 GO TO 1 8 0  
4 0 0  TO 1 2 5 8  
1 8 0  IN!T 
1 i 0  PRlNT " I I ISERT RFPROPRlRTE TRPE RflD EIITER F I L E  NVMFER " 

1 2 0  INPUT 0 2  
2 3 0  F I N D  Q2 
1 4 0  D I H  R I < 7 2 > .  Bm<3 j r  CS<;>,E1(4?.FS<42, I s < : ) . d r ~ I ) . ~ r ? 3 > .  L I t j )  
2 5 0  D IM MS<3'3r NS i31 .0%(3> ,  P S < I O >  
1CL I  T L = R  

1 9 0  T9=0 
2 0 8  INPUT @33.HX 
2 1 0  PRINT "?-FIRST DPTR SCRN !tI PROCEES. d - "  
.?a8 ON EOF < 0 ?  THE11 4[rO 
2 3 0  INPUT 8 3 3 . 2 4  - - - - 

2 4 0  GO TO 2 4  OF 256. 300 ,388  
2 5 0  INPUT 0 3 3 :  P I ,  25, ZC, 2 7 , Z L  29, Y l ,  '<2. /2,23 
2 6 0  I I IPUT @33.B$, C% 
2 7 8  V3=Z2  
2 8 8  V4=23  
2 9 0  GO TO 3 2 0  
3 0 0  INPUT 033 :D? ,  X2.V:. V4 
3 1 0  INPUT 833 :ES .  I s , J I .  I:¶, ~ I . n l , f r l ,  o x  
3 2 0  I F  Y3=9999  AND V419999  TkE f l  23i: 
3 3 0  T6=T6 M l N  V 3  
3 4 8  T7=T7 MRX V3 
3 5 0  ?8=T8 l l l N  V4 
3 6 0  T9=T9 l ldX V4 
3 7 0  GO TO 2 3 0  
3 8 0  INPUT @ 3 2 : Y 2  
3 9 0  GO TO 236. 
4 0 0  PRINT  ",I-FILE RERP, P!RPPItlG CRH OEGIII. J-" 
4 ? 8  PR lNT  T6,T7, TS. T9  
4 2 0  VIElIPORT 0, 15B, Or 1OR 

Ii lNDOY 0,150.  0 . 1 0 0  
IIOVE @ I :  0, 8 
GRAU @ I  .Or 1 8 8  
DRRU Q l  . IS@. !BE 
DRRIJ @? 150,  @ 
DRRll 8 1  ' 0 ,  O 
PRINT @I. ? 7  1 . 1 . 4  
I*O\JE B1.75-LEf l !RS>/2.  P 
PRlNT  @1:R$ 
52=RBStT7 -T6 ) /148  
52=52  MRX AES<T?-T8?/85 
PRINT @I, 1 7  0 6 , 1  
l~ I I iDOI4 76, 77. TP, 1 9  
HOVE a i  0. 0 
VlEUPORT 5, 145. 5.90 
SCALE 52 ,52  
PR lNT  Q 1 :  "H-H-H-H-H-"I Bf ;  " 
I F  CP="***'* 7HEll 6 3 0  
ROVE 8 1  :Z2,  2 3  
PRINT 0 1 :  " *  ", CX 
PRINT "TYPE OF f'RP'<f-" 
PR lNT  " F I X  IIUMBERS RIIP PO51 
PRINT  "ERTHYHETRY.. . . .  
PR!NT "ECHO 50?1110!t10S.. . . .  
PRINT "S IDE  SCRII . . .  

6 8 0  PRINT "SUB BOT?OI1.. . . . . .  . . . . . . . . .  5"  
2 9 0  PRINT "GEOLUGICRL GKRBE . . . . .  . . . .  . . . .  E', 
7 0 0  PRINT " B I O L O ~ l C H L  GRA85 - , a  . . . . . . .  . . . . . . . . . . .  

%. ,, 7 5 0  PRINT "RENTHIC TRRULS. . . . . . . . . . . . . . . . . . . . . . . .  
7 2 0  PRINT "SURFRCE SUSPEtIDED SED!MEIITS.. . . . . . . . . . . .  9J-" 
7 3 0  INPUT R 1  
7 4 0  PRGE 
7 5 8  F IND RZ 
7 6 0  l t lPIJT 8 3 3  RS 
7 7 0  PR lNT  "?-SECOND OPTP 5CRII !N PROCEEC. J -"  

8 5 0  INPUT @ 3 3 :  EI ,  If. JI ,  KC. L r .  el N I .  CI 

318 n n v E  @I. ~ 3 ,  v 4  
9 2 0  PRIN' @ I . " + " .  ! t l T ~ . X 2 t 0  
9 3 0  GO TO 7 9 0  
9 4 0  I F  I $ = " 0 0 0 "  iPEll 79C 
9 5 0  MOVE 8 1  ."I,  V4 
9 6 0  PRINT @I ""'. I S  
9 7 0  00 ?C 7 9 0  
988  I F  J1="CBC" THE11 7YC 
9 9 0  110'1E 8 1  '$13, \I4 
I 0 0 8  P H l F l ~ l  @?  "&". 11 
2028 GO 7 9 0  
1 8 2 8  I F  KO="~EI?" WE11 7 9 0  
1 0 3 8  MOVE B2.V'. V* 
1 0 4 0  PRINT  @I. "*", IKS 
1 0 5 @  4 0  T O .  7 9 0  
2 0 6 8  IF ~ r = " o o e "  . + E ~ A  - s o  
1 8 7 8  IlOVE r]? VT. ('4 
5 0 8 0  PRIN' d l . ' * " ; L i  
1 0 9 0  GO TO 79@ 

1 4 6 0  GO TO 1 6 6 0  
1 4 7 0  14.90 IIOVE R 3 s 1 1 5  131 115 ,  I S  

1 5 8 8  GO TO 1 6 6 8  
1 5 1 0  MOVE B? :6e r  25 
1 5 2 0  R3 -68  
3 5 3 0  R4 -15  
I S 4 0  00 1 0  1 6 6 E  
1 5 5 8  IIOVE 0 1  5 .15  
1 5 6 0  R3 -5  
1 5 7 0  R4 -15  

GO TO 1 8 4 0  
Ps-"SURFRCE SUSPEIIPED 
PR lNT  e l r  1 7 ' 1 , 1 .  4 
PRINT e l ,  pr 

PRINT  e l :  U S l k G  1 8 9 c .  
INROE 9R.bD. 2 0  
ROVE ~ 6 = 1 8 / < ~ 5 ~ ~ 7 2 9 6 0 >  0 1 .  R3, R4 -6  

6 ~ ~ 1 1  8 1  RI.RE, R4-6 
~ O V E  8 1  .R3, R4-7 
O%RU 8 1  R3-R6, Rd-7 
DRAW @ I  R3rRE, R4-6 
WOVE E l  :R3, R4-6 
DRRU 8 1  R3,R4-7 
f40\1E 81 R3+RB. P4 -7  

1 9 9 8  PRINT 8 1  " ? N fl ' 

2 0 0 0  END 

SE@ICEII?S. " 

"SCALE 1. ' r  R 5  



Discussion and Conclusions 

During field operations a power failure during operation of t h e  d a t a  positioning and recording 
program will cause  the  contents  of t h e  magnetic t a p e  t o  become inaccessible. In this case  retyping t h e  
original f i le  is necessary. A back-up system such a s  bat ter ies  with an  inver ter ,  used in conjunction 
with the  usual power source would avoid this problem. 

In the  present software,  changing or  editing a magnetic tape  da ta  record is impossible without 
retyping t h e  whole record. This is a f ea tu re  common t o  a l l  t ape  drive recording systems. A secondary 
s torage system ( tape  or disc) compatible with t h e  main sys tem would enable t h e  d a t a  fi les t o  b e  edi ted  
a s  required. 

When used in conjunction with a ship's radar,  an  added convenience in obtaining t h e  position d a t a  
would be  t o  use a radar  sys tem t h a t  is  linked with t h e  ship's gyro-compass. This would enable  t r u e  
bearings t o  be  obtained ra ther  than re la t ive  bearings. Both t h e  number of pa ramete r s  required to  
compute  t h e  ship's position and possible sources of er ror  for t he  computer opera tor  would be less. 

The approach described in this report  for the  positioning, recording and display of spatially 
distributed d a t a  was developed specifically for  t he  study of marine and coas ta l  environments.  
However, e f fo r t s  have been made t o  keep the  sof tware  simple, flexible and user oriented. By doing 
this, i t  is hoped tha t  these programs may b e  of help t o  o ther  studies requiring positioning and d a t a  
handling, even if not  specifically dealing with coas ta l  environments. 
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FUSED CLUSTERS O F  PTILONCODUS SIMPLEX HARRIS; 
AN ORDOVICIAN PHOSPHATIC MICROFOSSIL 

Project  500029 

R.S. Tipnis 
Insti tute of Sedimentary and Petroleum Geology, Calgary 

Tipnis, R.S., Fused c lus ters  of Ptiloncodus simplex Harris; an  Ordovician phosphatic microfossil; 
Current  Research, Pa r t  C, Geological Survey of Canada, Paper  79-1C, p. 51-54, 1979. 

Abst ract  

Fused c lus ters  of Pti loncodus simplex Harris, a phosphatic microfossil common in t h e  upper 
Lower and lower Middle Ordovician rocks of North America,  a r e  reported. Although the  zoological 
affinit ies of this microfossil continue t o  be  elusive, t he  geometry  of individual e l emen t s  within the  
c lus ters  suggests affinit ies with t h e  pedicellariae of echinoderms. 

Introduction Locality, Material  and Age 

Ptiloncodus simplex Harris, a hook-shaped phosphatic 
microfossil has  a fairly restricted age  range [ la te  Canadian 
t o  early Middle Ordovician, Sweet et al. (1971)l and has  
been found in widely separa ted parts of North America. At 
present no extra-North American occurrence  is known. In 
Canada, this microfossil has  been reported f rom t h e  'Lower 
Skoki' Formation of southern Alberta (Ethington and Clark,  
19651, t he  upper par t  of t he  Broken Skull Formation, 
Mackenzie Mountains, Northwest Terr i tor ies  (Tipnis et al., 
1979) and the  Mystic Formation of southeastern Quebec 
(Barnes and Poplawski, 1973). Although Sweet e t  al. (1971) 

Only one sample yielded all  of t h e  c lus ters  described 
here. This sample  was collected by W.T. Dean, in t h e  
company of R.J. Ross. Ross has  kindly provided t h e  following 
information on the  sample locality. The collection is labelled 
a s  "USGS Coll. D1494a CO. Antelope Valley Limestone, in 
local sandstone unit near  base  of format ion ( ~ r t h i d i e l l a  
zone). On hill overlooking Stargo Spring, nor theas t  of 
Dobbins Summit and approximately 6,000 f e e t  SSE from 
hi11 9772, Monitor Range. T. 13 N., R. 49 E. Tonopah 2 
degrees  quadrangle, Nevada" (wri t ten  communication 
August 7,  1978). 

s t a t e  t h a t  P. simplex i s  not known to occur in rocks older 
- 

Most of t h e  conodonts f rom this sample  a r e  moderately 
than those containing Fauna near the level Of the well preserved. Although a f ew of t h e  larger  ones a r e  qu i t e  
Canadian-Whiterockian (Middle Ordovician) boundary, t h e  black, the smaller conodonts tend to be light brown in colour. western and northwestern Canadian occurrences show t h a t  The ptiloncodans which in s ize  compare  favourably with t h e  
this is true for regions' For in the smaller conodonts, also show a l ight brown t o  almost amber  
Mackenzie Mountains, t he  earliest  occurrence  of P. simplex colour, The similarity in colour between conodonts and 
has been means c0n0d0nts9 as late Canadian ptiloncodans may be by their identical chemical 
(equivalent t o  Fauna E of Ethington and Clark,  1971). The  composition^ The age of the sample, as determined by horizon containing P. simplex in the  'Lower Skokil Formation conodonts, is early middle Whiterockian. The following of  southern Alberta @thington and Clark, 1965) may also be  conodont taxa are present: Histiodella sinuosa Harris, 
l a t e  Canadian a s  pointed out  t o  m e  by B.S. Norford. Oistodus multicorrugatus Mound and l ~ ~ o t ~ ~ u s l l  

According Norford,  48 and 509 which contain marathonensis Bradshaw. This conodont fauna would suggest 
P. simplex, c o m e  f rom the  Outram Formation immediately an age equivalent to Fauna or possibly Fauna of 
below t h e  'Slioki' Formation and contain shelly faunas  Sweet et (1971). 
belonging t o  zones H-J (See Barnes e t  al., 1976, Fig. 2). 
T h e s e z o n e s  a r e  of l a t e  Canadian age  and a r e  more  or-less 
coeval with conodont Fauna E. Moreover, a s  communicated 
t o  me by Anita Harris (July,1979),  t h e  upper 
s t ra t igraphic  range of this taxon also di f fers  from t h a t  
suggested by Sweet  et al. (1971). According t o  Harris, 
P. simplex extends  through t h e  ent i re  Whiterock and par t  of 
t he  Chazy [inclusive of Faunas 2 t o  6 of Sweet e t  al. (1971)l. 
Despite t h e  modified range, however, P. simplex may s t i l l  b e  
regarded a s  a stratigraphically useful microfossil. 

The phosphatic composition of P. simplex allows i t  t o  be 
separa ted in the  s a m e  manner a s  conodonts (acid digestion 
followed by heavy-liquid separation). Several similarit ies and 
a few significant d i f ferences  exist between Ptiloncodus and 
conodonts (see the  accompanying discussion of Ptiloncodus). 
Added t o  the  similarity is  t he  occurrence  of Pti loncodus a s  
fused clusters (see  Nowlan, 1979, and Tipnis and Chat ter ton,  
1979,. for additional d a t a  on fused clusters of conodonts). 
There is l i t t le  doubt t h a t  t h e  c lus ters  reported here  represent 
a t rue  biological association. Qui te  probably they were  
formed by means  of post-mortem fusion and diagenesis of 
adjacent ptiloncodan e lements  a f t e r  t he  death  of t h e  animal. 

SYSTEMATICS 

Ri loncodus  Harris 1962 

Discussion of Genus 

Harris (1962) was the  f i rs t  t o  recognize the  enigmat ic  
hook-shaped microfossil Ri loncodus  simplex Harris, 
describing only t h e  type species. Diagnostic character is t ics  
of t h e  genus (and t h e  species) a s  recognized by Harris 
included "a simple, subcylindrical, hook-shaped pointed cusp 
bearing two subflattened, auricular expansions a t t ached  t o  
opposite sides of base a t  right angles to  plane of curvature  of 
'hook' (auricular 'wings' a r e  broken off most specimens)" 
(Harris, 1962, p. 206). Harris regarded Ptiloncodus a s  a 
conodont, compared i t  with Stereoconus Branson and Mehl 
and believed t h a t  t h e  two genera  may b e  re la ted  by t h e  f a c t  
t h a t  neither possessed a basal pit. 

Sweet (1963) pointed out t h a t  Stereoconus did indeed 
contain a basal p i t  and disputed t h e  placement of Ptiloncodus 
in t h e  Conodontophorida. Sweet (op. cit.) also suggested a 



holothurian affinity for  this microfossil. This l a t t e r  
suggestion was disputed by both Mound (1965) and Ethington 
and Clark (1965). Ethington and Clark (op. cit.) emphasized 
t h e  di f ference  between the  chemical composition of 
Ptiloncodus (calcium phosphate) and t h e  sc ler i tes  (spicules?) 
of holothurians (calcium carbonate). Furthermore,  these  
wri ters  also noted tha t  the  specimens identified by them a s  
Ptiloncodus simplex differed somewhat f rom those described 
by Harris (1962). Aside f rom being more  complete,  with both 
t h e  'hook' and 'wings' preserved, Ethington and Clark (1965) 
noted t h a t  t he  'wings' in their  specimens extended t o  a level 
near the  s t a r t  of t he  curvature  of t h e  'hook' (in Harris's 
mater ia l ,  t he  'wings' usually join the  'hook' well below 
this level). Ethington and Clark (1965) reported thei r  
specimens f rom the  'Lower Skoki' Formation of southern 
Alberta ( l a t e  Canadian) which is o lder-  than t h e  Joins 
Formation of Oklahoma f rom which t h e  types  were  recovered 
(Harris, 1962). The l a t t e r  is of early Middle Ordovician 
a g e  [Sweet and Bergstrom, (197611. On t h e  other  hand, 
Mound's (1965) main cr i ter ia  for  including Ptiloncodus within 
Conodontophorida were: size,  gross shape, lustre,  opacity, 
chemical  composition and fibrous crys ta l  structure.  Despite 
t h e  impressive similarit ies between conodonts and 
Ptiloncodus, i t  is considered here  t h a t  Ptiloncodus is not a 
conodont. The presence of a basal pit  is regarded a s  an  
essential  f ea tu re  of conodonts. Hence, i t s  absence in 
Ptiloncodus rules out  i t s  placement within t h e  
Conodontophorida. A t  present Ptiloncodus is regarded as an 
"enigmatic hook-shaped microfossil t h a t  i s  not  a conodont" 
[Sweet et al. (1971), Barnes and Poplawski (1973) and 
Tipnis et al. (1979)l. 

Bordeau (1972) reported a new species of Ptiloncodus, 
P. harrisi from the  Viola Limestone of Oklahoma. This 
species, according t o  Bordeau (1972) contained 'knob1-like 
protrusions at t h e  proximal end of t h e  'shaft' instead of t h e  
auricular lobes (wings) character is t ic  of P. simplex. This 
distinction appears t o  b e  -somewhat obscure and not 
obvious in the  illustration of Bordeau's new species. 
Conodonts from the  samples t h a t  yield P. harrisi  (Belodina 
cornpressa Branson and Mehl, Arnorphognathus ordovicicus 
Branson and Mehl), according t o  Bordeau, indicate  a 
L a t e  Ordovician age. [The a g e  of t h e  Viola Limestone in 
t e r m s  of conodont faunas  may be l a t e  Middle (Fauna 9) 
t o  early Late  (Faunas 10-11) Ordovician (Sweet and 
Bergstrom, 197611. At present i t  would be  premature  t o  
assign any age  significance t o  P. harrisi  (i.e., as being 
confined t o  upper Middle and t h e  lower Upper Ordovician 
s t r a t a )  until fur ther  reports of this taxon f rom coeval s t r a t a  
f rom o the r  regions a r e  published. (Both Godfrey Nowlan, 
GSC, and Anita Harris, USGS, have communicated to  m e  
t h e  f a c t  t ha t  they have recovered ptiloncodans, possibly 
Ptiloncodus harrisi, f rom upper Middle t o  Upper Ordovician 
strata).  

Discussion of the Present Occurrence of Ptiloncodus 

Elements of Ptiloncodus simplex Harris occur in t h e  
sample a s  five clusters and one discre te  individual. Clus ter  
composition is a s  follows: one c lus ter  with two  elements;  
t h r e e  c lus ters  with t h r e e  e lements  e a c h  and possibly one 
c lus ter  with four  elements.  Although most of t he  clusters,  
excepting perhaps the  three-element cluster shown in 
P la t e  8.1., Figure 7, appear t o  be qui te  disorganized, c lose  
inspection suggests t h a t  some degree  of symmetry  and 

organization may exist. It is assumed t h a t  this symmetry  
resulted f rom t h e  proximity of e l emen t s  within t h e  organism 
t h a t  contained them. The original mode of a t t achmen t ,  a s  is  
evident f rom most of t h e  clusters,  appears  t o  have been 
between the  'winged' par ts  of t he  e lements  a s  these  a r e  most 
of ten  found t o  be  fused t o  one another (Fig. 8.2, 8.5, 8.6 in 
part ,  and 8.7). The hooks, on the  other  hand, o f t en  radia te  
away from this a r e a  of a t t achmen t  (Fig. 8.2, 8.5, 8.6 in part ,  
and 8.7). The surficial  corrugation and damaged s t a t e  of t h e  
'wings' a s  compared t o  t h e  'hooks' (Fig. 8.4, Fig. 8.6) suggests 
t h a t  t h e  'wings' were  structurally somewhat  d i f ferent  from 
the  'hooks' ( a  loose structure?),  and were  involved in 
a t t achmen t  to,  or art iculation with, o the r  e lements  of t h e  
Ptiloncodus apparatus.  The rough surfaces  of t h e  'wings' 
could have a c t e d  a s  suitable s i t e s  fo r  muscles or  tendons 
through which t h e  'wings' maintained contact .  - - 

The discre te  e lement  of Pti loncodus simplex (Fig. 8.1, 
8.4) is  found t o  be  qui te  complete,  with t h e  'hook' and the  
'wings' preserved. In shape, t he  'wings' a r e  more  auricular 
than knob-like and appear  similar t o  'wings' of t h e  type  
specimens of P. simplex f rom t h e  Joins Formation. Towards 
t h e  ends where  t h e  'wings' mee t  t h e  cusp (oral margin), t h e  
curvature  tends  t o  be  planar ( f la t ter?)  in comparison to  the  
curved (hemispherical) na tu re  of t he  margin seen in the  Joins 
Formation specimens. The present specimen in this respect  is 
similar t o  specimens described by Ethington and Clark (1965) 
f rom t h e  'Lower Skoki' although t h e  two  di f fer  in age. It is  
s t i l l  premature  t o  specula te  on t h e  possibility of geographic 
and/or intra-specific variation. 

The cluster consisting of two e l emen t s  (Fig. 8.2) lacks 
most of t he  'wing' portions. However, proximity of the  bases 
of t h e  'shafts' of both t h e  e l emen t s  can  b e  seen. 'Hooks' 
appear  t o  b e  comple te  but  l ie in d i f ferent  planes. 

Three  c lus ters  contain th ree  e l emen t s  each. In one of 
these  (Fig. 8.3), only two  'shafts' a r e  present,  t h e  occurrence  
of the  third 'shaft '  (and the  e lement)  being determined only by 
presence of i t s  fused half 'wing' a t t ached  t o  t h e  'lower' 
e lement .  The present  ar rangement  of t w o  elements,  one  
above t h e  other ,  could b e  due t o  sl ippage of one  past  t h e  
other.  Of t h e  remaining three-element clusters,  one  
(Fig. 8.7) shows a fairly symmetr ica l  ar rangement  with t h e  
'hooks' radiating away from a centra l  region tha t  contains t h e  
bases of t h ree  e lements ,  apparently joined together  along t h e  
'wings'. This morphology probably r e f l ec t s  most closely t h e  
t en ta t ive  ar rangement  of a three-e lement  apparatus  in an  
'open' position.* The o the r  three-element c lus ter  (Fig. 8.6) 
may represent a somewhat  disturbed *and/or  disorganized 
s t age  of the  three-element ar rangement  a s  depicted in the  
previous c lus ter  (one of t h e  e lements  appears  t o  have 'toppled 
over '  s o  tha t  i t s  'hooks' points towards  t h e  bases of t h e  o ther  
t w o  e lements  and t h e  'wings' placed adjacent  t o  t h e  t ips of 
t h e  'shaf ts'). 

Lastly, t h e  c lus ter  i l lustrated in Figure  8.5 may contain 
four elements.  This c lus ter  has th ree  (? four) s e t s  of 'wings' 
(partial  t o  complete)  fused towards one end while the  'hooks' 
radia te  outwards. 

The Affinities of Ptiloncodus 

As noted earlier,  Sweet (1963) considered these  objects 
a s  holothurian sc ler i tes  (e.g. Achistrum). While t h e  
d i f ference  in chemical  composition between t h e  calcium 
phosphate of Pti loncddus and t h e  ca lc ium carbonate  of 

* The t e r m  'open' position is used in connection with t h e  analogy drawn between ptiloncodans and pedicellariae discussed under 
t h e  next  heading. As noted therein,  pedicellariae a r e  jaw-like apparatuses usually consisting of c lus ters  of t h ree  elements.  
The 'open' position in such an apparatus would be a position 'at  res t '  (nonfunctioning), when t h e  th ree  e lements  diverge f rom the  
centre .  A 'closed' position would be  t h a t  of t he  th ree  e lements  converging in order t o  perform t h e  function of grasping 
(scavenging? defence?).  Tipnis and Cha t t e r ton  (1979) have discussed a "Prooneotodusl' c lus ter  (Fig. 8.6-8.9) apparently f rozen 
in an  'open' position. The likelihood of an  apparatus  (either of llProoneotodusll or, in this case,  Ptiloncodus) being preserved in 
an  'open' position vis-h-vis a closed one appears  g rea t e r  because  of t h e  expected rapid degradation of supporting muscular 
t issues a f t e r  t h e  dea th  of t h e  animal bearing these  clusters.  



PLATE 8.1 
Ptiloncodus simplex Harris 

Figures 1 & 4: Single element.  1. "Posterior" view of Figure 5: Four-element c lus ter?  Note  t h a t  3 of t h e  
a complete  e lement  showing t h e  two  la tera l  'wings' and e lements  have t h e  'wings' more  or less in close 
t h e  median 'hook' x125 and 4. A maenified view ~rox i rn i tv .  Fieured s ~ e c i m e n  USNM 269504. x125. 

z " 
the attachment of theywing' to the kigUre 6 .  Three-element cluster, Two of ihe elements 'hook' ~ 1 0 0 0 .  Figured specimen USNM 269501. a r e  arranged ~ a r a l l e l  t o  each  other  with t h e  'winas' 

Figure 2: Two-element cluster,  with par ts  of t h e  joined. T L ~  third e lement  occurs a s  a parallel  oppoGd 
'wings' missing. Figured specimen USNM 269502, x125. e lement .  Figured specimen USNM 269505, x125. 

Figure 3: Three-element cluster.  Note only broken Figure 7: Three-element cluster.  The th ree  e lements  
'wing' of third e lement  present,  a t t ached  t o  t h e  lower appear  t o  be a t t ached  towards  t h e  'bases' with t h e  
e lement .  Figured specimen USNM 269503, x125. 'wings' mostly damaged. The 'hooks' a r e  d i rec ted away 

f rom the  a r e a  of a t t achmen t .  Figured specimen 
USNM 269506, x125. 



holothurians suggests they a r e  not closely related,  i t  is  
nonetheless interesting t o  specula te  on a morphological basis 
if holothurian sc ler i tes  and ptiloncodans had a similar 
function. Though the  similarity in morphology of Ptiloncodus 
t o  holothurian spicules, together  with the  occurrence  of 
Ptiloncodus in multi-elemental c lus ters  of ra ther  disorganized 
appearance, might suggest t ha t  e lements  of Ptiloncodus could 
have been dermal spicules, i t  is  worth noting t h a t  holothurian 
sc ler i tes  resembling Ptiloncodus (e.g. Achistrum) a r e  usually 
associated with disc-like s t ructures  (no such s t ructures  were  
found), and t h a t  t he  presence of a l a r  extensions ('wings') i s  
not a common f e a t u r e  on holothurian sclerites.  Admittedly 
this does not necessarily argue against  ptiloncodans being 
dermal spicules. On the  other  hand, t h e  similarity of 
Ptiloncodus t o  the  modern pedicellariae, especially t h e  
t r iden ta t e  type (Melville and Durham, 1966) of echinoderms is 
impressive. [Pedicellariae a r e  "minute, grasping defensive 
and scavenging organs . . . . . a t t ached  t o  small  tuberc les  on 
t h e  test of echinoids'' (Melville and Durham, op. cit., p. 581)l. 
The shape, size,  and occurrence  of a t t ached  e lements  in 
c lus ters  of two's and three's of pedicellariae evokes 
comparison with t h e  Ptiloncodus e lements  described here.  
For instance,  Pokorny (1965) s t a t ed  t h a t  t h e  pedicellariae 
consist of a 's tem' and a 'head'. The l a t t e r  is usually made up 
of three  (and in some cases  two or four) mobile jaws. These 
jaws may have a tr iangular outline, a r e  convex internally and 
externally and have widened l a t e ra l  a l a e  on thei r  lower part. 
The jaws a r e  a t t ached  t o  one another by (adductor and 
diductor) muscles. Most f ea tu res  associated with t h e  'head' 
can  b e  identified with t h e  Ptiloncodus c lus ters  described 
here. 
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Abstract 

A gamma ray spectrometer has been developed a t  the Geological Survey of Canada for airborne use in research 
studies related to  uranium exploration and as an aid in geologicalmapping. The detector portion consists of an array 
of twelve sodium iodide scintillation detectors, with associated pre-amplifiers incorporating circuitry t o  eliminate 
overloading caused by high energy cosmic events and to  reduce the effect of pulse-pileup at  high count rates. A 
laboratory type analog-to-digital converter in conjunction with a Data General Corp. NOVA mini computer enables 
256 or 1024 channel gamma ray spectra to  be acquired at  sampling intervals down to  0.25 seconds. The gamma 
energy peak due to  naturally occurring 40K,  the radioisotope associated with potassium in the earth's crust, is used t o  
monitor and correct for spectrum drift using a software, stabilizing techniqbe. The software developed for the NOVA 
also enables the operator to define a number of spectral windows by keyboard entry on a small hard copy data 
terminal, and to  display the count rates in them corrected for dead-time on a CRT monitor. A six channel strip chart 
recorder provides on-line profiles of individual window count rates, or of simple algebraic functions involving more 
than one of these, as defined by keyboard entry. A nine-track magnetic tape unit records complete spectra and 
window count rate data, together with navigational and environmental data. The equipment is packaged as a single 
unit mounted on castor wheels for easy installation in the Short Skyvan aircraft used as the survey platform. 

Introduction A computer based airborne gamma ray spectrometer of 

T~~ surface concentrations of the radio elements, potassium, advanced design has been developed at the Geological Survey of 

and thorium, can be quantified by measurements of the Canada for research oriented applications where a high degree of 

in ties of the gamma radiation emitted by their respective instrumental versatility is required. This equipment, which has now 

radioisotooes 4 o K, 2 1 4 Bi and 2 0 8 TI. firborne spec- been in service for two field seasons, is the subject of this paper. 

trometry is commdnly used to make such measurements (~a;nle> et  
al. 1968; Bristow and Donhoffer, 1968) which can then be related to Instrumental Limitations and Areas 

surface concentrations by appropriate calibration procedures (Grasty 
and Darnley, 1971 ; Grasty, 1977). These data are then used to 
compile maps showing the surficial distributions of the three 
elements. The widest application of this technique to date has been 
in uranium exploration (Pemberton, 1969; Foote and Humphrey, 
1976; Breiner et al. 1976; Grasty, 1975), however, it is also used as 
an aid in the geological mapping of bedrock, soil, and other 
overburden, (Darnley and Grasty, 1970; Damley, 1970). More 
recently experiments have been conducted to determine snow cover 
thickness, based on the change in the shape of the natural gamma-ray 
spectrum brought about by scatter in the snow layer. (Loiiens and 
Grasty, 1973; Grasty, 1979). 

The radioisotope of potassium, K, emits mono-energetic 
gamma radiation at 1.46 MeV. The radioisotopes Bi and 'TI 
both emit radiation at a number of energies in the range zero to 
approximately 3.0 MeV. In the case of uranium, one of the 
radioactive daughter elements in the series is the gaseous element 
radon, which escapes into the atmosphere and can accumulate there 
in anomalous concentrations under certain weather conditions. The 
radioisotope 2 1  Bi is then formed in these clouds generating a 
background of gamma radiation for which airborne measurements 
must be corrected. Other sources of background radiation are 
contamination of the aircraft itself and interaction of high energy 
particles and gamma photons of cosmic origin with the spectrometer 
detectors. 

Airborne gamma ray spectrometers for the applications 
outlined above usually consist of an array of sodium iodide 
scintillation detectors with signal conditioning and pulse height 
analysis electronics to provide w u n t  rate information in several 
spcctral energy bands or windows. These data are recorded on  
magnetic tape along with navigational data and are profiled on a 
multi-channel strip chart recorder for in-flight monitoring by the 
opera tor. 

The ability of a gamma ray spectrometer to resolve spectral 
peaks can be measured in terms of the resolution of the detector, or  
overall resolution of the detector array if several are used (Bristow, 
1974, in press; Chase 1961). A standard procedure is to measure the 
full width at half the maximum height (FWHM) of the 661 keV 
photopeak of ' "Cs. The resolution expressed as a percentage is then 
given by: 

peak width in keV X 100/661 

There are a number of reasons why a spectrometer with a 
multidetector array can exhibit poor resolution. Individual detectors 
may have deteriorated due to a noisy photomultiplier tube (P.M.T.); 
or because of severe gain mismatch between PMTs where more than 
one is used on a single detector; or because the sodium iodide 
material is physically damaged or has become hydrated causing 
reduced optical transparency to scintillations. Gain mismatch bet- 
ween individual detectors can cause poor overall resolution; for 
example in the case of an array having more than eight detectors an 
accuracy of 0.5 per cent is desirable when matching the gains to 
avoid a significant loss in overall resolution. 

The accuracy and stability of the spectral counting windows 
in the spectrometer are ultimately dependent on the stability of the 
overall gain of the PMT -- preamplifier - main amplifier com- 
bination, and the stability of the threshold levels used for pulse 
height analysis. The two most common sources of inaccuracy are 
drift of PMT gains with temperature and count-rate dependent 
base-line shift. The latter causes all detector pulses to be effectively 
decreased in amplitude by the same amount, resulting in the entire 
spectrum being left-shifted on the energy scale. The effect is propor- 
tional t o  count-rate but is normally compensated for and effectively 
removed in well designed equipment. 



Additional problems are caused by high energy events of 
cosmic origin which generate signals in the detector PMTs which are 
tens or hundreds of times the normal dynamic range. These overloads 
can result in paralysis or distortion of the signal for several 
milliseconds after each occurrence, thus contributing to  a loss in 
overall resolution. This particular problem becomes more significant 
as the volume of the detector array increases. At high count rates 
(>25,000 c/s) the probability of pulses occurring within a few 
microseconds of each other increases, so that if there is any 
significant pulse "undershoot" requiring many microseconds to 
decay back to the base line level, then the amplitude of a pulse 
following may be modified by the residual undershoot of the  
previous one. This causes a statistical pulse height variation which 
adds to  that already present from other noise sources and degrades 
the resolution. 

Hardware Configuration of New Airborne Spectrometer 

Detector Array and Signal Conditioning Electronics 

The new system developed at  the Geological Survey of 
Canada has a total detector volume of 509 (3072 ins3) made up of 
twelve 102 x 102 x 406 mm (4" x 4" x 16") square prismatic sodium 
iodide detectors manufactured by the Harshaw Chemical Company. 
Each one has a single 89 mm (3.5") diameter PMT mouted at one 
end. This was the primary reason for selecting this detector. Gain 
matching of individual detectors can be accomplished relatively 
easily, whereas the procedure for matching the gains of multiple 
PMTs on a single detector is tedious, time consuming and difficult t o  
accomplish with the necessary precision. A secondary consideration 
was the more compact packaging afforded by the rectangular 
configuration of these detectors as opposed to  the more conventional 
cylindrical types. 

Figure 9.1 shows the method of packaging; two "slabs" are 
effectively formed by two sets of six detectors, each set being 
encased in 10 cm of polyethylene insulation and contained in a sheet 
metal box. ,These two boxes in turn are encased in 10 cm of hard 
foam insulation, which provides some structural support, the whole 
assembly being contained in an outer sheet metal box which is an 
integral part of the cabinet housing the spectrometer electronics. 

Figure .9.1. Twelve square prismatic Nal detectors packaged with 
preamplifiers in thermally insulated containers. 

The two inner boxes act as electrical shields and isothermal 
shells, and have strip heaters attached to  them so that the detectors 
can be maintained at  a predetermined constant temperature t o  
minimize PMT gain drift. The inner insulation protects the detectors 
from both thermal and mechanical shock. A further potential benefit 
of the slab configuration is that gamma photons which are partially 
scattered from one detector, and which would be registered as of 
lower energy than was actually the case, have a higher probability of 
being absorbed by a neighbouring detector. The event is then 
registered by the system at  more nearly the proper energy level, since 
the signals from all twelve detectors are summed before pulse height 
analysis. 

Each detector has a charge sensitive preamplifier built on a 
100 x 100 mm (4" x 4") printed circuit board which is mounted on 
the metal housing of the PMT. The low and high voltage supplies are 
daisy chained around each set of six preamplifiers using screw 
terminals on the circuit boards. This avoids the space and expense of 
individual connectors which would otl~erwise be required. A unique 
feature of the preamplifier design is the elimination of pulse 
undershoot by direct coupling of the PMT anode to the charge 
sensitive stage. This is accomplished without operating the PMT 
cathode at  negative high voltage. A clipping circuit also operates a t  
the PMT anode to drain off excess charge due to high energy cosmic 
events and thereby prevent any possibility of saturation of the charge 
sensitive stage. Differentiation with pole zero cancellation then 
provides pulses with a clean base line giving a detector resolution 
which is virtually unaffected by count rates of the order of 50  000 
c/s. Shielded twisted pair cables carry these signals to  a twelve input 
summing amplifier where front panel gain controls and switches 
allow detector gains to be matched. Active filter circuitry is used to  
produce the gaussian shaped pulses which are generally recom- 
mended for use with pulse height analysers. An active base line 
stabilising circuit removes any count-rate dependent base line shift 
without distorting individual pulses in the process. 

Data Acquisition and Control System 

The spectrometer was designed for research oriented ap- 
plications and is based on a 16  bit minicomputer, the Data General 
Corp. NOVA 1220, in order to provide a high level of flexibility. 
Figure 9.2 is a block diagram which shows the main components of 
the system. Pulse height analysis is accomplished by a Wilkinson 
ramp type analogue-to-digital converter (ADC) the Nuclear Data 
Corp. Model ND 560. This unit is packaged in a two width nuclear 
instrument module (NIM) and is interfaced to the NOVA via direct 
memory access. A feature of the NOVA is an "increment memory" 
option in the direct memory access circuitry which increments the 
contents of the memory location whose address is called by the 
ADC. This allows selected blocks of memory to  be used for acquiring 
spectra via the ADC with comparatively simple interface circuitry. 
The ADC has front panel controls for selection of conversion gain, 
number of channels, upper and lower level discrimjnator settings 
and other parameters. 

The NOVA minicomputer consists of a chassis with hori- 
zontally mounted plug-in circuit boards. Each board is 38 cm square 
(1 5" x 15") and one is required for each peripheral device interfaced 
to  the computer, whether this is by means of direct memory access 
(DMA) o r  by program interrupt. Each board has a strip approxi- 
mately 10 cm wide for circuitry which can be added by the user t o  
suit individual requirements. 

The operator communicates with the spectrometer via a small 
hard copy data terminal, the Texas Instruments model 743KSR, and 
a CRT display which is based on a Tektronix model 604A monitor. 
Both are relatively inexpensive and light weight, a key consideration 
in an airborne system. The 604A monitor displays alphanumeric text 
and gamma ray spectra, all of this information being contained in the 
computer memory and fed out  via DMA. All of the necessary 
circuitry to drive the display (character generator, raster scan, spot 
blanking etc.) is built onto the I0  cm strip provided on the NOVA 
interface board used for the display interface. The only connections 
to the monitor unit are for the X and Y deflection and Z modulation 
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Figure 9-2. Block diagram showing main components of airborne gamma ray spectrometer. 

signals. Different pages of information are displayed by the con- 
tinuous scanning of different portions of memory where the text is 
stored as ASCI I characters in consecutive memory locations. When 
the software calls for display of spectra, the character generator is 
bypassed and the contents of successive memory locations are 
converted to vertical amplitude, and plotted on the CRT via 
digital-to-analogue converters with a maximum range of 256 on the 
vertical scale and 1024 on the horizontal (energy) scale. A 
thumbwheel switch allows the contents of each memory location to  
be divided by 2, 4, 8,  16, 32, 64  and 128 before being displayed, 
thus enabling the operator to select the vertical scale for the 
spectrum. The display circuitry also allows the software to intensify 
points on the displayed spectrum to identify spectral counting 
windows, a valuable feature for in-flight monitoring of the spectro- 
meter energy calibration. Since the display continuously scans 
portions of the computer memory by the DMA technique, it is "live" 
in the sense that whenever memory contents are changed the display 
is also updated without any additional software or CPU time being 
required. This would not have been possible had a commercially 
available CRT terminal been used. 

The data are recorded by means of a nine-track magnetic tape 
drive which holds 1600 feet of tape on an 8.5 inch reel and has a 
write speed of 12.5 i.p.s. This corresponds to  I0 000 characters/ 
second at a bit density of 800 b.p.i. A read-after-write head enables 
alarms to  be activated if the data are improperly recorded for any 
reason. 

A six channel heated stylus type strip chart recorder is used 
to display on-line profiles of spectral window count rates. Six 
digital-to-analogue converters each with an 8 bit (256 full scale) 
resolution are built onto one of the NOVA interface boards, allowing 
for complete software control of the analogue outputs to  the six 
channels. 

A Bendix doppler and a Honeywell radar altimeter provide 
navigational data which are pre-processed in a microprocessor based 
unit developed for the purpose at the Geological Survey of Canada. 
These data are placed sequentially on  a bus and fed to  the NOVA via 
one of the standard interface boards. 

Figure 9.3 shows photographs of the complete spectrometer 
installed in the Short Skyvan survey aircraft. The cabinet housing the 
NOVA and associated peripherals forms an integral unit with the 

detector array package. The whole assembly is mounted on castor 
wheels which allow easy transfer to  and from the aircraft using a 
specially designed loading trolley. Mating rails on both ensure that 
the spectrometer (total weight approximately 540 kg) moves to  a 
predetermined position in the aircraft where it is secured in a few 
minutes. 

Software Operating System 

The entire software operating system was written in assembly 
language rather than in FORTRAN or some other higher level 
language. This was done in order to minimize execution time 
involved in processing spectra on-line, and because the standard 
software modules available did not lend themselves readily to 
handling the locally developed and other specialized peripherals that 
are interfaced to the system. Other secondary benefits of this 
approach are the comparatively small core requirement, 16K words 
including 6K for data storage for this system, and the relative ease 
with which modifications can be made to 'suit  the needs of the 
moment. 

The system operates in a background/foreground mode when 
the spectrometer is acquiring data. Under these conditions the 
foreground portion, accessible via the terminal keyboard, allows 
parameters to be changed and display pages to be changed or copied 
on the terminal printer while the cycle of data acquisition and 
computation proceeds in the background. This cycle has absolute 
priority over the foreground; for example if a keyboard o r  printer 
interrupt occurs during the computation cycle it is recognized by the 
interrupt service routine but service is delayed until computation is 
complete for the current cycle. Maximum use is made of the CRT 
display for convenience and ease of operation. Data which can be 
displayed include spectra from six different blocks in core, and 14 
pages o f  text and numerical data. Figure 9.4 shows examples o f  these 
page contents. Data entries are both printed and displayed as they 
are made and can be aborted by striking the ESC key. The printer is 
inactive for all other keyboard commands. Pages of displayed text 
can be reproduced as hard copy by the terminal on command for 
later reference. 

There is no fixed protocol for entry of initial parameters such 
as sample time, date, line number, etc. This avoids the unnecessary 
repetition which is sometimes required in computer controlled 
systems in order to change one parameter. When the system is placed 



in the "autocycle" mode, a complete spectrum and navigational data 
are acquired, repetitively, once per sample time as initially specified. 
The system has a choice of acquiring the spectral data as 256 or 1024 
channel spectra and these are recorded along with other essential 
data on the nine-track magnetic tape once per sampling time. The 
computation for window counts, dead-time correction, etc., is 
carried out  on the spectrum just acquired in one block of memory, 
while the text spectrum is accumulating via DMA in a second block. 
The shortest sampling time is approximately 0.25 secs, a limit which 
is set by the execution time required for the computation referred t o  
above. 

The software provides for off-line operations which include 
listing of spectra between specified channel limits; application of a 
staircase signal to the strip chart recorder channels; playback and 
processing of specific portions of taped data to recreate strip chart 
profiles with different spectral window functions, and an edit 
capability for keyboard entry of program changes in octal code. 

Dead-time Correction 

Whenever a detector pulse is being analyzed by the ADC any 
other pulses which may arrive during this period are ignored. The 
system is thus "dead" during the times that each accepted pulse is 
being analyzed, i.e. being digitized and sorted into the appropriate 
spectral memory location. With the Wilkinson ramp type of ADC this 
dead-time is a function of the pulse amplitude in each case and varies 
from a minimum of about 8 ps to a maximum of about 12 ps. The 
crystalled controlled NOVA timing clock is used as the master clock 
for generating data acquisition sampling times. Two counters on the 
ADC interface board are preloaded by keyboard entry with the 
required sampling time and run down to zero by the master clock. 
The pulse train to one of these counters is inhibited by a "busy" 
signal from the ADC whenever a pulse is being analyzed. The count 
still remaining in this counter when the other one reaches zero is thus 
a measure of the dead-time for that sampling interval and the 
information is used to correct the window count data before they are 
displayed or profiled on the strip chart recorder. 

Detector Calibration and Spectrum Drift Compensation 

Use is made of the.live display capability which is inherent in 
the design, to provide a quick and accurate method of matching the 
twelve detector gains. A keyboard command produces a live 

spectrum display continuously accumulating from whichever de- 
tector or detectors are switched into the summing amplifier. Three 
narrow (45 keV wide) counting windows set up by software are 
shown as an intensified portion of the display and are centred on the 
required channel number for the 401< peak and they are updated 
once every two seconds. The spectrum can be erased and the window 
counts reset at  any time by striking the RUBOUT key. The gain of a 
single detector is adjusted using the display as a visual aid until the 
accumulating O K peak is symmetrically positioned in the intensified 
region. A finer adjustment is then made until the counts in the two 
side windows accumulate at  an equal rate. Normally one or two 
"erase-adjust" cycles are all that is required to set the peak position 
to an accuracy of one tenth of a percent. 

Hardware spectrum stabilisation techniques whether digital, 
analogue or a combination of both, all require the accumulation of 
sufficient counts in a spectral peak (generated either by a radio- 
isotope or a light source implanted in the detector) to make a 
statistically valid estimate of the peak position. This information is 
usually generated as a difference signal from two counting windows 
straddling the peak and is used to alter the effective keV per channel 
(by changing the gain of an amplifier or the high voltage to the 
detector PMTs) to  move the peak back to  the proper position. 

A software stabilisation technique is used in this system 
which involves the accumulation of the spectra acquired during 
successive sampling times (usually one second intervals) in a separate 
block of memory and calculating the position of the 40K peak 
centroid to  one tenth of a channel, after a predetermined number of 
counts have been accumulated in the peak channel. The program 
then uses this information to compute the keV par channel and the 
spectral counting window limits in terms of channel numbers. The 
search range used for finding the OK peak is preset automatically to 
bracket the proper location whenever the system is first put into the 
"autocycle" mode, on the assumption that the calibration procedure 
described above has been used. Thereafter however it moves to 
bracket the position where the peak was last found in order to  
minimize the possibility of locking-on to a wrong peak. The channel 
having the highest number of counts is used as the centre channel in 
determining the area limits for the centroid calculation a ~ l d  this area 
is restricted to  the top triangular portion of the peak. The entire 
correction scheme assumes that the pulse height v energy transfer 

Figure 9-3. Complete gamma ray spectrometer in the Short Skyvan aircraft used for airborne research. 
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Figure 9-4. Sample display pages; data pages (e.g. top left) are updated internally as memory contents change in the NOVA computer. 
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function is linear, passes through the origin, and changes in slope 
only. These assumptions are also implicit in all hardware on-line 
spectrum stabilization techniques of which the author is aware. 

The resolution (F.W.H.M.) of the 401< peak is computed 
whenever the peak position is updated with all the relevant data 
being displayed. A keyboard selectable option allows these data to be 
printed out  whenever the update is made which is useful for 
monitoring peak channel movement and overall detector resolution, 
either during survey operations or  in overnight stability checks. 

Automatic Background Subtraction 

A technique for background subtraction is incorporated to 
allow on-line correction of strip chart profiles and to facilitate 
accurate detector resolution measurements. A keyboard entry will 
cause the spectra 'acquired over successive sampling times to be 
accumulated in a separate block of memory until this mode of 
operation is ended by another keyboard entry. The accumulated 
spectrum is then normalized automatically to  the mean value for one 
sample time, after which it can be used to  make a background 
correction to all window count data subsequently acquired. 

Detector Resolution Measurement 

Detector resolution is an important indicator of performance 
and is one which most spectrometers of this type are no t  equipped to  
measure. With this system a ' 'Cs resolution check can be run 
quickly and accurately. A dual gain switch on  the summing amplifier 
allows the gain to  be increased so that the 6 6  1 keV peak of Cs 
occupies the same position in the spectrum that the  I< normally 
does. The system computes the  peak channel position and also the 
resolution in per cent. If a background measurement is made first 
then the background subtract feature described previously can be 
used to provide a reliable figure for resolutions of individual 
detectors and overall system resolution. 

Programmable Window Capability 
The software integrates areas under predetermined regions of 

the spectrum (windows) by totaling the counts in the channels of the 
spectrum covered by these windows. These calculations are made a t  
the end of each sampling interval and the results, corrected for  
deadtime, are displayed and recorded. The  energy limits for four of  
these windows are fixed and cover ranges corresponding to  total 
count and the peak energies 1.46, 1.76 and 2.62 meV, which are 
those associated with the radioactive nuclides o f  potassium, uranium 
and thorium respectively. Provision has been made for keyboard 
entry of the energy limits for an additional six such windows. These 
can be defined or  changed by the operator at  any time and allow 
complete flexibility for research oriented applications. The channel 
numbers which set the  lower and upper window limits for each one  
are recomputed each t ime the 'I< peak centroid position is updated, 
thereby avoiding inaccuracies due to changes in the keV per channel 
figure with time. The  positions of these windows can be seen as 
intensified regions when the accumulated spectrum used to  compute 
the I< peak position is displayed. 

Programmable Profile Functions 
In research oriented measurements it is usually desirable t o  

have as much flexibility as possible in the matter of ou tput  
presentation. In this instance the only on-line ou tput  is via the six 
channel strip chart recorder and i t  is very convenient to  be able to  
experiment with various corrections, combinations of  window counts 
etc. Accordingly, a limited capability has been incorporated in the  
software for entering the required processing functions for each 
channel as algebraic expressions. Addition, subtraction, multiplica- 
tion and division of  constants and variables can thus be specified to  
accomplish spectral scattering corrections, height correction, scale 
changes and ratio plotting. The software adds the equivalent of one 
chart paper division to  all values ou tput  to  the recorder which allows 
a true negative excursion of up to one division before the 
digital/analogue converter overranges. This is a useful feature when 
background subtraction is being used over a region of  near 
background activity, resulting in a more o r  less even spread of  values 
above and below the base line. 

Operational Experience 
The use of a nine-track magnetic tape transport with a 

comparatively high recording density in routine low-level (130 m )  
survey operations was a source of  some apprehension when the 
spectrometer was first put  into service. In practice no  particular 
problems have been experienced other  than one,  an occasional loss of 
tape tension during the 180" turns the aircraft makes as it ends one 
survey line and prepares for the next one. Attention first turned to 
the possible effects of lateral acceleration on  the tape tension 
servo-control mechanism. The actual cause proved to  be direct 
sunlight falling on the unit at  some point during a turn and 
interfering with the optical tape sensors. 

The  technique of using the 40K peak as the basis of a 
software spectrum stabilizing method has proven s~~ccess fu l .  A 
situation has no t  yet been encountered where the 4 0 K  was not  
sufficiently prominent for lock-on by the system. The update cycle 
time is set by the operator in terms of the number of counts in the 

I< peak channel which must first be reached. A value of 2000  
counts for a 256 channel spectrum has been found by experience to  
require about  one minute of accumulation t ime over average terrain 
at a ground clearance of 130 m .  

Resolution measurements o n  the system using the standard 
3 7 C s  isotope gave the mean of the  twelve individually measured 

detector values at 9 .0  per cent and the overall resolution with all 
detectors operative as 9.3 per cent. This latter figure was obtained at  
a count  rate of approximately 3 0  0 0 0  c/s. 

The research-oriented flexibility designed into this system 
proved valuable when the equipment was pressed into service in the 
Northwest Territories at a few hours notice to  aid in the search for 
radioactive debris from the Russian satellite Cosmos 9 5 4  in January 
1978 (Bristow, 1978). The programmable spectral windows and strip 
chart profile functions were key factors in the detection of the first 
piece of the debris while the spectrometer was on  its second search 
mission across the frozen surface of Great Slave Lake. The tape 
replay and analysis capability, together with the relative ease with 
which the operating software could be modified also proved to  be 
valuable assets during this three month search operation. 
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Abstract 

The Jurassic ammonite genus Iniskinites lmlay was previously unknown in the Queen 
Charlotte Islands. Its presence is now established a t  localities in the Skidegate lnlet area where 
it  occurs in the upper part of the Yakoun Formation slightly below the well known Kepplerites 
(Seymourites) Fauna. Two new species of hiskini tes  a re  recognised. Recently described 
Iniskinites faunas from northern Yukon and the Smithers area of British Columbia were assigned 
to the Late Bathonian. The here described Queen Charlotte Islands specimens a re  considered to 
be of the same age. 

Introduction L O C A L I T Y  M A P  
Sk idegate  lnlet 

In a recently published report on the  Late  Bathonian Q U E E N  C H A R L O T T E  ISLANDS 

hiskinites Fauna of central British Columbia (Frebold, 19781, o 1 

which included description of one specimen collected in Kilornclrer 

northern Yukon, i t  was suggested that the Jniskinites Fauna 
was probably also present in other parts of Western Canada. 
At that time two specimens collected by H.W. Tipper a t  
Robber Point on the east shore of Maude Island had already 
been identified by the author as hiskinites cf. I. martini 53*13' 0 I. -- 
(Imlay) (unpublished GSC report J-19-1976-HF). Recently, M A U D E  R O B B E R  

three more specimens belonging t o  the  genus were P O I N T  

located in the  collections of the Geological Survey of I S L A N D  
Canada. One of these is the  holotype of I. cepoides 
(Whiteaves) which had been placed by Whiteaves (1876, 
1884, 1900) into various genera. Another specimen was found 
by F.H. McLearn in 1921 but was not identified or described. A L L I F O R D  

B A Y  
A third specimen was collected by A. Sutherland Brown in the 
type section of MacKenzie9s (1 916) Yakoun Formation. It had 

8 
9 

been misidentified by the author as  Chondroceras (CSC 
report 5-3-1 962-HF). Figure 10.1. The Iniskinites localities in the Skidegate 

The five specimens are  here described and their lnlet area. 

stratigraphic position and age a re  discussed. It is hoped that  
more material from the Queen Charlotte Islands will become 
available in the near future. The Stratigraphic Position and Age of the  

Genus Iniskinites in t h e  Queen Charlotte Islands 

Localities of t h e  Described Specimens (see Fig. 10.1) Of t h e  five specimens of Iniskinites described in this 
report the holotypes of I. cepoides (Whiteaves) and I. mclearni 

GSC no. 4966. Iniskinites c e ~ o i d e s  (Whiteaves). H o l o t ~ ~ e .  Frebold n. sp. were collected loose and their stratigraphic 
Exact locality position is unknown. It is, however, probable that  they came 
H-W. (personal it from the same bed as  the other three specimens of Iniskinites 
seems certain that the Tecimen came which were found in situ in sections a t  or near Robber Point. 
Maude Island and most probably Robber One of them was collected by Sutherland Brown a t  GSC loc. 
Point. 48605 in his "E-Member" which is the  youngest stratigraphic 

GSC nos. 61865 and 61866. lniskinites cepoides (whiteaves.) unit of the type section of the Yakoun Formation 
Hypotypes. GSC locality 93736. "East shore (Sutherland Brown, 1968, p. 74). This specimen, which had 
of Maude island, a t  ~ ~ b b ~ ~  point. been misidentified by the  author in 1962 as  Chondroceras, is 
5 3 0 1 3 1 0 0 1 ~ ~ ,  132001f40t l~.  H.W, Tipper toll. described in this report as  Iniskinites cf. 1.cepoides 
1976." (Whiteaves). The two other specimens were collected by 

H.W. Tipper in 1976 on the  east shore of Maude Island, a t  
GSC no. 61867. Iniskinites cf. 1. cepoides (Whiteaves). Robber point (GSC lot. 93736) in beds equivalent to  

H Y P ~ ~ Y P ~ .  GSC lot. 48605. "Robber Point, Sutherland Brown's E-Member "a minimum of five fee t  
Maude Island. 53' 13'N, 132001'45"W. stratigraphically below Kepplerites". They a re  described in 
Sutherland Brown coll." this report as  Iniskinites cepoides (Whiteaves). 

GSC no. 61868. Iniskinites mclearni Frebold n. sp. Holotype. The occurrence of the three specimens of Iniskinites in 
GSC lot* 13633. Newcornbe Sutherland Brown's E-Member of the  Yakoun Formation 

Maude Island, Skidegate Inlet. and stratigraphically near to  Kepplerites indicates clearly 
F.H. McLearn coll. 1921." tha t  they belong t o  t h e  upper part of the  Yakoun 

Formation. Further detailed stratigraphic studies may 



show tha t  Iniskinites may form part  of McLearnls ''Upper 
Yakoun Fauna1' which, according t o  F.H. McLearn 
(1929, p. 2; 1949, p. 16, 171, conta in  various species  of 
Kepplerites (Seymourites) and one Phylloceras but no 
other ammonites. The possibility of a n  association of 
Iniskinites with species of Keppler i tes  (Seyrnourites) in t h e  
Queen Char lot te  Islands is supported by t h e  f a c t  t ha t  such 
associations a re  known from southern Alaska 
(Imlay, 1975, p. 11, 14) northern Yukon Territory and t h e  
Smithers area  of British Columbia (Frebold, 1978, p. 1-3). 

-The age  of the  Iniskinites faunas  of southern Alaska, 
northern Yukon, and the  Smithers a r e a  of British Columbia 
was discussed recently by t h e  author (Frebold, 1978, p. 3) and 
they were  assigned t o  t h e  L a t e  Bathonian. The here  
described Iniskinites specimens f rom t h e  Queen Char lo t t e  
Islands a r e  considered to  be of t h e  same  age. 

Iniskinites cepoides (whiteaves) 

Pla te  10.1, f igures 4-9 

Ammonites loganianus? Form B Whiteaves, 18796, p. 30, 
pl. 8, Figs. 1, l a .  

~ t e ~ h a n ' o c e r a s  cepoides Whiteaves, 1884, p. 210. 

Olcostephanus cepoides (Whiteaves), Whiteaves, 1900, p. 276. 

Material. The holotype, GSC no. 4966, e x a c t  locality 
unknown, and two smaller specimens, GSC nos. 61865,61866, 
f rom CSC loc. 93736. 

Description. 'The holotype and t h e  two smaller specimens a r e  
somewhat distorted and the  upper half of t h e  anterior pa r t  of 
t he  last whorl of the  holotype is missing. In one of the  two 
smaller specimens the  inner whorls a r e  badly damaged. The 
general shape of t h e  specimens is globose, t h e  venter is 
moderately rounded and grades evenly into the  moderately 
convex flanks. The transit ion t o  the  very small  and deep  
umbilicus is rounded, t he  umbilical wall very s t e e p  in t h e  
anterior pa r t  of t he  whorl, more  gent le  posteriorly. The slope 
of the  umbilical wall is apparently influenced by t h e  
distortion of t h e  specimen. The cross-section is wider than 
high. Up t o  a d iameter  of about  45 t o  50 rnm t h e  ribs a r e  
ra ther  fine and narrowly spaced, anteriorly they become 
gradually coarser and more  widely spaced. The primaries a r e  
subdivided into two, occasionally into th ree  secondaries. 
Some of the  secondaries a re  indistinctly connected with the  
primaries. The point of division is below t h e  half height of 
t h e  flanks. Intercalated ribs t h a t  reach down t o  about t h e  
line of division of the  primaries a r e  qui te  regularly developed 
between the  pairs of subdivided ribs. The ribs cross t h e  
venter almost transversely with a very slight forward bend. 
A pronounced aper tura l  constriction is preserved in the  small 
f ragmentary  specimen (GSC no. 61866, PI. 10.1, fig. 8, 9). In 
t h e  o ther  small  specimen (GSC.no. 61865, PI. 10.1, fig. 6, 7) 
par t  of t he  aper tura l  constriction can still be  seen on the  l e f t  
side of the  end of the  whorl. The aper ture  of t he  holotype is 
not preserved. Suture  lines a r e  not visible on any of t h e  
specimens. 

Due to  the  deformation of t h e  holotype and t h e  
hypotypes no e x a c t  measurements can be  given. The holotype 
had an es t imated maximum diameter  of about 75 rnrn. At a 
less damaged part  of the  holotype the  diameter is 53 rnrn, t h e  
whorl height 34(0 .64)mm and t h e  whorl thickness 
38 (0.71) mm. The numbers in parentheses a r e  the  ratios of 
t he  diameter.  

Corn arisons In i t s  general shape the  holotype of I. cepoides 
Whiteaves) 1s somewhat similar to 'lniskinites martini  (Imlay) +: 

but  is much smaller than the  holotype of Imlay's species  
(Imlay, 1953,.p. 80, pl. 32, figs. 1, 4, 6). The small  specimen 
of I. martin1 (Imlay) i l lustrated by Imlay (1975, pl. 4, 
figs. 4, 5 )  compares fairly well with the  small  specimens GSC 

nos. 61865, 61866 (pl. 01, figs. 6-9) which has previously been 
identified as I. cf. mar t in i  (Imlay) (Frebold, unpublished GSC 
repor t  J-19-1976-HF). 

Iniskinites cf. I. cepoides (Whiteaves) 

Pla te  10.1, f igures 10-12 

Material. O n e  specimen. GSC no. 61867 f r o m  GSC 
Ioc. 48605. 

Description and Comparisons. The specimen has  about  t h e  
s a m e  s i ze  a s  t h e  holotype of t h e  species. As i t  is fairly 
strongly distorted,  no reliable measurements  can be taken. 
The general  shape is globose, t h e  cross-section wider than 
high, t h e  rounded venter grades into t h e  moderate ly  convex 
flanks. The transit ion of the  flanks to  t h e  deep and narrow 
umbilicus is rounded, t h e  umbilical wall is moderate ly  s t e e p  
in t h e  posterior par t  of t h e  las t  whorl and ver t ica l  in i t s  
anter ior  part .  The shape of t h e  umbilicus has  been influenced 
by t h e  distortion of the  ammonite.  The ape r tu re  is marked by 
a constriction which is deep  on t h e  flanks and shallower 
ventrally. I t  is followed by a gent le  swelling. 

The ribs a r e  similar t o  those of t he  holotype but  they 
a r e  stronger and t h e  in terspaces  wider. They a r e  ra ther  
s t rong in t h e  anterior par t  of t h e  whorl which is not preserved 
in t h e  holotype. They bi furcate  somewhat  below t h e  half 
height of t h e  flanks. In tercala ted  ribs a r e  present  qu i t e  
regularly between t h e  pairs of subdivided ribs. 

PLATE 10.1 (opposite) 

Figures 1-3. lniskinites mclearni  Frebold n. sp. Holotype. 
GSC 61868, GSC loc. 13633. (The missing pa r t  of t he  
ammoni t e  is replaced by plasticine.) 

I. Latera l  view, GSC photo 113555-U. 

2. Cross-section and par t  of venter.  GSC photo  11355-T. 

3. Venter,  GSC photo 113555-V. 

Figures 4-5. Iniskinites cepoides  (Whiteaves). Holotype. 
GSC 4966. Exact  locality unknown. Probably f rom Maude 
Island, Robber Point or Newcombe Bay. 

4. Latera l  view, GSC photo 113555-W. 

5. Venter,  GSC photo 113555-X. 

Figures 6-7. Iniskinites cepoides  (Whiteaves). Hypotype. 
GSC 61865, GSC loc. 93736. 

6. Latera l  view, GSC photo 113555-0. 

7. Cross-section and venter.  GSC photo 113555-M. 

Figures 8-9. Iniskinites cepoides  (Whiteaves). Hypotype. 
GSC 61866, GSC loc. 93736. 

8. La te ra l  view. GSC photo 113555-P. 

9. Venter,  GSC photo 113555-N. 

Figures 10-12. lniskinites cf. I. cepoides  (Whiteaves). Figured 
specimen. GSC 61867, GSC loc. 48605. 

10. Latera l  view, GSC photo 113555-4. 

11. Venter,  GSC photo 113555-S. 

12. Venter, cross-section and "depression". GSC photo 
113555-R. All photographs a r e  in natura l  size. 
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No t r a c e a b l e  r e m n a n t s  of t h e  s u t u r e  l ine  a r e  visible a t  
t h e  beginning of t h e  l a s t  whorl. 

On t h e  v e n t e r  a shal low depression is  p resen t  ( s e e  
PI. 10.1, fig. 12) which f a d e s  o u t  in t h e  upper p a r t  of t h e  
f lanks.  It is  caused  by t h e  d i s tor t ion  of t h e  a m m o n i t e  and  not  
a cons t r ic t ion .  

Iniskini tes  rnc learn i  Frebold n. sp. 

P l a t e  10.1; f i g u r e s  1-3 

Mater ia l .  O n e  fa i r ly  well  p reserved  spec imen,  G S C  no. 61868 
f r o m  G S C  loc. 13633. 

Descr ip t ion .  The  g e n e r a l  s h a p e  of t h e  s p e c i m e n  is  g lobose  
w i t h  rounded v e n t e r  which g r a d e s  evenly  i n t o  t h e  m o d e r a t e l y  
convex  f lanks.  T h e  umbil icus is  e x t r e m e l y  smal l ,  t h e  
t rans i t ion  of t h e  umbil ical  wall  i n t o  t h e  f lanks  is rounded.  In 
t h e  a n t e r i o r  p a r t  of t h e  whorl  t h e  umbil ical  wall  is s t e e p e r  
t h a n  in i t s  pos te r ior  par t .  

In t h e  pos te r ior  p a r t  of t h e  l a s t  whorl  t h e  r ibs a r e  f ine.  
T h e  p r i m a r i e s  a r e  subdivided i n t o  t w o  or  occasionally t h r e e  
secondar ies .  S o m e  of t h e  s e c o n d a r i e s  a r e  ind is t inc t ly  
c o n n e c t e d  wi th  t h e  primaries.  T h e  r ibs  c ross  t h e  v e n t e r  
a l m o s t  t ransverse ly .  Anter ior ly  t h e  r ibs b e c o m e  gradua l ly  
s t r o n g e r  and  m o r e  widely spaced .  They a r e  g e n t l y  b e n t  
forward  on  t h e  f l a n k s  and  on t h e  venter .  Most  of t h e m  a r e  
subdivided i n t o  t w o  secondar ies .  Only a f e w  undivided 
i n t e r c a l a t e d  r ibs a r e  presen t .  

In t h e  pos te r ior  half of t h e  l a s t  whorl  a shal low and  
n a r r o w  depression is  p r e s e n t  which s e e m s  t o  b e  a c o n -  
s t r ic t ion .  It is, however ,  possible t h a t  th i s  depress ion  m a y  
h a v e  been  caused  by a s l igh t  d i s tor t ion  of t h e  a m m o n i t e  a s  is 
t h e  c a s e  in t h e  a b o v e  descr ibed  s p e c i m e n  of I. c f .  I. c e p o i d e s  
(Whi teaves)  ( s e e  PI. 10.1, fig. 12.). 

T h e  a p e r t u r e  and  t h e  m o s t  pos te r ior  p a r t  of t h e  l a s t  
whorl  a r e  no t  p reserved .  R e m n a n t s  of t h e  s u t u r e  l ine  showing 
broad  saddles  and  p a r t  o f . t h e  v e n t r a l  lobe a r e  p r e s e n t  in t h e  
pos te r ior  p a r t  of t h e  whorl. 

A t  t h e  m a x i m u m  d i a m e t e r  of 7 3  m m  t h e  whorl  h e i g h t  is  
4 6  (63) m m  and  t h e  whorl  th ickness  50  (68.5) mm.  T h e  
n u m b e r s  in p a r e n t h e s e s  a r e  r a t i o s  of t h e  d i a m e t e r .  

Comparisons.  In t h e i r  shape ,  s t r e n g t h  and subdivision t h e  r ibs 
in t h e  pos te r ior  p a r t  of t h e  l a s t  whorl  a r e  s imi la r  t o  t h e  r ibs 
in t h e  holotype of I. c e p o i d e s  (Whiteaves)  at about ' the s a m e  
s t a g e s  of g r o w t h  but  a n t e r i o r l y  t h e y  d o  n o t  b e c o m e  a s  c o a r s e  
and  m o r e  widely s p a c e d  a s  t h e y  d o  in I. c e p o i d e s  (Whiteaves) .  

Iniskini tes  in te r rnedius  (Imlay) (Imlay, 1953, p. 81 ,  
pi. 31, figs. 1-4; p1. 32, figs. 2, 3, 5 ,  7, 8; 1975, p. 24, pl. 3, 
f igs.  3, 4) is s o m e w h a t  s imi la r  t o  I. rnc learn i  b u t  is  m o r e  
c o m p r e s s e d  and  h a s  s t r o n g e r  ribs. In i t s  g lobos i ty  a n d  
a p p a r e n t l y  a l so  in t h e  r ibbing I. rnclearni  is  s imi la r  t o  
I. m a r t i n i  Imlay (1953, p. 80,  p1. 32, figs. 1, 4, 6) b u t  t h e  
ho lo type  of Imlay's  s p e c i e s  is  m u c h  l a r g e r  t h a n  t h e  ho lo type  
of I. rnclearni  and  d o e s  n o t  p e r m i t  d e t a i l e d  compar i son .  
Unfor tuna te ly  n o  s p e c i m e n s  of I. m a r t i n i  equa l  in s i z e  t o  
I. rnclearni  h a v e  been  descr ibed .  
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Abstract 

The Davidsville Group o f  northeastern Newfoundland consists essentially of a series of 
resedimented clastics of LlanvirdLlandeilo - Late Ordovician age. Within this sequence, immediately 
underlying graptolitic slates of Caradocian age, are a series of laterally continuous (on outcrop scale) 
glaciomarine diamictites containing excellently preserved glacially rafted dropstones. These 
diamictites are associated with thinly, interbedded siltstones and slates probably deposited by 
turbidity, hemipelagic and normal deep-water bottom marine current activity in a middle-outer 
submarine fan environment. These rhythmically bedded muds and silts contain isolated dropstones and 
channelized and lenticular diamictites. We describe here the nature and distribution of these laterally 
continuous and lenticular diamictites and discuss possible mechanisms of deposition. 

Introduction 

Undoubted glacial  t i l l i tes  and diamict i tes  have now 
been documented f rom many upper Ordovician sequences,  
part icularly those  exposed in France,  Spain and North Afr ica  
(e.g. Tamain,  1971; Beuf et al., 1971; Dangeard and Dor i ,  
1971; Tucker and Reid, 1973; Allen, 1975). Such s tudies  
sugges t  t h a t  t h e  Ordovician glaciation was  most  likely 
res t r ic ted  t o  t h e  Caradocian  (Wright and Moseley, 1975) with 
an  ice shee t  cent red  over  t h e  present  day Sahara  and 
nor thwest  Afr ica  (Harland, 1972). 

In t h e  northern Appalachians possible mar ine  raf ted  
' t i l l i tes '  and glaciomarine d iamict i tes  have already been 
described f rom t h e  Caradocian  (or younger) White Rock 
Formation of Nova Scotia by Schenk (1972) and t h e  L a t e  
Ordovician - Early Silurian Stoneville Formation of 
nor theas tern  Newfoundland by McCann and Kennedy (1974). 

Although Harland and Herod (1975, p. 196) alluded t o  t he  
possibility of o the r  alleged L a t e  Ordovician t i l l i tes  on the  
ea s t e rn  seaboard of North America ,  no o the r  occurrences  
have been adequate ly  documented.  We the re fo re  descr ibe  
h e r e  t h e  occu r rence  of a sequence  of ,Caradocian  d iarnic t i tes  
recent ly  discovered in t h e  Davidsville Group of nor theas tern  
Newfoundland. 

Gene ra l  Geology and  Local i t ies  

The Davidsville Group of Kennedy and McGoniga1 (1972) 
outcrops  in nor theas tern  Newfoundland on t h e  ea s t e rn  side of 
t h e  Dunnage Zone of Williams (1978). In t h e  Carmanvi l le  
d is t r ic t  (Fig. 11.1) t h e  group consis ts  essentially of 
resedimented c las t ics  (Pickeril l  et al., 1978) which in pa r t  
unconformably overlie t h e  allochthonous rocks of t h e  Gander 
River u l t ramaf ic  belt. The unconformity has  been relatively 
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Figure 11.1 Location map o f  the three diamictite localities on the eastern side of Gander Bay, 
northeastern Newfoundland, and within the Davidsville Group. 
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precisely dated a s  Llanvirn/Llandeilo in age  of the  basis of 
reasonably well-preserved conodont e lements  (Blackwood, 
1978; G.S. Nowlan - Personal communication 1978) in lower- 
most units of t he  Davidsville Group. The remainder of t he  
succession has failed t o  yield fossils excep t  a t  t h ree  locali t ies 
well removed f rom the  base of t h e  succession a t  Main Point 
on the  eas tern  side of Gander Bay (Fig. 11.1), which have 
yielded poorly preserved graptol i tes  of Caradocian a g e  
(Bergstrom et al., 1974) in strongly cleaved pyrite- and 
pyrrhotite-bearing black slates.  Approximately 3 km t o  t h e  
south-southwest of Main Point a series of thinly interbedded 
sil tstones and s la tes  and associated diamict i te  beds a r e  
exposed. These outcrops stratigraphically underlie t he  
fossiliferous black s la tes  and therefore ,  although themselves 
not precisely dated, i t  is reasonable t o  suggest t h a t  t he  
d iamict i tes  described here a r e  Caradocian in age. 

The diarnictites and associated sediments a r e  exposed 
a t  t h ree  isolated but consecutive shoreline outcrops. In each, 
bedding is subvertical  but  s t ra t igraphic  relationships between 
individual outcrops a r e  difficult  t o  assess o w i n g  t o  t h e  
presence of small  sca le  (1-3 m 1/2X) t ight  t o  isoclinal 
tec tonic  folds, and slumping, rotation and folding of the  
sediments during or shortly following their  deposition (cf. 
Pajari  et al., 1979). The following description incorporates 
d a t a  obtained f rom each outcrop, though the  most complete  
and detailed exposure is t he  northeastern one (Locality C of 
Fig. 11.1), where a continuous 12 m section is well exhibited. 

Description of t h e  Diamict i tes  

Diamicti te is employed here  a s  nongenetic t e rm (cf.  
Flint e t  al., 1969; Harland e t .  al., 1966) to  describe lithified, 
poorly sorted,  matrix-supported, polymictic conglomerates  
character ized by dispersed c las ts  of variable size,  
composition, shape and degree  of rounding enclosed within a 
homogeneous o r  rhythmically laminated mud/silt matr ix  
(Fig. 11.2a). The t e r m  is synonymous with "mixtite" 
(Schermerhorn, 1966) but has  publication priority. The th ree  
locali t ies exhibiting the  diamict i tes  a r e  located on t h e  
southeastern shoreline of Gander Bay (Fig. 11.1). The 
essential  character is t ics  exhibited a t  individual exposures 
are:- 

Locality A: 0.73 m channel d iamict i te  immediately 
overlain by 0.4 m of interbedded muds and 
sil ts  containing dispersed clasts,  some of 
which a r e  clearly dropstones. Associated 
underlying sediments (c. 8 m) exhibit  well 
developed syndepositional faulting, folding 
and slump structures.  

Locality 8: A c. 1.8 m diamict i te  containing dropstones 
associated with interbedded muds and s i l t s  
(c. 5 m) containing thin, lenticular diamic- 
t i tes ,  dropstones and syndepositional slumps. 

Locality C: Three  laterally continuous diamict i te  
horizons, each 1-2 m thick. Associated 
interbedded muds and sil ts  contain thin 
lenticular d iamict i tes  and dispersed clasts,  
many of which a r e  dropstones. Soft-rock 
deformation s t ructures  a r e  abundantly 
developed. Total  exposed thickness is c. 12 m. 

Generally the  thicker polymictic diarnicti tes a r e  
laterally continuous on outcrop scale,  whereas t h e  thinner 
(commonly 6-8 cm)  beds a r e  invariably lenticular,  a r e  
commonly associated with t h e  intervening mud/silt 
rhythrnites (see below) and have commonly been subjected t o  
syndepositional soft-rock deformation. Lower and upper 
boundaries of t he  diarnicti tes a r e  usually gradational with the  
intervening rhythmites but  rarely the  lower boundary is 
erosional and channeled. 

The matrix-supported c las ts  range in s ize  f rom coa r se  
sand t o  cobbles and, in places, boulders up t o  230 mm in 
diameter .  Clas ts  const i tu te  between 10-45% of t h e  rock. 
They a r e  randomly distributed and no concentra t ions  or  
c lus ters  have been observed (cf. Ovenshine, 1970). On 
ave rage  they a r e  composed of light coloured s i l t s tone (52%), 
dark coloured sil tstone (16%), or thoquar tz i te  (18%), fine 
sandstone (9%) and granitoid (granite,  granodiorite) mater ia l  
(5%). Orthoquar tz i te  and granitoid c las ts  a r e  invariably 
coa r se  sand t o  pebble s ize  whereas the  remainder may all  be 
coarse  sand to  boulder size. The majority a r e  rounded (70%) 
or subrounded (24%) and only a small  proportion (6%) a r e  
angular or subangular. All lithologies exhibit variable degrees  
of  roundness. Surfaces of individual c las ts  a r e  always smooth 
and no striations have been observed. 

The c las ts  also exhibit  variable shapes. The majority 
a r e  obla te  spheroids with thei r  long axes  parallel  t o  
s t ra t i f ica t ion.  As bedding and c leavage a r e  parallel  in these  
locations this orientation and observed shape could, in part ,  
b e  deformational.  The larger  pebbles, cobbles and boulders 
tend t o  b e  equant,  while t h e  remainder of t h e  debris is  
tabular. Occasional pebbles and cobbles a r e  approximately 
triangular and may represent  f ace ted  var ie t ies  (cf. Schenk, 
1972). Although t h e  majority of the  spheroidal c l a s t s  a r e  
aligned with their  long axes  parallel  t o  s t ra t i f ica t ion a small  
percentage a r e  aligned a t  or  near  t o  90' (Fig. 11.2b). 

The c las ts  a r e  all  enclosed within a mud or  mud/silt 
matr ix  which is character is t ica l ly  finely (0.3 - 3 mm)  and 
rhythmically laminated or alternatively,  but less commonly, 
appears  massive even in thin section. The a l ternat ing 
mud/silt laminae a r e  bes t  observed when t h e  c las t /matr ix  
r a t io  is  low. Finer laminae a r e  usually continuous and 
maintain a constant  thickness; coarser  laminae may  b e  
continuous but  a r e  also lenticular.  In t h e  upper horizons t h e  
diarnicti tes commonly possess thin lenses of more  thickly 
interbedded mud and s i l t  (0.3 - 3 cm), identical  in form and 
composition t o  t h e  associated sediments  described below. 

Many of the  c las ts  within the  diarnicti tes,  both those 
with their  long axes  parallel  and, in particular,  normal to  
bedding, distort  and pene t r a t e  the  laminae (Fig. 11.2b, 1 1 . 2 ~ ) .  
These 'dropstones' may be observed within the  diarnicti tes 
themselves,  particularly when lamination is well developed, 
but  more commonly a t  their  gradational bases and tops. 
Distortion of laminae is t he  more  common occurrence. 
Though clearly in pa r t  a result  of compaction and tec tonic  
f la t tening t h e  more  pronounced cu rva tu re  and distortion of 
laminae below t h e  c l a s t s  suggests t h a t  they depressed t h e  
underlying laminae before  those overlying t h e  c l a s t s  were  
deposited (Fig. 11.2b). There  is no evidence of 
penecontemporaneous erosion of t h e  clast-associated 
laminae, suggesting, therefore ,  t h a t  they a r e  no t  lag c las ts  
(cf. Crowell  and Frakes,  1972; McCann and Kennedy, 1974). 
Clas ts  actually penetra t ing laminae or thin sil t  horizons a r e  
by no means uncommon but  a r e  more  difficult  t o  readily 
observe because of t he  closely spaced bed-parallel c leavage 
developed in the  d iamict i te  matr ix  but not in the  clasts.  This 
tends  t o  mask lamination and results in t h e  apparent  
truncation of c leavage by t h e  clasts.  

Associated Sediments  

lnterbedded with and/or immediately overlying or  
underlying t h e  diamict i tes  a r e  a ser ies  of rhythmically and 
thinly interbedded s i l t s  and muds, each  0.3-4 c m  thick. The 
s i l t s  a r e  generally parallel  laminated throughout or  
a l ternat ively  exhibit  parallel  passing in to  small  sca le  cross- 
lamination. Some of the  th icker  si l t  beds a r e  graded and/or 
graded passing into parallel  and/or small  sca le  
crosslamination. Both the  sil ts  and muds a r e  usually laterally 
continuous on outcrop scale  but  rarely the  sil ts  may be 
composed of distinctive horizons of isolated pods or lenticles 



Figure 11.2 a. Generaiized view of diarnictite from Locality C. Note the matrix-supported, essentially spherical- 
shaped clasts orientated parrallel to stratification. Coin diameter 2 cm. 

b. Fine sandstone clast orientated subnormal to stratification within a diamictite from Locality C. The 
clast both penetrates and distorts the rhythmically interbedded muds and silts. Note the lenticular 
bedded silts above the coin. Coin diameter 2 cm. 

c. Diamictite and associated interbedded mudhilt rhythmites at Locality C. Note the isolated faceted 
clast penetrating and distorting the rhythmites and the fine lamination within the diamictite. Length 
of mapping pen (upper l e f t )  is 12 cm. 

usually < 1 c m  in thickness and each commonly possessing 
foreset  crosslaminae. Many of the  lenticles a r e  f l a t  based 
and may represent starved ripples. Intervening muds a r e  
generally homogeneous b u t  may possess faintly preserved s i l t  
laminae. The sil t  beds a r e  commonly nonerosive bu t  may 
possess small  scours and ? prod marks at thei r  base. 
Sporadically distributed throughout the  sediments a r e  good 
examples  of dropstones which const i tu te  <2% of the  rock but,  
on the  other  hand, a r e  some of the  larges t  observed. The 
dropstones both penetra te  and/or deform the  interbedded sil ts  
and muds. As outlined above, t hese  sediments  also contain 
thin lenticular d iamict i tes  identical  in composition and with 
t h e  s a m e  internal character is t ics  a s  those described 
previously. Many of these d iamict i tes  and thei r  associated 
sil ts  and muds have been involved in penecontemporaneous 
soft-rock deformation. 

Discussion 

Throughout t h e  depositional history of t he  Davidsville 
Group c las t ic  det r i tus  was derived f rom a t  l ea s t  t w o  
contras t ing sources. Petrographic studies and field 

observations suggest t h a t  det r i tus  was provided f rom a 
cont inenta l  ter rane ,  f rom t h e  obducted slabs of t h e  Gander 
River u l t ramafic  belt  and f rom a fu r the r  unidentified source. 
The majority of t h e  group consists of resedimented 
c las t ics  emplaced by a var ie ty  of sediment-support 
mechanisms, including dominantly turbidity and t o  a lesser 
deg ree  fluidized and grain f lows (Pickerill et al., 1978). 
Some of t h e  finer grained sediment  may possibly 
represent  mater ia l  derived f rom bot tom currents  and hemi- 
pelagic settling. The sedimentary  pile was all subsequently 
involved in complex submarine sliding and olistostrome 
format ion (Pajari  et al., 1979). 

The na tu re  of some  of these  sedimentation mechanisms 
can in f a c t  b e  demonstra ted  by a more  detailed analysis of 
t h e  sediments associated with the  d iamict i tes  a s  described 
above. These thinly and rhythmically bedded muds and sil ts  
a r e  typical of many of t h e  more  accessible outcrops of the  
Davidsville Group in nor theas tern  Newfoundland and have 
somewhat  erroneously prompted previous authors  (e.g. 
Kennedy and McConigal, 1972; Dean, 1979) t o  r e fe r  t o  t h e  
en t i r e  group a s  a ser ies  of black s l a t e s  and greywackes. 
Analogous rhythmically bedded sequences exhibiting similar 



in ternal  character is t ics  have been documented by a number 
of au tho r s  (e.g. Mutti, 1977; Shanmugan and Walker, 1978). 
Comparison with t hese  more  detailed s tudies  suggests t h a t  
t h e  la tera l ly  continuous s i l t s tones  represent  thinly bedded 
turbidite deposits i l lustrating Tb, Tb-c and more  rarely Ta, 
Ta-b and Ta-c Bourna sequences. The e interval of t h e  
idealized Bourna sequence may be  present  in association with 
these  sequences but  has proved impossible t o  recognize and 
di f ferent ia te  f rom the  normal ?hemipelagic muds. In 
contras t  to  the  laterally continuous si l tstones,  t h e  lenticular 
var ie ty  probably represent  mater ia l  deposited and reworked 
by ac t ive  ocean-bottom cu r ren t s  (cf.  Piper,  1978; Shanmugan 
and Walker, 1978). . 

The interbedded muds and muds with s i l t  laminae  a r e  
more  difficult  to  in terpre t  but  possibly represent  mud 
turbidites (in t he  sense of Piper,  1978) o r  hemipelagic 
sediment,  both possibly subjec t  t o  normal bo t tom cu r ren t  
reworking. The f a c t  t h a t  a continuum usually exis ts  be tween 
di lu te  turbidity flows, bo t tom cu r ren t s  and hemipelagic 
se t t l ing  (Stow and Lovell, 1978) suggests t h a t  a l l  t he se  
mechanisms could conceivably have  been operative.  As with 
the i r  r ecen t  correlatives,  however,  genera l  c r i t e r i a  fo r  
distinguishing between them a r e  difficult  t o  establish. 

The paleoenvironmental  significance of t h e  f ac i e s  
association is not  exact ly  clear.  Historically such an 
association would perhaps have  been refer red  t o  a s  'distal 
turbidites '  with hemipelagic intercalations.  Mutti  (19771, 
however,  has demonst ra ted  t h a t  similar fac ies  associations 
need not necessarily be  'distal' ,  but may in f a c t  occur  in 
channel margin, inter-channel,  channel mouth and lobe f r inge  
subenvironments of submarine fan complexes. Indeed, 
identical  fac ies  may be  observed along s t r i ke  approximately 
IOOOm t o  the  south-southwest of t h e  d iamict i te  locali t ies 
where they occur in association with t he  upper horizons of 
turbidit ic fining- and thinning-upward channel-filled 
sequences. Thus, al though t h e  deta i led  paleoenvironmental  
significance of t h e  f ac i e s  association remains  somewhat  
perplexing, w e  suggest  a middle-outer submarine  fan  
environment a s  t h e  most likely s i t e  fo r  t h e  format ion of this 
par t icular  facies. 

I t  is therefore  apparent  t h a t  t h e  d iamict i tes  formed in a 
deep  wa te r  submarine f an  environment  in association with 
sediments  deposited by t h e  interplay of turbidite,  hemipelagic 
and bot tom cu r ren t  deposit ional mechanisms. The association 
of diarnicti tes (usually in terpre ted  a s  g lac ia l  in origin) and 
deep  wa te r  dominantly turbidic sediments  has been noted by 
severa l  authors  (Harland e t  al., 1966; Tucker and Reid,  1973; 
McCann and Kennedy, 1974). Although t h e  recognition of 
ancient  glacial  and glaciomarine deposits  has long been a 
source  of controversy,  evidence  in favour of t he  Davidsville 
Group diamict i tes  being glaciomarine in origin is suggested by 
t h e  criteria:- 

1. The presence of la rge  dispersed clasts,  some  of which a r e  
clearly dropstones, both within t h e  diarnicti tes themselves  
(Fig. l l .2b)  and the  associa ted  interbedded sediments  
(Fig. 11.2~).  Many au tho r s  (e.g. Crowell, 1964; 
Harland et al., 1966; F rakes  and Crowell, 1967, 1970; 
Tucker and Reid, 1973; McCann and Kennedy, 1974) 
regard this t o  b e  t h e  most convincing single cr i te r ion  f o r  a 
g lac ia l  origin and usually a t t r i b u t e  the i r  occu r rence  t o  
iceberg  raft ing.  

2. Though shape and su r f ace  markings of individual c l a s t s  a r e  
not  definit ive of any particular environment (Schenk, 
1972) c las ts  with long axes  normal or subnormal t o  
s t ra t i f ica t ion  possibly indicate raf t ing  (Crowell ,  1964; 
Harland e t  al., 1966). 

3.  The presence  of dispersed c l a s t s  within thinly laminated 
(varve-like) and lenticular muds and silts. Such a cr i te r ion  
has  been emphasized by Reading and Walker (1966), 
Lindsay (1971) and Tucker and Reid (1973). Though in 
itself no t  definit ive of glacial  origin i t  indica tes  t h a t  t he  
d i amic t i t e s  did not result  f rom any massflow 
phenomenum. 

4. The presence of or thoquar tz i te ,  g r an i t e  and granodiorite 
c l a s t s  within t he  diarnicti tes is clearly indica t ive  of their  
exo t i c  provenance,  a s  throughout t h e  remainder  of t he  
Davidsville Group they a r e  absent.  Similarly, t h e  absence  
of plagiogranite,  maf ic  and ul t ramaf ic  c las ts  is fur ther  
suggestive of an  exot ic  source,  a s  t hese  components,  
al though variably developed, a r e  o therwise  present  in t he  
coa r se  c las t ic  units  throughout t h e  remainder  of t h e  
succession. The unique occu r rence  of c e r t a i n  l i thologies 
and absence  of o the r s  c a n  only b e  accounted  fo r  by 
inferring a provenance removed f rom t h e  source  a r eas  
character iz ing t h e  remainder  of t h e  succession. Their 
unique introduction in to  the i r .  deposit ional s i t e  must 
r ep re sen t  some anamolous event(s1. 

Thus w e  suggest  t h a t  t h e  d iarnic t i tes  were  deposited 
under g lac ia l  conditions. Clas ts  within t h e  d iarnic t i tes  and 
associated sediments  a r e  most logically a t t r i bu t ed  t o  iceberg 
raft ing.  The finely and rhythmically laminated  d iamict i te  
matr ix  closely resembles t h a t  figured by Lindsay (1971) and 
Tucker and Reid (1973) and considered t o  be  diagnostic of 
g lac iomar ine  muds and associated sediments.  Such 
rhythmites  possibly represent  deposition f rom low-density 
suspension currents  discharged f rom floating i c e  (cf.  Reading 
and Walker, 1966) or f rom bo t tom cu r ren t  ac t iv i ty  (cf. 
Lindsay, 1971), though t h e  presence  of lenticular laminae  and 
thin lenses of interbedded mud and s i l t  in t h e  upper horizons 
of t h e  d i amic t i t e s  suggests t h e  l a t t e r  t o  b e  more  realist ic.  

If i t  is accep ted  t h a t  t h e  d iarnic t i tes  a r e  in f a c t  g lac ia l  
in origin, a s  we  have  a t t e m p t e d  t o  demonst ra te ,  t hen  cer ta in  
observations st i l l  remain  enigmatic.  For  example ,  t h e  
channeled and/or lenticular d iamict i t ies  a r e  somewhat  
anomalous,  a s  such occu r rences  have  no t  e lsewhere  been 
previously repor ted  in t h e  l i te ra ture .  This var ie ty  occurs  
within t h e  associated mud/sil t  rhythmites  containing isolated 
drops tones  and, a s  previously outl ined,  such occurrences  a r e  
not  particularly uncommon. Detailed ' examinat ion  reveals 
t h a t  apa r t  f rom an homogeneous matr ix  possessing no internal 
fabr ic ,  these  d iamict i tes  exhibit  essentially t he  s ame  
cha rac t e r i s t i c s  a s  t he  la tera l ly  continuous variety.  They a r e  
commonly underlain by rhythmically interbedded muds and 
s i l t s  which exhibit  soft-rock slumping, folding and 
disaggregationn. Observations suggest  t h a t  t h e  channeled and 
lenticular bedded variety represent  d iarnic t i tes  which were  
resedimented a s  subaqueous massflow deposi t s  ( see  Ca r t e r ,  
1975) in t h e  f o r m  of partial ly eros ive  debris f lows or, more  
likely, slurry flows (mudflows). Tha t  t h e  sediments  were  
uns table  i s  indicated no t  only by t h e  slumping, folding and 
disaggregation of t h e  associa ted  sediments,  bu t  a lso  slumping 
and folding of t h e  lent icular  d iarnic t i tes  themselves  following 
the i r  resedimentation.  

Thus, t h e  lenticular d iarnic t i tes  have  undergone a 
complex and varied sedimenta t ion  history and recognition of 
t he i r  glacial  origin is somewhat  dependant on the i r  in t imate  
association and af f in i t ies  with t h e  laterally continuous and 
more  readily recognizable diarnicti tes.  As Harland (1972) 
pointed out,  glaciomarine t i l l i tes  may be  confused with 
turbidites,  mudflows and o the r  massflow deposits ,  and o ther  
a f t e r  careful  and detailed analysis can  t h e  origin of 
d i amic t i t e s  be  realist ically assessed. 



Summary 

In summary, we propose t h a t  t h e  Caradocian 
d iamict i tes  observed by us in t h e  Davidsville Group of 
nor theas tern  Newfoundland represent  glaciomarine 
sediments.  These sediments  accumulated  in a middle-outer 
submarine fan  environment which developed on t h e  
southeas tern  margin of t h e  Iapetus Ocean. The la tera l ly  
continuous diarnicti tes (on outcrop sca le)  a r e  typical  and in 
many respects  identical  t o  previously described glaciomarine 
sediments  formed in association with deep-water,  essentially 
turbidit ic,  sediments. The occurrence  of lenticular and 
channeled d iamict i tes  in association with t h e  laterally 
continuous variety is somewhat  unusual. We in t e rp re t  this 
var ie ty  t o  be  the  result  of resedimentation by debris or,  more  
likely, mudflow act iv i ty  of a l ready deposited unconsolidated 
and unstable glaciomarine mater ia l .  Although Caradocian 
g lac iomar ine  deposits  should theore t ica l ly  be  more  common- 
p lace  in t h e  northern Appalachians than previously repor ted  
(cf. Harland, 19721, i t  i s  conceivable t h a t  the i r  recognition 
has  gone unnoticed because  of t h e  possibility of similar 
resedimenta t ion  mechanisms potentially destroying 
recognizable diagnotic c r i t e r i a  fo r  a glacial  origin. 
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Abstract 

Bathymetric subbottom and shallow seismic reflection profiling, sediment sampling, seabed 
photography and water column temperature and sound velocity profiling, as well as surface plankton 
tows, were conducted in April and May 1979 from the ice station LOREX as it drifted over the 
Lomonosov Ridge close to the North Geographic Pole. These seabed geologic studies, in conjunction 
with other scientific programs, were undertaken to delineate the physical nature and origin o f  this 
little-known Arctic submarine feature. The Lomonosov Ridge has a relief of 2800 m and a width of 
88 km along the drift path. Asymmetrical in cross-section, the Amerasian flank has slopes as steep as 
12 whereas the Eurasian flank slopes are less than 7'. The ridge appears to consist of en echelon 
fault blocks that give the crest an irregular morphology. A thin veneer of unconsolidated sediments, 
primarily deposited on the fault block tops, is presently undergoing erosion by current action. These 
sediments were probably deposited prior to the assumed separation of the ridge from the Barents 
Continental Shelf. The presence of dinoflagellate Lwradiniurn propalulum in the surface material 
recovered from the ridge crest suggests that this separation was initiated no earlier than mid- 
Cretaceous. Observed thermal alteration of this species could have occurred during the early stages of 
spreading along the Nansen-Gakkel r i f t .  

Introduction the  aeoloaic nature  and origin of the  Lornonosov Ridge, but t o  

The Lomonosov Ridge, linear in form, aseisrnic in develop tvhe Canadian exper t i se  for  conducting such-research 

nature ,  extends  across the  floor of t he  Arct ic  Ocean a f rom a floating i ce  platform. The scope of t h e  writers '  

distance of 1800 k m  f rom the continental shelf adjacent to participation was to  conduct comprehensive seabed geological 

the New Siberian Islands and t o  t h e  shelf north of Ellesmere studies Of this ridge feature and adjacent areas of the 

Island and Greenland. This submarine ridge sys tem sepa ra t e s  Makarov and Fram basins. This involved seabed photography 

t h e  Amerasian and Eurasian basins a s  i t  rises some  3000 m and sediment sample recovery, acoust ic  profiling and surface  

f rom the  abyssal plains t o  a depth of 1000 rn below sea  level. 
Ridge width varies f rom a maximum of 200 km in proximity With Transit  sa te l l i te  receivers  and Omega navigation 
to  the continental  shelves t o  a minimum of 25 km near the  sys tems providing positioning control (with an  accuracy 
North C e o e r a ~ h i c  Pole. of ? 100 rn for the  sa te l l i te  f ixes  and 1 km for the  Omega). " .  

t h e  LOREX ice  station dr i f ted  a n e t  160 km during t h e  62 vday 
March 29 to May 299 1979, the writers program. Drift  r a t e s  varying f rom 0 t o  1200 m per  hour were  participated in t h e  Lomonosov Ridge Experiment (LOREX) recorded, ~h~ closest L O R ~ X  was to the pole was 35 km, located On a drifting ice 90 k m  the reached on May 17. During t h e  program t h e  i c e  f loe  crossed 

(Fig. 12.1). The objective of  this Earth Physics Branch, the Lornonosov Ridge once, approaching approximately 
multidisciplinary project was not only to  define more clearly 

LOREX DRIFT PATH 

Figure 12.1. Drift track of LOREX main 
ice camp from April 3 to  May 28, 1979. 
Time is recorded in Julian days (GMT) and. 
can be related t o  the bathymetric and 
seismic profiles (Fig. 12.6, 12.7). Core, 
dredge, photography and XSV/XBT stations 
referred t o  in the text  are also located. 
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Following several hours of  high winds in excess o f  
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, ,A& across the runways as well as under the 

#++.' marine geology camp. Part o f  this 
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camp was relocated on more stable lce. 
(BIO Photo 5415-2). 

Figure 12.3 

1- , The longhouse tent ,  insulated plywood prefab 
and parcoll housed the equipment and facilities 

14 
requzred for the marine geology program. This 

'M program used 1100 L o f  fuel (250 gal) per week 
J, < .  for heat and power (BIO Photo 5300-28) 
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Figure 12.4 * Undertaking the arduous task o f  cutting one of 
the four hydroholes needed for the operation. 
Augers (shown here), chain saws and ice chisels 
were employed. This process had t o  be 
repeated when the camp was moved 
(BIO Photo 5300-297) 



normal t o  i t s  axis f rom t h e  Makarov basin, but  trail ing off at 
an angle t o  t h e  axis towards t h e  Fram basin (based on r emote  
bathymetr ic  observations f rom the  main camp). 

Having taken 9 days t o  s e t  up and 3 days t o  break camp,  
the  following da ta  were  collected f rom April 8 through 
May 26: 

42 gravity cores (0.2 t o  1.7 m long) 

10 g rab  samples 

4 dredge s ta t ions  

14 seabed photography s ta t ions  

1060 hours of continuous 3 kHz bathymetric,  subbottom 
profiling 

880 hours of continuous, high resolution, shallow 
seismic, airgun reflection profiling 

31 expendable sound velocity profiles 

11 expendable bathythermograph profiles, and 

14 plankton tows. 

Scient i f ic  ac t iv i t ies  were  interrupted May 3 t o  7 while t h e  
acoust ic  instrumentation and support facil i t ies were  trans- 
f e r r ed  t o  a new location (Fig. 12.2). Unstable i ce  conditions 
made t h e  original s i t e  unsafe fo r  continued work. 

Logistics and Instrumentation 

The 'surficial marine geology1 program occupied th ree  
heated enclosures (Fig. 12.3). A longhouse t e n t  housed 
generator ,  compressor, winch hydraulics, workshop and a 
1.5 m by 0.5 m hydrohole (Fig. 12.4) t o  accomodate  the  
subbottom transducer array. An insulated plywood 'prefab' 
hut contained an array of sampling, photographic, and 
e lec t ronics  equipment,  and t h e  winch assembly with 6000 m 
of 5 mm diameter  Kevlar cable,  sheave f rame,  and a 1 m 
d iame te r  hydrohole through which ins t ruments  were  lowered 
t o  t h e  seafloor. A parcoll housed the  acoustics instrumen- 
ta t ion,  a 0.5 m diameter  hydrohole for  t h e  airgun e lec t ronics  
repair  shop, photo lab, draf t ing table  and qua r t e r s  fo r  t w o  
personnel who monitored the  acoustics equipment.  Bat l~y-  
m e t r i c  subbottom profiling instrumentation included an  
ORE 8 e lement  transducer ar ray and t ransceiver  assembly 
in ter faced with an EPC graphic recorder.  The transducer 
a r r ay  was  mounted in a rigid aluminium f r a m e  and suspended 
in a hydrohole 3 m below ice  surface.  A centra l  programmer 
f i red  t h e  transducer on a one minute in terval  and triggered 
t h e  recorder  (on a one second sweep rate). This sys tem was 
tuned t o  3 kHz and operated a t  t he  6 kW power rating. Both 
l inear and t ime  varying gain amplification were  used. 

One 164 c m 3  (10 cubic inch) Bolt airgun and a single 
a c t i v e  MIT designed hydrophone were  the  source-receiver 
equipment  used fo r  t h e  high resolution, shallow seismic 
reflection profiling. Optimum source-receiver separation was 
determined by monitoring return signals while varying the  
geometry.  This minimized t h e  acoustic in ter ference  due t o  
ghosting, camp and ice  noise. The airgun was  deployed 
through t h e  hydrohole in t h e  parcoll and t ied off 5 rn below 
i c e  surface.  The hydrophone, located 34 m away f rom t h e  
airgun was  suspended 6 m below i ce  surface  through a 15 cm 
hydrohole. A t t empts  t o  keep this hole f rom freezing by 
filling i t  with diesel fuel  were  not very effect ive ,  and t h e  
hydrophone cable  did f r e e z e  in. This coupling t o  the  i ce  
unfortunately increased t h e  background noise level. The 
o the r  hydroholes were  kept  open with s tandard li htbulbs 
suspended close t o  t h e  base of t he  hole. A 210 I. minq diesel 
driven Bauer compressor filled a bank of five, 8.5 m 3  
capaci ty  compressed a i r  cylinders t o  183 k/cm2 (2600 psi). An 
additional 1.5 m 3  tank containing de-icer solution allowed the  
circulation of vapourized de-icer through t h e  a i r  hoses and 

airgun t o  prevent f reezing in t h e  in tense  cold, especially 
with slow firing ra tes .  With t h e  airgun firing a t  113 kg/cm2 
(1600 psi) on a one minute  interval,  t h e  compressor was 
needed twice  daily fo r  2.5 hours per run. 

Analog signal processing of t h e  r e f l ec t ed  pulse included 
linear.  pre-amplification followed by passband fi l tering of 
125 Hz t o  8 kHz and t i m e  varying gain amplification. The 
processed output was displayed on a second EPC graphic 
recorder while t h e  'raw' signal was  r eco rded  on a Racal  t ape  
transport .  The centra l  programmer, previously mentioned, 
fired the  airgun 30 seconds a f t e r  t h e  subbottom system ( to  
prevent  in ter ference)  tr iggered t h e  graphic recorder  (on a 
2 second sweep ra te)  and s t a r t ed  t h e  t a p e  transport .  A 
variety of source triggering r a t e s  was available t o  accom- 
moda te  major variations in i c e  dr i f t  speed but  t h e  one  minute 
interval was used throughout t h e  survey. In addition, 
programmable t ime  delay f rom 0 t o  9.9 s was  available in 
100 ms increments  t o  allow fo r  t h e  elimination of t h e  wa te r  
column on both acoust ic  records. The choice  and arrange- 
men t  of acoust ics  ins t rumentat ion for  this t ype  of operation 
was  e f f ec t ive  and reliable. 

To provide for t h e  accura t e  conversion of t ravel  t imes  
t o  bathymetry ,  Sippican Corporation's new, 2000 m expen- 
dable sound velocimeters (XSV's) were  used. These devices 
employ the  'sing-around' frequency principle and a known fall  
velocity. The sys tem gene ra t e s  a profile of sound velocity 
versus depth with a velocity accuracy of +0.25 ms-' and a 
depth  accuracy of ? 2 per c e n t  (Balboni and Walsh, 1978). 
These extended depth  probes were  released f rom a handheld 
launcher and dropped through the  sampling hydrohole, taking 
approximately 6 minutes  t o  fa l l  2000 m. Returning signals 
were  fed  in to  a processor and th is  output  displayed on a 
Sippican s t r ip  cha r t  recorder.  Water column velocit ies used 
in th is  repor t  were  determined by analyzing these  profiles. 

In addition, t he  Sippican 1830 m expendable bathy- 
thermograph (XBT) probes were  deployed in t h e  s a m e  manner. 
The results were  used t o  assess t h e  relationship of sound 
velocity with temperature .  Temperature  readings had an 
accuracy of ? 0.2'C (Sippican Corporation, 1978). 

Sediment sampling equipment  included a 118 kg, 
Benthos gravi ty  corer  used with 2.4 m lengths of 67 mm 
(inside diameter)  p las t ic  liner sharpened a t  t h e  end. Th i s  
confi  uration, with controlled drop r a t e s  (approximately -q 1 m s  ), provided optimum penetra t ion in cohesive clays. 
Where less cohesive sediments  were  ant ic ipated,  a c u t t e r  and 
re ta iner  ,were a t t ached  t o  t h e  liner. In a reas  of unknown 
sediment  cover,  a s t e e l  barre l  comple te  with cu t t e r ,  re ta iner  
and liner were  used. A 60 kg Shipek g rab  sampler  was  
e f f ec t ive  in retrieving surface  sediment  samples. A small  
35 kg dredge with a I m 2  rectangular  opening, was also 
deployed for  periods of 4.5 t o  6 hours. Plankton were  
re t r ieved in ver t ica l  tows f rom 300 m t o  surface  a t  30 m min-', 
in a 200 mesh n e t  with a tr iangular 0.5 m20pening. 

Seabed photography was accomplished by 
deploying t h e  Bedford Insti tute 's  Arct ic  mar ine  camera  
sys tem (Fenerty,  1978). The camera  and flash units were  
triggered when a compass-vane assembly, hanging 2.5 m 
below the  camera  f r ame ,  touched bottom. This c o n t a c t  
in ter rupted signal transmissions f rom a I 2  kHz pinger 
mounted on the  f rame.  The pinger output  was  monitored on 
surface.  With the  lapse in signal t he  sys tem operator  stopped 
the  winch. Raising and lowering t h e  camera  f r a m e  one m e t r e  
or so, on a 10 to  60 second interval (depending on the ice  dr i f t  
r a t e )  allowed fo r  the  generation of overlap ing photographs P of the seafloor. Each f r a m e  covered a 3.2 m a r e a  of sea- 
floor. Thirty-five mill imetre black and white and colour 
photographs were  taken. In a similar manner t h e  National 
Geographic Society acquired sti l l  photographs and colour film 
footage. 





Observations 

Bathythermograph and Sound Velocity Profiles 

Although not  all t h e  XSV/SBT profiles have been 
analyzed, t he re  appear  t o  be  only subt le  d i f ferences  between 
t h e  Makarov and F ram profiles. Excellent examples  of a n  
XBT and XSV profile collected 240 m apa r t  in t h e  Makarov 
Basin (Fig. 12.1) in 3948 m of wa te r  a r e  shown in Figure 12.5. 
The XBT profile extended t o  2270 m be fo re  t h e  probe sheared 
off.  The t empera tu re  gradient increases evenly f rom a 
su r f ace  reading of -1.6'C t o  0" a t  a depth  of 245 m and t o  a 
maximum of 0.6' a t  400 t o  550 m. The t empera tu re  then 
decreases  t o  Oo.again a t  1050 m and t o  a minimum of -0.3" a t  
t h e  base of t h e  profile. The maximum tempera tu re  
d i f ference  along the  profile is  2.2"C. Surface  t empera tu re s  
a r e  known t o  be  -l .g°C (A.S. Judge, pers. comm., 1979). The 
recorded -1.6" i s  within t h e  k0.2" e r ro r  of t h e  XBT1s. Also, 
con tac t  of t he  XBT wire with t he  ice  a t  t h e  edge of t h e  
hydrohole caused p rema tu re  terminat ion  of some  of t h e  
profiles. 

The XSV probe dropped t o  1975 m before  shearing off.  
Probe  c o n t a c t  with s eawa te r  tr iggered t h e  recorder  but t h e  
sound velocity was  not printed until 7 m. The reasonk)  for  
th is  is unknown. Bat tery  ac t iva t ion  t i m e  and/or init ial  
aera t ion  on the  transducer f ace  a r e  possible causes. Three  
d is t inc t  velocity 'zones1 can  be  observed. F rom 7 t o  58  m the  
velocity appears  t o  increase  slightly f rom 1435 t o  1437 ms-', 
in response to  pressure increase  alone. The t empera tu re  is 
cons t an t  and probably salinity t o o  in this mixed layer. F rom 
58 m to  280 m the  velocity gradient increases  rapidly t o  1455 
ms-'. With a maximum tempera tu re  d i f ference  of 
2.2'C and t h e  t empera tu re  and pressure gradients  
increasing evenly with depth ,  this increase in velocity is 
probably due  t o  significant increases  in salinity. R. Moore 
(pers. comm., 1979) conf i rms this. His LOREX salinity 
s tudies  indicate an increase  f rom approximately 30 t o  34 
pa r t s  per thousand in this zone. F rom 280 m t o  1975 m t h e  
sound velocity increases  primarily in response t o  increasing 
pressure. An in tegra ted  ave rage  velocity over this and other  
profiles t o  2000 m was  1465 ms-'. Assuming a linear increase  
in velocity t o  seabed an  in tegra ted  ave rage  sound velocity 
f r o m  0 t o  4000 m was  determined t o  b e  1483 ms-' . 

Acoustics 

Continuous ba thymet r i c  (Fig. 1'2.6) subbottom and 
shallow seismic ref lec t ion  profiles were  obtained over t h e  
Lomonosov Ridge f rom Makarov Basin t o  F ram Basin. The 
Makarov Basin i tself ,  in close proximity t o  t h e  ridge is f la t  
with a consis tent  ba thymetry  of 5.325 s (3948 m a t  1483 ms  '1. 
Local relief of 35 t o  75 m on t h e  seaf loor  r e f l ec t s  t h e  
presence  of subbottom s t ructures .  Some 100 ms (75 m a t  
1500 ms-' (Demenitskaya and Kiselev, 1968)) of well  s t r a t i -  
f ied,  conformable,  unconsolidated sediments  a r e  evident  on 
t h e  subbottom profile. Individual r e f l ec to r s  a r e  2 t o  8 ms  (1.5 
t o  6 m)  apa r t ,  and s o m e  pinch o u t  along t h e  d r i f t  track.  
Variations in record intensity suggest  d i f ferences  in sediment  
density and/or texture .  A minimum of 1.2 seconds (1080 m at 
1800 ms-' (Demenitskaya and Kiselev, 1968)) of these  
undisturbed, s t ra t i f ied  sediments  infills t h e  Makarov basin 
adjacent  t o  t h e  ridge (Fig. 12.7). The underlying acoust ic  
unit, bedrock, has an  irregular morphology t h a t  is responsible 
fo r  t h e  local  relief mentioned earlier .  The unconsolidated 
sediments  abu t  unconformably agains t  t he se  irregulari t ies.  
The bedrock appears  acoustically unstratif ied.  The unit may 
be  massive but  more  likely t h e  l imited output  power of t h e  
smal l  airgun coupled with t h e  high frequency spect rum 
recorded prevented much resolution. This lower acoust ic  unit 
r ises abruptly t o  form t h e  c o r e  of t h e  Lomonosov Ridge, t h e  
unconsolidated sediments  abut t ing  t h e  flanks (Fig. 12.7). 

The 'Makarov' f lanks  of t h e  ridge r i se  s teeply  with 12' 
slopes t o  a peak a t  1.907 seconds (1392 m a t  1460 ms-') over  
a dr i f t  pa th  of 36 km. Sediment  thickness on these  flanks is 
minimal, less  t han  2 m s  on t h e  subbot tom profile. The 
morphology of t h e  ridge c re s t  is somewhat  irregular (see 
Fig. 12.6). Three  addit ional peaks a t  2.157, 1.995 and 2.087 
seconds were  crossed. Unconsolidated sediments  l ie  on t h e  
'Framl-facing flanks or slopes. These  sediments  a r e  thin,  20 
t o  40 ms  thick ( I 8  t o  36 m a t  1800 ms-'1, a r e  s t ra t i f ied  and 
appear  conformable with t h e  underlying bedrock. The 
morphology of t h e  'Framl  flank is  more  variable,  giving t h e  
ridge an  assymetr ica l  profile along t h e  d r i f t  path. Slopes a s  
g r e a t  a s  7' were  observed on this flank. A t r ansec t  normal t o  
t h e  r idge  axis would st i l l  be  assymetr ica l  but less 
exaggera ted .  

Like t h e  Makarov Basin, t h e  unconsolidated sediments  
in t h e  F ram Basin a r e  well s t ra t i f ied ,  conformable  and 
undisturbed. They also exceed 1.2 s (1080 m)  in thickness and 
abu t  t h e  ridge s t ruc ture .  However,  no  local relief  due  t o  high 
ampl i tude  irregulari t ies in t h e  underlying bedrock was  in ter -  
s ec t ed ,  and t h e  seafloor in t h e  F ram Basin was consistently 
f l a t  with a ba thymetry  of 5.668 s (4203 m a t  1483 ms-'). The  
maximum relief of t h e  ridge is  2800 m. If t h e  unconsolidated 
sediments  f lanking t h e  ridge a r e  ignored th is  relief  is  3500 m. 
The apparent  width of th is  f e a t u r e  along t h e  dr i f t  pa th  is  
88  km, i t s  t r u e  width a t  th is  location being somewhat  less. 

The acoust ic  profiles indica te  t h e  ridge consis ts  of f au l t  
blocks, en  echelon. The unconsolidated sediments  a r e  
primarily associated with t h e  block tops  and no t  t h e  f au l t  
faces ,  suggesting t h a t  t hese  sediments  were  deposited prior 
t o  fault ing.  

Sediments  

Sediments  f rom t h e  Makarov Basin include dense brown 
s i l t s  t o  sandy, c layey si l ts  and f i rm,  thinly layered grey brown 
clays. Core  8-5, 166 c m  long, recovered f rom 3948 m of 
wa te r  (see Fig. 12.1), was  examined briefly in t he  field. Its 
s t ra t igraphy consisted of 9 c m  of so f t  homogeneous, dark 
brown silty c lay  a t  su r f ace  t h a t  graded in to  87 c m  of f i rm,  
thinly bedded, dark greyish brown clay.  Underlying these  
uni ts  were  57 c m  of in ter layered dark  greyish brown s i l t  and 
olive brown clay in sharp  c o n t a c t  with 13  crn of underlying 
dark brown, f i rm  homogeneous clay.  These d is t inc t  sediment  
t ypes  and the i r  s t ra t igraphic  relationship a r e  suggestive of 
interbedded pelagic and turbidite sequences,  although grading 
and o the r  diagnostic physical cha rac t e r i s t i c s  were  not  
observed, and deta i led  sedimentological  analyses  have  y e t  t o  
b e  completed.  

Sediments  f rom t h e  F ram Basin appear  similar in 
s t ra t igraphy and lithology excep t  fo r  a predominance of f i rm 
clays. Layering in t hese  sediments  i s  m o r e  obvious and i s  
well  defined by marked and abrupt  changes  in colour f rom 
light browns t o  grey  browns. Sediment  samples  from t h e  
ridge i tself  have  a g r e a t e r  proportion of coa r se  grained 
mater ia l ,  t h e  sand sized f rac t ion  consist ing primarily of 
quar tz ,  with minor feldspar,  dark  minerals,  l i th ic  f rag-  
ments ,  worm tubes,  foramini fera  tests and shell  fragments.  
A 30 c m 3 ,  botryoidal shaped manganese nodule (Fig. 12.8) and 
a 70 c m 3  subangular, manganese .coated ,  recrystall ized,  
dolomitized piece of chalk were  recovered f rom a single 
d redge  sample  in 3190 m of wa te r  on t h e  Makarov slopes of 
t h e  ridge. Neither sample  is  thought t o  be  'in s i tu '  and may 
have been moved in to  i t s  present  position a s  a result  of 
slumping. The chalk f r agmen t  may have been i c e  raf ted ,  but 
m o r e  probably, and significantly,  i t s  origin could be  t h e  ridge 
i tself .  

The  organic-walled microfossils (palynomorphs) f rom 
t h e  top  3 c m  of c o r e  8-25 were  briefly examined by J. Bujak 
of t h e  At lant ic  Geoscience  Centre .  The c o r e  was  154 c m  
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long and was taken in 1721 m of wa te r  on t h e  F ram flank of 
the  ridge. Preliminary analysis revealed three  distinct 
populations; d isaccate  pollen of La te  Cenozoic age,  spores  
and dinoflagellates (including the  high lati tude species 
Luxadinium propalulum) of mid-Cretaceous age  and poorly 
preserved spore  f ragments  of Hystricosporites or  
Ancyrospora of probable Devonian age. The re la t ive  
abundance of t h e  Cenozoic, Mesozoic and Paleozoic 
assemblages is roughly 1 t o  7 t o  2. The dinoflagellates and 
spores show significant thermal a l tera t ion whereas t h e  
Cenozoic pollen is  unaltered. 

Seabed Photography 

Preliminary examination of t h e  900 black and whi te  and 
200 colour photographs of t he  seafloor provided a wide 
var ie ty  of benthic observations, some  similar t o  those 
described by Hunkins e t  al. (1970). In the  deepest  wa te r s  of 
t h e  Makarov and F ram basins, t h e  so f t  sediments  record 
several generations and types  of winding biogenic t r acks  and 
t ra i l s  some  possibly generated by molluscs and bot tom 
feeding fish (Fig. 12.9). In one f r ame  the  imprints of fin 
marks  a r e  found on e i the r  side of a track. Small  mounds, 
depressions and burrows created by c rus t acea  and other  
benthic organisms a r e  also common features .  In one 
photograph (Fig. 12.10) th ree  crus tacea ,  approximately 8 c m  
long, appear  t o  be  feeding off organic m a t t e r  s t i r red  up by 
previous trigger line impacts.  Brit t le s tars ,  amphipods, s ea  
anenomes (Coelenterates?),  Tunicates, and Crinoids (?) were  
also observed on t h e  bottom -perhaps  indicating a more  
biologically productive environment than previously sus- 
pected. Small shell f ragments ,  including bivalves, l i t t e r  t he  
seafloor in many places. Several photographs (Fig. 12.10) 
show ice  raf ted  pebbles and cobbles resting on t h e  so f t  mud 
bottom. Lack of accumulated sediments on these  rocks 
indicates recent  deposition or  the  presence of sufficient 
cu r ren t  action t o  keep them swept  clean. The c re s t  of t h e  
ridge appears  t o  be  exposed t o  current  action a s  suggested by 
ripple marks, scouring and clean, coarse  gravel  pavements  
(Fig. 12.1 1, 12.12). In many cases  the  ridge floor is  covered 
by gravelly sediments  ( the  coarse  f rac t ion f a r  too abundant t o  
be totally ice  raf ted  material). Colour photos reveal  many of 
these  pebbles and cobbles t o  be  manganese coated (as  were  
the  rock specimens recovered f rom t h e  dredge). Outcrops  
(Fig. 12.13) also appear  on several r idge c re s t  photographs. 
Fi rs t  thought t o  be solution-pitted carbonates  or  possibly 
volcanics, t h e  subbottom and seismic records show bedrock t o  
be  100 m below seabed. These outcrops appear  t o  b e  an  
older, denser, more  consolidated sediment  subst ra te  presently 
undergoing erosion by current  action. These outcrops a r e  
c lear  of f ine  grained mater ia l  and a r e  more  pit ted on t h e  
upcurrent edge. The down-current periphery of these  
outcrops is generally less distinct. The observation of 
embedded cobbles in th i s  subst ra te  suggests t h a t  t h e  gravelly 
sediments  overlying i t  could represent lag deposits derived 
f rom t h e  subst ra te .  

Discussion 

There  is genera l  agreement  t h a t  t h e  ridge is  a l inear 
f ragment  of t he  Barents  Continental  Shelf separa ted by the  
inception of spreading along t h e  Nansen-Cakkel r i f t  (Heezen 
and Ewing, 1961; Harland, 1965; Sweeney et al., 1978 and 
others). The init ial  t iming of this even t  i s  not  well defined 
but is thought t o  have occurred between 60 and 40 Ma 
(Osterso and Wold, 1973; Hall, 1973). However, Johnson and 
Vogt (1973) suggest t h e  Nansen-Gakkel r i f t  may have been 
ac t ive  before  this. The ac tua l  a g e  of t h e  ridge co re  itself i s  
somewhat controversial  and could be Early t o  Middle Paleo- 
zoic  (Trett in,  1969; Meyerhoff, 1973 and Harland, 1973). This 
study has uncovered some  evidence bearing on these  events.  

The reworked na tu re  of t he  surficial  sediments  of c o r e  
6-23 supports t he  idea t h a t  t he  sediments  observed in the  
seabed photographs taken I km from t h e  c o r e  s i t e  on the  
ridge c re s t  are lag deposits. But i t  also appears  these  lag 
deposits have been derived f rom t h e  associated older 
semiconsolidated subst ra te  also noted in the  photographs. 
The reworked Cretaceous  palynomorphs could indicate  the  
presence of mid-Cretaceous outcrops. Unconsolidated sedi- 
men t s  of this a g e  have been reported by Clark (1974) t o  occur 
elsewhere in the  Arctic,  in particular on the  Alpha Cordillera. 
In addition, t h e  acoust ic  evidence suggests t h a t  t he  s t ra t i f ied ,  
unconsolidated sediments overlying the  ridge were  deposited 
prior t o  fault ing (and hence ridge separation?). This 
stratigraphy implies t h a t  t he  sediments  cer ta in ly  a r e  not 
recent ,  and in f a c t ,  a mid-Cretaceous a g e  is qui te  acceptable  
in t e rms  of the  known history of t he  area .  The separation of 
the  Lomonosov Ridge could therefore  b e  possibly not  much 
older than mid-Cretaceous. It could however b e  younger and 
probably is, for  two  reasons; a n  unknown thickness of post 
mid-Cretaceous sediment  may have been eroded a f t e r  ridge 
separation, or  the  Cretaceous  palynomorphs in the  subst ra te  
may have been reworked more  than once and hence have been 
incorporated in to  sediments  of younger, possibly Cenozoic 
age.  More deta i led  analysis of t h e  LOREX sediment  cores  
may or  may not resolve these alternatives.  

The Devonian spores may have been derived f rom t h e  
subs t r a t e  o r  f rom o the r  rocks. They may  also have been 
reworked severa l  t imes ,  but must have been originally derived 
f rom rocks of Devonian age. Whether th is  source  was the  
ridge itself and whether t h e  ridge is a t  l ea s t  Devonian in a g e  
is  difficult  t o  say with such tenuous evidence. One  could also 
specula te  t h a t  t h e  high degree  of t he rma l  a l tera t ion observed 
in these  spores  could have been t h e  product of orogenesis 
known t o  have occurred during th is  t ime.  

Figure 12.8. Manganese nodule recovered from 3160 m of  
water on the Makarov flank of  the ridge. Other dredged rock 
samples were manganese coated as well .  (BIO Photo 5413-100) 
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Figure 12.9. Photo Station 5; 3948 m o f  water: The soft sediments record several generations of tracks and trails 
created by benthic fauna. Area covered by this and other photographs is approximately 2.7 m2.  The compass and 
vane assembly are 33 cm long. ( N . E .  Fenerty, BIO 5300-STN5) 
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Figure 12.10. Photo Station 8; 3896 m of  water: Three crustacea apparently feeding on organic matter stirred up 
by previous compass impacts. Note the presence o f  ice rafted material and shell fragments on the bottom k h i t e  
spots). (N.E. Fenerty, BIO 5300-STN8) 



Figure 12.11. Photo Station 11; 1830 m of  water: Current scour and associated coarse gravel pavement. An 
outcrop of older semiconsolidated sediments is visable in the bottom le f t .  The compass vane is aligned in the 
direction o f  current flow towards the bottom right. (N.E. Fenerty, BIO 5300-STNII) 
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Figure 12.12. Photo Station 12; 1697 m of  water: Ripple marked seafloor with gravelly sediments infilling the 
troughs. Note the poorly focused crustacean swimming above the bottom; brittle star and burrow close by. 
(BIO 5300-STN12) 



Figure 12.13. Photo Station 12; 1679 m of water: Three  outcrops  of older semiconsolidated sediment'$ and the  
overlying lag deposits possibly derived f rom this substrate.  Three  br i t t le  s t a r s  and th ree  s e a  anenomes can  also be  
seen associated with the  outcrops. (BIO 5300-STN12) 

The significance of the  thermal  a l tera t ion of t h e  
Cretaceous  palynomorphs is  also speculative. Only slightly 
anomalous heat  flow values have been reported f rom t h e  
ridge (Churkin, 1973). It might b e  argued t h a t  if t hese  
sediments  were  in s i tu  prior t o  fault ing and probable ridge 
separation, th is  a l tera t ion could have resulted from t h e  
proximity of these  sediments  t o  t h e  incipient Nansen-Gakkel 
r i f t  during t h e  ear ly  s t ages  of spreading. (This process could 
also have a f f ec t ed  t h e  spore  f ragments  a s  they  have suffered 
a g rea te r  degree  of thermal  alteration.) Continued analyses 
of t h e  LOREX d a t a  a r e  necessary t o  reinforce o r  r e fu te  these  
interpretations.  

Acknowledgments 

Scientific programs for the  LOREX expedition were co- 
ordinated by J.R. Weber of the  Earth Physics Branch of EMR, 
and logistics support was provided through G.D. Hobson and 
the  Polar Continental  Shelf Project  of EMR. The wri ters  
would like t o  thank J.R. Weber and G.D. Hobson for their  
e f fo r t s  in making this phase of t he  LOREX program a 
success. N. Fenerty's Arct ic  seabed camera  system was a 
def in i te  asse t  t o  the  program, and his participation is 
gratefully acknowledged. The assistance of F. Alt, F. Hunt, 
F. Jodrey and R. Jubb was great ly  appreciated. F. Benoit's 
cuisine did much t o  sustain our enthusiasm during the  
expedition. C. Vilks kindly reviewed this manuscript ,  and 
C.S. Mulkins assistedjin i t s  preparation. 

References  

Balboni, M.J. and Walsh, W.E. 
1978: The expendable sound velocimeter  (XSV); Sea 

Technology, November, p. 38-42. 

Churkin, M. Jr.  
1973: Geologic concepts  of Arc t i c  Ocean Basin; 

Arc t i c  Geology, ed. M.G. Pi tcher ;  American 
Association of Pet roleum Geologists, Memoir 19, 
p. 490. 

Clark,  D.L. 
1974: L a t e  Mesozoic and Early Cenozoic sediment  cores  

f rom t h e  Arct ic  Ocean; Geology, v. 2,. p. 42-44. 

Demenitskaya, R.M. and Kiselev, Yu.G. 
1968: The character is t ic  f ea tu res  of t h e  s t ructure ,  

morphology and sedimentary cover  of t h e  centra l  
par t  of t h e  Lomonosov Ridge based on seismic 
data ;  fi Geophysical Methods of Exploration 
Applied in the  Arctic;  Arct ic  Geology Research 
Insti tute,  Ministry of Geology, USSR, Leningrad, 
V. 5,  p. 33-46. 

Fener ty ,  N. 
1978: Innovative photography pays off a t  World's larges t  

Oceanographic complex; Canadian Photography, 
v. 9, no. 5, p. 25-33. 

Hall, J.K. 
1973: Geophysical evidence fo r  anc ien t  sea-f loor 

spreading f rom Alpha cordillera and Mendelehev 
Ridge; in Arc t i c  Geology, ed. M.G. Pitcher;  
A m e r i c a n  Association of Pet roleum Geologists 
Memoir 19, p. 558-559. 



Harland, W.B. 
1973: Tectonic evolution of the Barents Shelf and 

related plates; in Arctic Geology, ed. 
M.G. Pitcher; American Association of Petroleum 
Geologists Memoir 19, p. 599-608. 

Harland, W.B. 
1965: Tectonic evolution of the Arctic-North Atlantic 

region; Royal Society of London, Philosophical 
Transactions Series A, v. 258, p. 59-75. 

Heezen, B.C. and Ewing, M. 
1961: The Mid-oceanic ridge and i ts  extension through 

the Arctic Basin; Geology of the Arctic, ed. 
G.O. Raasch; University of Toronto Press, v. I ,  
p. 662. 

Hunkins, K., Mathieu, G., Teether, S., and Gill, A. 
1970: The floor of the Arctic Ocean in Photographs; 

Arctic, v. 23, p. 175-189. 

Johnson, G.L. and Vogt, P.R. 
1973: Marine geology of Atlantic Ocean North of the 

Arctic circle; Arctic Geology, ed. M.G. Pitcher; 
American Association of Petroleum Geology, 
Memoir 19, p. 169. 

Meyerhoff, A.A. 
1973: Origin of Arctic and North Atlantic Oceans; in 

Arctic Geology, ed. M.G. Pitcher; American 
Association of Petroleum Geology, Memoir 19, 
p. 569. 

Ostenso, N.A., and Wold, R.J. 
1973: Areomagnetic evidence for origin of Arctic Ocean 

Basin; i~ Arctic Geology, ed. M.G. Pitcher; 
American Association of Petroleum Geology, 
Memoir 1.9, p. 506-516. 

Sippican Corporation 
1978: Specification booklet on XSV/XBT products, 

Sippican Oceanographic Division, Marion, Mass. 

Sweeney, J.F., Irving, E., and Geuer, J.W. 
1978: Evolution of the  Arctic Basin; in Arctic 

Geophysical Review, ed. ~ . ~ r S w e e n e ~ ,  
Publication Earth Physics Branch, v. 45, no. 4, 
p. 91-100. 

Trettin, H.P. 
1969: A Paleozoic - Tertiary fold belt in northern most 

Ellesmere Island, aligned with the  Lomonosov 
Ridge; Geological Society of America Bulletin, 
v. 80, p. 143-148. 





GEOLOGY AND ORGANIC GEOCHEMISTRY OF THE 
DOME HUNT NEKTORALIK K-59 WELL, BEAUFORT SEA 

Projects  790031 and 760063 

James  Dixon and Lloyd R. Snowdon 
Insti tute of Sedimentary and Petroleum Geology, Calgary 

Dixon, James and Snowdon, Lloyd R., Geology and organic geochemistry o f  the Dome Hunt 
Nektoralik K-59 well, Beaufort Sea; 5 Current Research, Part C,  Geological Survey o f  Canada, 
Paper 79-lC, p. 85-90, 1979. 

Abstract 

The Hunt Dome Nektoralik K-59 well tested oil, gas and condensate from Paleogene rocks below 
2258.6 m (7410 ft). Quaternary and Neogene strata are present to  2258.6 m (7410 f t )  and consist of 
outer shelf to  continental slope sand and mud deposits. Below this depth the Paleogene section is mud 
dominant with local sand units of probable turbidite origin. 

Organic geochemical results indicate that the section is terminally immature and partially 
stained by migrated hydrocarbon. Analysis of the Nektoralik oil suggests that it was derived from 
stratigraphic equivalents t o  the source for the oil and gas condensate at Taglu and Niglintgak. 

Introduction blocky outline (e.g. 664.5-739.2 m; 2180- 

The Dome Hunt Nektoralik K-59 was the  first  of the  
deep-water offshore wells t o  t e s t  hydrocarbons in t h e  
Beaufort Sea. Oil, gas  and condensate were  recovered on 
th ree  drill s t e m  t e s t s  form zones below 2258.6 m (7410 f t ) .  
Drilling began in t h e  summer of 1976 f rom a drillship 
anchored in 64 m of water ,  and was completed the  following 
year to  a depth of 2790 m (9154 ft). The well was located a t  , 

t h e  shelf edge and was drilled into a shale-cored diapir 
(Oilweek). 

Geology ' 
This repor t  outlines the  general  lithological succession 

and offers  some tenta t ive  sedimentological in terpre ta t ions  of 
a well drilled a t  the  shelf edge into a shale-cored diapir 
(Oil week, 1979). It is not known, however, whether t h e  
lithological divisions a r e  widespread or  not. Cuttings sample  
quality was highly variable due to  the  unconsolidated nature  
of t he  section and consequent caving problems. Large  hole 
d iameters  were  also a problem, especially the  e f f e c t s  upon 
t h e  gamma ray log; opposite sand zones the  gamma ray t r a c e  
tended t o  be  subdued. From sample examination and 
geophysical log cha rac te r  the  following lithological 
succession was identified: 

Depth: m (f t )  Description 

0-1 1.6 K B  t o  sea  level 
(0-38) 

11.6-76.0 Sea level t o  seabed 
(38-249) 

76.0-157.3 No samples. 66.2 c m  (30 in) casing 
(249-516) 

157.3-862.6 Interbedded sand and mud: Approximately 
(516-2830) 54 per c e n t  of interval consists of sand 

units. 
Sand: in units 18-44 m (60-145 f t )  thick. 
Units have thin mud interbeds. Very f ine  
t o  fine grained, with some granular,  
medium grained sands. Quar t z  dominant,  
grains subangular t o  rounded and 
moderately well sor ted;  sorting is poorer 
in coarser  grained sands. Ca rbbn ized  
wood f ragments  a r e  very common and 
clay minerals may b e  present.  
Unconsolidated. Gamma log cha rac te r  of 
the  sand units may show a ragged t o  

2264.6-2790.1 
(7430-9154 TD) 

2425 f t )  or  a Gnnel-shaped outline 
(e.g. 579.1-609.6 m; 1900-2000 ft). 
Mud: unit  thicknesses similar t o  sands. 
Weakly consolidated, si l ty t o  sandy, slightly 
calcareous,  brownish grey colour. Woody 
f ragments  a r e  common. Slight increase in 
consolidation with depth.  

Mud: l ight t o  medium grey (note t h e  slight 
d i f ference  in colour f rom overlying mud), 
silty t o  sandy, locally calcareous.  R a r e  
claystone concretions.  Weakly consolidated. 
R a r e  sand beds. Fine to  medium grained 
sand with some  coarse  to  granular grains, 
argil laceous and unconsolidated. 

Interbedded mud and sand (mud 
predominant). 

Mud: very similar t o  overlying mud. More 
consolidated. 

Sand: present  in the  cut t ings  sample, but  
poorly defined in t h e  geophysical logs. Fine  
t o  medium grained, moderately well sor ted ,  
weakly cemen ted ,  possibly argillaceous. 
Well-rounded qua r t z  grains. Carbonized 
wood f r agmen t s  a r e  common. 

Mud: a s  above. Mud is  well compacted but 
not  cemented.  R a r e  sand interbeds. 

Interbedded sand and mud: similar t o  
overlying s t r a t a ;  sands tend t o  b e  very fine 
to  fine grained. 

Microcrystall ine limestone: grading 
downwards into a calcareous mud. 
Limestone is brownish white to  light grey. 
Calcareous  mud is light t o  medium grey. 

Mud: with local sand units. 

'Mud: l ight t o  medium grey. More 
consolidated than overlying 2258.6 m 
(7410 ft), a lmost  mudstone-like. Pyr i te  and 
carbonized wood f ragments  a r e  very 
common. 

Sand: f ine  grained, moderately well sorted,  
argillaceous, weakly cemented.  Thin units 
(6.1 m; <20  ft). A zone of l imestone beds 
(or concretion horizons) occurs  between 
2627.4-264 1.1 m (8620-65 ft). 

by J. Dixon 



Figure 13.1. Location of the  Hunt Dome Nektoralik K-59 
and Dome Gulf e t  a1 Ukalerk (2-50 wells. * 
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Figure 13.2. Tracing of prominent reflections f rom a 
seismic profile across  the  K-59 location (seismic profile 
published in Oilweek, 1979. Note: no reflection t imes  were  
published with the  seismic profile). 

Jones e t  al. (1979) s t a t ed  t h a t  t he  section above 
2255.5 m (7400 f t )  is  Neogene and below t h a t  depth Oligocene 
and Eocene s t r a t a  a r e  present. The l imestone at 
2258.6 m (7410 f t )  fo rms  a prominent marker and a similar 
horizon occurs in t h e  Ukalerk C-50 well, 140 km t o  t h e  east- 
southeast  between depths 1572.8-1581.9 m (5160-90 ft) ,  
suggesting t h a t  this horizon may be  immediately below t h e  
prominent mid-Tertiary unconformity (see  the  seismic 
profile in Hawkings and Hatlelid, Yorath e t  al., 1975, 
Fig. 12). X-ray diffraction analysis of t he  l imestone 
revealed tha t  aragoni te  is t he  sole carbonate  mineral. The 
presence of a pure carbonate  in a clay-rich depositional 
regime suggests a period of ext remely slow terrigenous 
sedimentation. 

A seismic profile across  the  Nektoralik location has  
been published in Oilweek (1979) and a t rac ing of prominent 
ref lec tors  is shown in Figure 13.2. The location of the  mid- 
Tertiary unconformity in Figure 13.2 is approximate,  based on 
a comparison with Hawkings and Hatlelid's Figure 12 (in 
Yorath e t  al., 1975) and the  change in reflection cha rac te r  a t  
t h e  chosen horizon. A threefold division of the  Neogene- 
Quaternary section is possible, based on seismic reflection 

- -  

Figure 13.3. Depth versus Sonic in terval  t rans i t  t i m e  
(mud units). 

cha rac te r  (Fig. 13.2). The upper zone consists of parallel  t o  
slightly divergent reflections,  t he  middle zone has sigmoid 
and chaot ic  reflections and the  lower zone consists of parallel  
reflections (terminology of Mitchum e t  al., Payton, 1977). 
The upper and middle zones a r e  par t  of a prograding outer  
shelf and cont inenta l  slope, and t h e  lower zone appears  t o  be  
the  bot tomset  of continental  slope sigmoid reflections. 
However, in Hawkings and Hatlelid's Figure 12 
(Yorath et al. 1975) an  additional s t ra t igraphic  unit has  been 
identified between t h e  Plio-Pleistocene shelf t o  cont inenta l  
slope unit and t h e  Paleogene section. The lower zone a t  t h e  
Nektoralik location may b e  equivalent t o  Hawkings and 
Hatlelid's (Yorath et al., 1975) additional unit. 

At Nektoralik the  upper 862.6 m (2830 f t )  has  a high 
percentage of sand, indicating periods of fairly high energy 
levels during deposition on the  outer  shelf location. The 
shapes of t he  gamma ray log t r a c e  a r e  not  definit ive 
environmental indicators but one could specula te  t h a t  
knowing t h e  general  ou te r  shelf location, t h e  funnel-shaped 
log t r a c e  could be  a submarine sand dune and t h e  ragged- 
outline log t r a c e  could be  s tacked turbidites. Also, being in 
t h e  upper p a r t  of t h e  section, a Pleistocene a g e  seems  likely 
for  some, if no t  a l l  of this sand-rich section. The generally 
lower s e a  levels and g rea te r  sediment  input from glacial  
mel twaters  during t h e  Pleistocene may also have contributed 
t o  the  sand-rich cha rac te r  of t he  upper section. The 
remainder of the  Neogene section is mud-dominant and was 
probably deposited by low velocity,  turbid layer density 
cu r ren t s  down the  continental  slope. According t o  



Table 13.1 
Ex t rac t  and Kerogen d a t a  fo r  Nektoralik K-59 borehole samples 

Depth 
f t  m % Corg 

1.19 
1.21 
1 .33  
2.07 
1.94 
1.61 

Extract  
Yield* 

I 

*mg per g ram organic carbon 

Sangree e t  al .  (IJ Bouma e t  al., 1978) outer  shelf and 
cont inenta l  slope deposition is character ized by low velocity, 
turbid layer currents,  high velocity turbidity currents,  
sett l ing f rom suspension, and downslope mass movement.  
Downslope mass movement is also possible, resulting in a 
chaot ic  reflection characters  of pa r t s  of t h e  middle zone. 
Examples of recent  slumping on t h e  cont inenta l  slope can b e  
seen in Figure 12 of Hawltings and Hatlelid (in. Young 
e t  al., 1976). 

The Paleogene section is also mud-dominant and a s  
t h e  Nektoralik location is distal  f rom t h e  main 
Paleogene del ta ic  depocentres (Yorath e t  al., 1975) i t  
s eems  most probable tha t  t he  sediments were  deposited 
in outer  shelf t o  abyssal environments. Sand-rich 
horizons a r e  most likely t o  b e  turbidites. The l imestone 
beds between 2627.4-41.1 m (8620-65 f t )  may have a 
similar origin t o  the  l imestone a t  2258.6 rn (7410 f t )  and 
possibly may mark an  intra-Paleogene hiatus. 

Hydrocarbon % 
Yield* Hydrocarbon 

The Nektoralik K-59 well was abandoned before  
attaining the  projected to t a l  depth because of excessive 
overpressure. A plot of depth versus sonic t rans i t  t ime  
(Fig. 13.3) clearly shows t h e  velocity inversion a t  t h e  top  of 
t h e  overpressured zone (about 2072.6 m:6800 ft). Also shown 
in the  lack of correlation between overpressuring and 
stratigraphy. 

Atomic 
H/C 

0.90 
1 .01 
0.99 
1.06 
1.08 
0 . 7 5  

5.9 
5 .7  
5 .5  

136.4 
77.3  
37.7 

Organic Geochemistry ' 

Atomic 
C /N 

36.9 
20.7  
28.9 
47.9 
42.8 
50.4  

12.1 
1 0 . 3  
9 . 8  

74 .3  
77.4 
50.6 

D r i l l  cutt ings,  gas  analyses, and to t a l  organic 
carbon determinations have been completed for  t h e  
Nektoralik K-59 borehole (Fig. 13.4). The to t a l  g a s  yield i s  
low (<20  mL gas  per l i t re  of cut t ings)  but this probably 
ref lec ts  the  unconsolidated nature  of the  samples. Most of 
t h e  gas  would be  released in to  t h e  drilling mud a s  t h e  cut t ings  
c i rcula ted  t o  the  top of the  hole. The cause  of t h e  single, 
anomalous gas concentration a t  about 944.9 m (3100 f t )  is  
unknown. The per cen t  wet  gas  (ethane, propane, butanes) 
which is plotted in column 2 of Figure 13.4 begins t o  increase 
a t  about  1585.0 m (5200 f t )  and reaches  a maximum of about  
40 per c e n t  near 2590.8 m (8500 f t )  indicating tha t  below 
about  2133.6 m (7000 f t )  t he  section becomes marginally 
mature  in a thermal  metamorphic sense. No we t  gas  
concentra t ion break and hence n o  thermal  matur i ty  
discontinuity was noted to  correspond with the  
Neogene/Paleogene(?) unconformity discussed above 
(Fig. 13.2). I t  can  therefore  be  concluded t h a t  t h e  sub- 
unconformity sediments  have never been buried more deeply 
than a t  present. 

The to ta l  organic carbon log (Fig. 13.4, column 3) 
indicates  a relatively constant  concentration of about  
I t o  1.5 per c e n t  organic carbon throughout the  section. 
Below about 2377.4 m (7800 f t )  the  high organic carbon values 
reported a r e  a t  leas t  partially due t o  organic additives in the  
drilling mud. The lack of cha rac te r  in the  organic carbon is 

TOTAL GAS PERCENT % ORGANIC DEPTH 
m l / L  ROCK WET GAS CARBON F t . x l 0  

Figure 13.4. Total gas content, per cent wet  gas (ethane, 
propane, butanes), and total organic carbon content versus 
depth for the Nektoralik K-59 borehole. 

possibly due t o  extensive caving and mixing of t h e  cut t ings  
samples because of less than ideal hole conditions, bu t  could 
also r e f l ec t  the  more or less homogeneous nature  of t he  
organic m a t t e r  in sediments  of t h e  upper p a r t  of t h e  section. 

Six samples (Table 13.1) have been solvent ex t r ac t ed ,  
chromatographically f rac t ionated,  and the  sa tu ra t e  
fraction analyzed on a gas  chromatograph (g.c.) using 
techniques outlined by Foscolos et al. (1976) and Snowdon 
(in press). Samples below 2347.0 m (7700 f t )  were  not  
ex t r ac t ed  because of organic contamination. The t h r e e  
shallowest samples (Table 13.1) have low to t a l  e x t r a c t  
yields and a very low percentage of hydrocarbons within 
t h e  ex t r ac t .  The sa tu ra t e  f rac t ion gas  chromatograms 
a r e  all  essentially similar and show a large 
t r i terpanels terane hump and a large predominance of 
oddleven carbon chain length n-alkanes in the  CZ1 t o  C 3 1  

' by J. Dixon 
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Figure 13.7. Saturate fraction gas chromatogram of o i l  
recovered on dr i l l  stem test from Nektoralik K-59 borehole. 

range (Fig. 13.5). The low extract yield and g.c. character 
are both consistent with the immature nature of organic 
matter in the interval. 

The three deep extract samples (Table 13.1) are also 
very similar to each other but markedly different from the 
samples above 2133.6 m (7000 ft). The extract and 
hydrocarbon yields and percentage of hydrocarbons in the 
extract are al l  quite high. The saturate fraction gas 
chromatograms (see Fig. 13.6) a l l  show a large naphthenic 
hump and essentially no hydrocarbons with more than about 
22 carbon atoms. The high yields, high percentage of 
hydrocarbons and mature chromatographic character of these 
samples indicate that they are stained, that is the 

hydrocarbons are largely epigenetic rather than syngenetic. 
I f  the hydrocarbons were indeed syngenetic, these samples 
would be classed as marginal to  excellent potential petroleum 
source rocks (Powell, 1978). Because there is no break in the 
cuttings gas log character which would suggest a rapid rise in 
the level of thermal maturity, the former interpretation 
(staining) is preferred. The total quantity of cuttings gas and 
more or less smooth distribution of the proportion of wet gas 
suggest that the cuttings gas is syngenetic. Epigenetic gases 
would be expected to be lost during sample transport up the 
borehole. 

Kerogen (insoluble organic matter) was recovered f rom 
the six samples which were extracted and elemental analyses 
were run. The atomic hydrogen/carbon and carbonlnitrogen 
rati0.s are reported in Table 13.1. Except for the deepest 
sample, a l l  the H/C ratios equal or exceed 0.90. These 
results are higher than those observed for Tertiary kerogens 
of the Richards Island area of this same basin (Snowdon, 
in  press). The implication of this data is that the organic 
matter in  the Nektoralik section is enriched in lipids and 
depleted in higher land plant debris relative to the Richards 
Island samples, an interpretation which is consistent with the 
sedimentological interpretation of the depositional 
environment discussed above. The high H/C ratio also 
suggests that the level of maturity of these sediments is not 
high because thermal alteration would cause this rat io to  drop 
markedly. 

The increase i n  the C/N rat io which corresponds t o  the 
change in saturate fraction chromatogram character suggests 
that the lower samples are either significantly more mature 
than the upper three samples or that the proportion of 
nitrogen-poor terrestrial organic matter is much higher in the 
bottom samples. The increased maturity hypothesis is 
inconsistent with the cuttings gas data and the high H/C 
ratio; the high terrestrial contribution is also inconsistent 
with the H/C data and the high extract yields and thus the 
interpretation of these results is problematical. 

A saturate fraction g.c. (Fig. 13.7) and gasoline 
range (C5-Cs) analysis were run on a sample of the o i l  
recovered on dri l l  stem test from the Nektoralik K-59 
borehole at 2695.0-2701.1 m (8842-8862 ft). The saturate 
fraction g.c. is essentially similar to  that of the oils 
recovered from the Taglu C-42 and Niglintgak M-19 
boreholes. Factor and cluster analysis of the gasoline range 
data (Snowdon and Powell, in press) indicate that the 
Nektoralik oi l  is highly similar to the Taglu and Niglintgak 
condensates and oils. It is thus probable that the Nektoralik 
o i l  and Taglu o i l  and condensates have a common source. 
Samples of the condensate recovered from 2258.5-2261.6 m 
(7410-7420 f t )  were not available for analysis and thus no 
comparison of this material with the high yield extracts was 
possible. 

In summary, a l l  of the data on the post-unconformity 
section indicate that the organic matter is immature and 
unrelated to the petroleum deposits associated with this well. 
The data from the pre-unconformity samples, however, are 
internally inconsistent in  so far as the level of thermal 
maturity is concerned. While the saturate fraction g.c. data, 
atomic C/N ratios and occurrence of o i l  and condensate a l l  
suggest that the section is thermally mature, the cuttings gas 
log and unconsolidated nature of the sediment suggest that 
the sediments are marginally mature a t  best. A more 
definitive hypothesis concerning hydrocarbon generation in 
this region must await further detailed analyses of the 
organic fraction and/or additional samples from boreholes 
dril led with fewer engineering difficulties. The hydrocarbons 
recovered from the Nektoralik well have probably been 
derived f rom a stratigraphically equivalent section to the 
source for the Taglu and Niglintgak oils and condensates. 
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Abstract 

Geochemical studies on the Gudrid and Snorri condensates have shown that  they a r e  sufficiently 
similar t o  have had a common or  related source. This source was dominated by terrestrial organic 
matter  located a t  deeper levels of the adjacent sedimentary troughs. Two possible modes of origin 
a re  suggested by analogy with Australian examples. At Snorri the gascondensate  may have become 
separated from oil during migration and a t  Gudrid the gascondensate  may be an overmature product. 
In both cases fur ther  hydrocarbon accumulations may be located in downdip structures on the flanks 
of adjacent sedimentary basins. At Snorri these accumulations may include some oil. 

Several major gas shows with varying amounts of 
condensates have been recorded on the Labrador Shelf 
(Purcell e t  al., in press, McMillan, 1979) (Fig. 14.1). The 
section comprises an Upper cretaceous-Tertiary clastic 
sequence resting unconformably on a block faulted basement 
of varying age (Precambrian, Early and Late Paleozoic). 
Hydrocarbon traps a r e  formed by drape over the  basement 
blocks. The hydrocarbon reservoirs may be basement (e.g. 
lower Paleozoic dolomite in Gudrid H-551, lower Cretaceous 
arkosic sands onlapping the  basement blocks (e.g. Bjarni sand 
in Bjarni H-81) or Tertiary sands with structures developed by 
draping over the  basement blocks (e.g. Snorri J-90). 

This note discusses the geochemistry of condensates 
from the  Snorri and Cudrid accumulations and i ts  implication 
for their source and future exploration on the Labrador Shelf. 

Results 

The analytical methods used a r e  those described by 
Snowdon and Powell (in press). The results obtained include 
gross composition, n-alkane distributions, pristane t o  phytane 
ratios, carbon isotope distributions in saturate  and aromatic 
fractions, distribution of twenty four gasoline range com- 
ponents and ring distribution and aromaticity of t h e  aromatic 
fractions. 

The gross compositional da ta  (Table 14.1) indicate tha t  
the  Gudrid and Snorri condensates a re  extremely rich in 
saturated hydrocarbons. The saturates comprise dominantly 
n-alkanes in the  range C11 t o  C20 (Fig. 14.2). They differ 
one from the  other in the proportion of isoprenoids (isoCl,j, 
isoCl8, pristane and phytane) in the  saturate  fraction and 
pristane t o  phytane ratios (Table 14.1). The carbon isotope 
distributions in the saturate  and aromatic fractions of the 
two condensates a r e  similar. 

The Gudrid condensate is richer in alkyl benzenes, 
acenaphthenes and dibenzofurans and depleted in naphthene- 
benzenes compared t o  the Snorri condensate. There is a 
close similarity in the  distribution of the gasoline range 
hydrocarbons between the two condensates (Fig. 14.3). The 
main difference in the gasoline range data is the  higher 
content of aromatic hydrocarbons in the Gudrid sample a s  
compared with the Snorri sample. The distribution of 
compound types with seven carbon atoms is very similar 
(Fig. 14.3b). The higher content of pentanes in the Snorri 
sample (Fig. 14.3a) is  attributed t o  evaporative loss of these 
components from the  Gudrid sample during sampling or 
subsequent handling. 

Discussion 

Generally the Snorri and Gudrid condensates a r e  similar 
t o  one another in overall composition, isotopic distributions 
and distribution of gasoline range hydrocarbons. They differ 
in respect of their aromatic composition, isoprenoid content 
and pristane t o  phytane ratio. These differences may be due 
t o  maturation differences in the original source material. 
However, they a r e  sufficiently similar in other respects t o  
suggest that  they may be derived from a similar or related 
source despite their wide geographic separation. The 
paraffinic nature of the  condensates and their high pristane 

5, ,81 1; 
1. F R E Y D I S  8-87 
2.LEIF M-48 / 3.CARTIER D - I 0  
4. I N D I A N  H A R B O U R  M - 5 2  

9. K A R L S E F N I  A-13 

GAS SHOWS 

. . . . ..:.. " .NEWFOUNDLAND . : ..- ..-..-..- ..-. ,-. .-.. . . ... . . . QUEBEC 
KILOMETRES 

loo 200 g " -1 U) 

Figure 14.1. Location of petroleum exploration wells and 
sedimentary thickness map Labrador Shelf. Contour lines 
indicate thickness of sediments in kilometres 
(McMillan, 1979). 
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Table 14.1 

Compositional d a t a  on Gudrid and Snorri Condensates 

Well 
Test  

Depth (m) 
Formation 
Age 
Weight % <210°C 

Gross Composition 
Weight % >210°C 

Satura tes  
Aromat ics  
ONS 

Pristane t o  Phytane Rat io  

6 13 
'PDB 

Sa tu ra t e s  
Aromatics 

Atomat ic  Composition 
% Volume of aromat ics  

Monoaromatics 
Alkyl Benzenes 
Naphthenebenzenes 
Dinaphthenebenzenes 

Diaromatics 
Naphthalenes 
Acenaphthenes, Dibenzofurans 
Fluorenes I- 

Gudrid H-55 
DST 

2756.3-2771.9 
Gudrid Dolomite 

Westphalian? 
58 

84.06 
11.42 
0.58 

4.0 

-27.77 
-25.96 

45 .O 
11.7 
8.7 

22.0 
9.9 
0.4 

Snorri J-90 
No. 15 

2496.9 
Gudrid Sand Mbr. 

Palaeocene 
7 2 

82.09 
13.23 
0.43 

7.1 

-27.25 
-25.66 

31.9 
28.8 
13.1 

22.3 
2.2 
0 . 2  
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Figure 14.3 Distribution of gasoline range hydrocarbons in the Gudrid and Snorri condensates. - 

Figure 14.4. Representative gas chromatograms o f  
Cartwright and Bjarni Formations, Herjolf M-92 well. 

saturated hydrocarbons from the 



t o  phytane ratios (particularly Snorri) indicate a source  f rom 
terres t r ia l  organic ma t t e r  (Powell and McKirdy, 1975). This 
conclusion is  consistent with t h e  f a c t  t h a t  organic m a t t e r  in 
t h e  lower pa r t  of t h e  Cretaceous-Tertiary section is largely 
land derived (Rashid e t  al., in press). Li t t le  published 
information is available on t h e  nature  of t he  source rock for 
nonmarine paraffinic oils and condensates. Threfall  et al. 
(1976) s t a t e  t h a t  source  rock analyses show t h a t  nonmarine 
shales and coals a r e  t h e  source  for  t h e  waxy oils and gas- 
condensate in t h e  Gippsland Basin of south-east  Australia 
although no supporting da ta  a r e  given. Smyth (1979) 
associates the  nonmarine paraffinic oils and condensates in 
the  Cooper Basin, Australia with exinite rich coals and 
associated shales rich in exinit ic o rgan ic  mat ter .  The basal 
Lower Cretaceous  Bjarni Formation on t h e  Labrador Shelf 
consists of coarse  grained continental  sandstones with minor 
shales and coal beds. Gas  chromatograms of sa tu ra t e s  from 
this formation and t h e  overlying Cartwright shale a r e  
dominated by waxy n-alkanes and high pristane t o  phytane 
ra t ios  (Fig. 14.4). Hydrocarbon yields f rom s o m e  samples  in 
these  format ions  in t h e  Herjolf M-92 well  approach values a t  
which gas-condensate and minor amounts  of oil can be  
expected t o  have formed (Powell ,  1978) (Table 14.1). 

Maturation studies have been undertaken on many of 
t h e  Labrador Shelf wells by Rashid et al. (in press) and 
Bujak et al. (1977), respectively. Additional geochemical 
work has  been carr ied  o u t  by t h e  author.  These d a t a  show 
t h a t  t h e  most  southerly wells, Leif M-48 and Freydis B-87 a r e  
immature  in the  Cretaceous-Tertiary section. The sediments  
in Gudrid H-55 appear  t o  be  just mature  a t  t he  base of t h e  
Mesozoic section (2663 m, 8736 f t )  and coincide with t h e  
occurrence  of reservoired hydrocarbons. 

In t h e  Herjolf M-92, Snorri 3-90 and Karlsefni A-13 
wells, t he  marginally ma tu re  zone a s  defined by the  onset of 
a high proportion of wet  gas in the  cut t ings  gas  analyses 
occur a t  a depth of about 2438 t o  2591 m (8000 t o  8500 ft) .  
The gas-condensate in t h e  Snorri J-90 well  occurs  a t  2494 t o  
2516 m. Full matur i ty  i s  only a t ta ined in t h e  Herjolf M-92, 
Snorri J-90 and Karlsefni A-13 wells in t h e  vicinity of 3658 t o  
3810 m (12 000 t o  12 500 ft) .  The occurrence of apparently 
ma tu re  gas-condensates a t  t h e  boundary of t h e  immatu re  t o  
marginally ma tu re  zone thus represents an  anomaly in respect  
t o  t h e  oil and gas  generation model unless migration f rom a 
deeper  p a r t  of t h e  basin had occurred. Examination of t h e  
distribution of t h e  hydrocarbon discoveries in relation t o  
sedimentary thickness maps of t h e  Labrador Shelf show t h a t  
they occur a t  o r  close t o  t h e  margins of sedimentary troughs 
or  basins within excess of 8 km of sediment. There  is a 
distinct possibility the re fo re  t h a t  t h e  hydrocarbons may have 
migrated ou t  of these  th icker  sedimentary  sect ions  t o  t h e  
edges  where  they a r e  now entrapped. 

Liquid hydrocarbons derived from terres t r ia l  organic 
m a t t e r  usually contain a high proportion of waxes (n-alkanes 
above nC2n) (Powell and McKirdy, 1975). Their absence in 
th is  case  could b e  a consequence of e i ther  one of t w o  
processes. The gas-condensate could be  a product of 
extensive cracking by the rma l  matura t ion or  of f rac t ionat ion 
f rom an oil during migration. Considering t h e  f i rs t  case ,  t h e  
maturation levels a t  t h e  gas-condensate reservoirs is  
relatively low and the  60°C isotherm is  generally coincident 
with t h e  reservoir horizons (Purcell et al., in press, 
Rashid et al., in press). Geothermal  gradients  a r e  generally 
in t h e  range 2.4"C t o  3.Z°C per  100 m so t h a t  t empera tu res  
of 150°C representing t h e  transit ion from matu re  t o  over- 
ma tu re  zones, would be expected in t h e  depth range 4700 m 
t o  6200 m. This depth is well within t h e  8 km sediment  
thickness of t h e  adjacent  Hopedale and Sagalek basins. I t  i s  
possible the re fo re  t h a t  t h e  Snorri and Gudrid condensates a r e  

Table 14.2 

Ex t rac t  d a t a  Car twright  Shale and Bjarni Format ions  
Herjolf H-92 Well 

Table 14.3 

Well - Depth 
(m) 

Herjolf M-92 

3572.2-3581.4 
3672.8-3682 
3727.7-3737.0 
3874.0-3883.0 
4029-4038 

Comparison of gas  condensate  ra t ios  of Labrador Shelf 
discoveries and some  Australian occurrences  

% Org C 

4.55 
2.44 

13.55 
0.29 
0.29 

Labrador Shelf1 

Bjarni H-81 
Cudrid H-55 
Snorri J-90 
Hopedale E-33 

WellIField 

Ex t rac t  Hydro- 
carbons 

mg  per  gram Org C 

100.3 30.8 
83.7 31.7 
72.2 29.8 
47.2 12.4 
31.2 5.6 

Gas  Condensate  Rat io  
(m3 gas /m3 condensate) 

I Marlin 

Hydro- 
carbons  

% in e x t r a c t  

30.7 
37.7 
41.8 
24.8 
18.1 

Gippsland Basin, Australia2 

Barracouta  

avg. 9000 1 7132 t o  3012 

19 663 t o  6292 

Dampier Sub-Basin, ~ u s t r a l i a ~  

Goodwyn 
North Rankin 

Cooper Basin, Australia2 I Gidgealpa I 52 400 I 
I 

Data  f rom McMillan (1979) 
Da ta  f rom Beddoes (1973) 

derived f rom l a t e  ma tu re  t o  overrnature zones in t h e  adjacent  
sedimentary troughs. If th is  i s  t h e  case  t h e  t r aps  located on 
t h e  downdip flanks of t hese  basins may b e  full  t o  spill point 
with gas-condensates. 

Condensates and oils derived f rom matu re  ter res t r ia l  
organic m a t t e r  typically have high pristane con ten t s  in thei r  
s a tu ra t e  chromatograms with high pristane t o  phytane ratios 
(>5), (Powell and McKirdy, 1975). With increasing matur i ty  
pr is tane  and phytane became  less important  components of 
t h e  s a t u r a t e  f rac t ion and t h e  pristane t o  phytane ra t ios  
diminish (<4) (Brooks et al., 1969; Powell and McKirdy, 1975; 
Powell, 1978). The Gudrid condensate  may be  an overrnature 
condensate  because of i t s  low pristane content  and lower 
pr is tane  t o  phytane ratio. A suitable analogy for  t h e  Gudrid 
discovery is t h e  Gidgealpa gas-condensate field in t h e  Cooper 
Basin of S. Australia (m Beddoes, 1973 for  geological 
details). It is terrestrially derived, and overmature .  It is 



similar t o  the  Gudrid condensate since i t  has  high gas  t o  
condensate ratio (Table 14.3) and an in termedia te  pristane to  
phytane ration (4.0) and a low proportion of pristane in t h e  
sa tu ra t e  fraction. On the  other  hand the  Snorri condensate 
has  a higher content  of isoprenoids and a higher pristane t o  
phytane ra t io  typical of oils derived f rom terres t r ia l  organic 
ma t t e r .  This implies tha t  t he  Snorri condensate is derived 
f rom a thermally mature  but not overmature  section. A 
possible explanation for t he  occurrence  of non-associated 
gas-condensate in this case  is t h a t  gas-condensate and oil 
were  generated in the  adjacent  sedimentary basins and 
became  separa ted during the  course of migration such t h a t  
gas-condensate has  become trapped updip f rom locations 
where oil might also b e  trapped. Schowalter (1979) has  
recently reviewed the  mechanisms whereby this might occur.  
Suitable analogies for  this scenario exis t  in o the r  oil- and gas- 
condensate-bearing regions in Australia. 

In t h e  Gippsland Basin, Australia, te r res t r ia l ly  derived 
gas-condensate i s  trapped updip f rom waxy oil 
(Threfall e t  al., 1976). The condensate is  a close analogy for 
t h e  composition of t h e  Snorri condensates. The geological 
sett ing, however, is somewhat different.  The geographic 
distribution of oil and gas-condensate in the  Gippsland Basin 
appears  t o  b e  due  t o  variations in matura t ion levels 
(Kantsler e t  al., 1978). The Dampier sub-basin N.W. Australia 
represents  a closer analogy t o  t h e  Labrador Shelf. The 
hydrocarbon bearing Rankin Platform consists of a se r i e s  of 
Lower Jurassic/Triassic faul t  blocks which a r e  covered by 
relatively thin Upper Cretaceous  shales and a thick Ter t iary  
section. The Rankin Platform is separa ted from t h e  adjacent  
sedimentary trough by a ser ies  of down stepping blocks. Gas- 
condensate occurs  in t h e  upthrown blocks whereas  paraffinic 
oil occurs in the  blocks stepping down into t h e  adjacent  
sedimentary trough. Correlation work has shown t h a t  t h e  
condensate and oil fo r  example  in t h e  Goodywn field have a 
common source (Powell, 1975). The separation of gas- 
condensate f rom t h e  oil  presumably occurred during 
migration. A similar si tuation may have occurred on t h e  
Labrador Shelf. The gas  t o  condensate ra t ios  obtained during 
testing of t h e  discoveries overlap the  range of gas-condensate 
ratios in the  Gippsland and Dampier Sub-Basins (Table 14.3). 
This perhaps could be  taken as indirect evidence fo r  t h e  
presence of oil in associated areas.  

Conclusions 

The Snorri and Gudrid condensates resemble e a c h  o the r  
sufficiently t o  have been derived from similar o r  re la ted  
sources. Minor variations in composition may be a t t r ibuted 
t o  d i f ferences  in matura t ion history. The composition of t h e  
condensates is consistent with thei r  having a source  f rom 
terrestrially derived organic mat ter .  Geochemical evidence 
suggests t h a t  these  condensates have formed in and migrated 
from adjacent  sedimentary troughs. The Gudrid sample  may 
represent  an  overmature  condensate in which case  gas- 
condensate can be expected t o  b e  trapped downdip on t h e  
flanks of t he  adjacent  sedimentary trough. The Snorri 
condensate i s  probably ma tu re  and may have become 
separa ted during migration from oil which also may be 
trapped downdip f rom t h e  present  discovery. 
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SCIENTIFIC AND TECHNICAL NOTES - NOTES SCIENTIFIQUES ET TECHNIQUES 

DURANUSITE FROM THE MOUNT WASHINGTON COPPER 
DEPOSIT, COMOX DISTRICT, VANCOUVER ISLAND, 
BRITISH COLUMBIA 

Pro jec t s  680023 and 620308 

A.C. Rober ts ,  A.G. Plant,  and M. Bonardi 
Cen t r a l  Laboratories and Administrative Services  Division 

Introduction 

Duranusite, ideally As4S, was  originally described by 
Johan et al .  (1973) f rom Duranus, France ,  where  i t  occurs  a s  
"peti tes plages (0.2mm) au  maximum" associa ted  with na t ive  
arsenic  and realgar.  

Our in teres t  in duranusite resulted f rom a routine 
reques t  by Mr. Stan  Leaming of t h e  Geological Survey's 
Cordil leran Division, for  a n  X-ray powder d i f f rac t ion  
identification.  Several  a m a t e u r  minera l  col lec tors  had 
approached Mr. Leaming regarding mineral  identifications of 
mater ia l  col lec ted  a t  t h e  Mount Washington Copper Deposit, 
Mount Washington, Comox District ,  Vancouver Island. Two 
specimens,  containing black ma t t ed  nes ts  on c l ea r  qua r t z  
crys ta ls ,  we re  unrecognizable t o  Mr. Learning, who sen t  t hem 
t o  t h e  Geological Survey's Mineralogy Sect ion  in O t t awa ,  for  
fu r the r  work. 

The mineral  was tenta t ive ly  identified a s  duranusite on 
t h e  basis of i t s  X-ray powder diffraction pa t t e rn  and this 
identification was l a t e r  confirmed by e lec t ron microprobe 
analysis. This short  no t e  documents  t h e  second repor ted  
occu r rence  of this mineral  in t h e  world and t h e  f i rs t  in 
Canada. 

Mineral  Description 

Duranusite occurs  a s  black, m a t t e d  nes ts  on c l ea r  
euhedra l  qua r t z  crys ta ls  (Fig. I). The  only closely associated 
minera l  is  realgar. Scanning e lec t ron microscopy (SEM) 
examinat ion  of t h e  ma t t ed  nes ts  shows t h a t  they consist  of an  
agg rega te  of fibrils which have a maximum s i ze  of 200x25 

Figure 1. SEM photomicrograph of nests of duranusite on 
quartz. Field of view is 2.2 mm. 

From: Scientific and Technical Notes 
in Current Research, Part C ;  - 
Geol. Surv. Can., Paper 79-1C. 

micromet re s  (Fig. 2). F igure  2 also  shows t h a t  each  fibri l  is  
composed of many ex t r eme ly  smal l  ( less t han  one  
mic rome t re )  individuals, and this accounts  for  t h e  sof tness  of 
t h e  mater ia l  a s  well a s  t h e  lacl< of d i f f rac t ion  spots  on 
precession single c rys t a l  films. The fibri ls  a r e  black with a 
submeta l l ic  lus t re  and have  a black s t reak.  

Chemical  Composit ion 

A polished sec t ion  of duranusite f r agmen t s  was  f i r s t  
analyzed by e lec t ron microprobe in 1975. Energy dispersive 
spec t r a  showed t h a t  As, S and Sb were  t h e  only e l emen t s  
present.  Quant i ta t ive  analyses  (Table 1, analyses  1-3) were  
obta ined using a MAC ins t rumen t  opera ted  at 20 KV and with 
a specimen cu r r en t  of 0.03 microamperes  measured on a 
rea lgar  sample t h a t  served a s  a s tandard  fo r  As and S 
(K a lines). Natura l  s t ibni te  was  used a s  a s tandard  for  
Sb (La line). A second sample  was analyzed in 1979 (Table 1 ,  
analyses 4-6) at 2 5  KV acce l e ra t ing  vol tage  and using a 
synthet ic  iron arsenide  a s  a s tandard  fo r  As and t h e  natura l  
s t ibni te  for  S and Sb. 

The d a t a  in Tab le  I show t h a t  compared t o  t he  ave rage  
composit ion of two  analyses  of duranusite f rom t h e  type  
locali ty (Table I ,  analysis 7, Johan et al. (197311, duranusi te  
f rom Mount Washington conta ins  a var iable  amoun t  of Sb. No 
evidence  has  been found of any in tergrowth of a n  Sb-mineral 
such a s  s t ibni te  with t h e  duranusite,  e i t h e r  by X-ray 
d i f f rac t ion  or SEM examinat ion ,  and i t  is concluded t h a t  t h e  
Sb subs t i tu tes  fo r  As. Fur thermore ,  calculation of 
composit ions of mixtures  of s to ichiometr ic  s t ibni te  and 
duranusi te  show divergence  f rom t h e  composit ions given in 
Table I. For example ,  a mixture  of 95.5% duranusi te  and 
4.5% s t ibni te  gives As 86.3, Sb  3.2, S 10.5. 

The substi tution of antimony for arsenic  is accompanied 
by sulphur, presumably t o  preserve  t h e  integrity of t h e  
duranusi te  s t ruc ture .  Recalculation of t h e  number  of a t o m s  
in t h e  unit  formula  based on a t o t a l  of 5 a toms,  yields a 
consis tent  value of (As,Sb,S)4 S f o r  t h e  Mount Washington 
duranusite,  in sa t i s fac tory  ag reemen t  with t h e  genera l  
formula  of AsrS proposed by Johan et al. (1973). 

Figure 2. SEM photomicrograph showing surface texture 
of individual duranusite fibrils. Field o f  view is 
220 micrometres. 



Table I 

Chemical composition of duranusite 

Analysis No. 

1. 2. 3. 4. 5. 6. 7. 

Weight As 89.8 86.1 80.7 90.8 89.7 86.2 90.4 
Percent Sb 0.6 4.1 8.3 0.1 0.6 4.1 -- 

S 9.1 10.2 11.3 9.4 9.9 10.2 10.3 - - - - -  
Total 99.5 100.4 100.3 100.3 100.2 100.5 100.7 

Atomic As 1.199 1.149 1.077 1.212 1.197 1.151 1.207 

Proportions Sb 0.005 0.034 0.068 0.001 0.005 0.034 -- 
S 0.284 0.318 0.352 0.293 0.309 0.318 0.321 - - - - - - - 
Total 1.488 1.501 1.497 1.506 1.511 1.503 1.528 

Recalculated As 4.03 3.83 3.60 4.02 3.96 3.83 3.95 

a Sb 0.02 0.1 1 0.23 0.003 0.02 0.1 1 -- of 5 Atoms 
S 0.00 0.06 0.18 o.00 0.02 0.06 0.05 - - -  

4.05 4.00 4.01 4.023 4.00 4.00 4.00 

S 0.95 1.00 1.00 0.97 1.00 1.00 1.00 

Table 2 

Unit cell parameters of duranusite 

Duranusite Duranusite 
Mount Washington Duranus, France 
Copper Deposit, (Johan et. al. 
Mount Washington, 1973) 
Comox District,  
Vancouver Island, 
B.C. 
(this study) 

I Symmetry C Orthorhombic Orthorhombic 1 

Powder Diffraction data  for duranusite, 
Mount Washington Copper Deposit, 
Mount Washington, Comox District,  

Vancouver Island** 

I est. d a  meas. d.fi calc. hkl 

1 6 .81 6.81 010 

10 5.68 5.66 01 I 

8 5.10 5.09 002 

2 4.09 4.08 012 

6 3.409 3.405 020 

*5 3.230 3.229 02 1 

6 3.026 (3.036 013 
(3.010 011 

*I0 2.915 2.914 102 

"8 2.830 2.830 022 

"7 2.679 2.679 112 

*I 2.542 2.544 004 

112 2.460 2.459 120 

* 4  2.388 2.390 121 

*2 2.270 2.270 030 

112 2.211 (2.215 031 
(2.214 122 

*6 1.981 1.979 114 

2 1.884 (1.886 033 
(1.880 131 

*5 1.790 1.791 132 

"5 1.777 1.777 200 

3b 1.700 

Ib 1.639 

1/2b 1.573 

2b 1.518 

** 114.6 mm Debye-Scherrer camera, Cu ka 
radiation, Ni fil ter,  Si internal standard, 
film no. 50816 

1 est.  visually 

b = broad line 

* = lines used in cell  refinement 

indexed with a = 3.555 a, b = 6.809 a, 
c = 10.174 a 

Crystallography 

The powder pattern of the Mount Washington duranusite 
was indexed by analogy with the orthorhombic unit cell 
adopted by Johan e t  al. (1973) and is presented in Table 2. 
Unit cell refinement was based on I1 lines between 
3.409 a and 1.777 a for  which unambiguous indexing was 

~~f~~~~~~ 
possible. The resultant cell parameters, a s  well a s  those 
obtained by Johan e t  al. (19731, a re  listed in Table 3. The Johan, Z., Laforet,  C.9 Picot,  Pa, and Feraud, 3- 
larger cell volume of the Mount Washington duranusite most 1973: La duranusite, Asks, un nouveau mineral; Bulletin 
likely reflects the partial substitution of antimony for arsenic de la SocidtC f r a n ~ a i s e  de Mineralogie e t  de 
within the crystal lattice. Cristallographie, v. 96, p. 131-134. 
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PARALSTONITE: A NEW MINERAL FROM THE 
MINERVA NO. 1 MINE, CAVE-IN-ROCK, ILLINOIS 

Project 680023 

A.C. Roberts 
Central Laboratories and Administrative Services Division 

Paralstonite, previously referred to as an "unnamed 
barium calcium carbonate'' by Roberts (1976, 19781, has been 
accepted as a valid mineral species by the Commission on 
New Minerals and Mineral Names of the International 
Mineralogical Association. The name, paralstonite, alludes to 
the mineral's morphological, chemical and crystallographic 
relationship with alstonite. Holotype <specimen (13380), 
referred to as the "largest specimen" in Roberts (19781, is 
preserved in the National Mineral Collection at  the 
Geological Survey of Canada. 

pertinent' mineral data have been summarized in 
Tables I to 4. Additional information, not previously 
published, have been incorporated within the tables and 
marked with an asterisk. The crystal structure of 
paralstonite is presently being undertaken by Dr. J. Zemann 
and colleagues at  the Institute for Mineralogy and 
Crystallography, Wien University, Austria. 

Table 1 

Crystallographic data for paralstonite 

(Crystal System Hexagonal (Trigonal) 

a (A)  8.692 (3 )  
c 6.148 (4 )  

c/a 0.7073 
Space Group P312 (149), P321 (1501, P3ml (1561, 

P3lm (157), ~ T l m  (112), Pjml (164) 
Volume ( A 3 )  402.24 

z 3 
*G (meas.) 3 . 6 0 ( 2 ) ~ ' ~ / c c  
G (calc.) 3.62 a/cc 

partial structure determination indicates space group 
P321 (Dr. J. Zemann, personal communication 
August 1979) 

tt Berman balance on 8.73 mg of hand picked crystal 
fragments from hototype specimen. 

Table 2 

Electron microprobe analysis of paralstonite 

wt. % molecular ratio 

0.2985 ) 
0.3365 ) 0.6854 
0.0504 ) 

C 0 2 ( c a l c . )  30.0 0.6844 

1 Total 99.6 I 1 Analytical  orm mu la' : Bao.arrCao. ,a3Sro.lk, ( C 0 3 ) r  1 
1 Theoretical Formula : BaCa( C 0 3  ) 2 I 
Molecular Weight 

Table 3 

X-ray powder data for paralstonite 

0 0 

1/10 28 meas. dA meas. dA calc. hk l  

- 114.6 mm Debye-Scherrer camera; Ni filtered 
Cu Ka radiation; 

- line intensities calculated from diffractometer 
trace; o .3 

- indexed with a4.692 A, ~ ~ 6 . 1 4 8  A; 
- film no. 48934 corrected for film shrinkage. 

I tcalculated assuming 6 oxygen atoms per formYla unit cell. 1 
p~ 

From: Scientific and Technical Notes 
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Table 4 References 

Roberts, A.C. 
1976: A mineralogical investigation of alstonite 

BaCa(COs)n; unpublished M.Sc. thesis, Queen's 
University, Kingston, Ontario, Canada. 

Physical and optical properties of paralstonite 

1978: Mineralogical study of an unnamed barium 
calcium carbonate from the Cave-in-Rock 
district, Illinois; @ Current Research Part C, 
Geological Survey of Canada Paper 78-IC, 
p. 49-52. 

Mandarino, J.A. 
1976: The Gladstone-Dale relationship. Part I: 

Derivation of new constants, Canadian 
Mineralogist, 14, p. 498-502. Colour : colourless to smoky white, 

grading to grey-white in 
masses 

Lustre : vitreous 
Streak : white 
Fracture : uneven 
Opacity : transparent to translucent 
Tenacity : brittle 
Fluorescence : variable, pale to bright 

orange under long wave 
ultraviolet light 

Cathodoluminescence : negative 
Hardness : between 4 and 4 112 
Chemical Tests : vigorous effervescence 

in dilute HCI 
Morphological : euhedral crystals, maximum 
Characteristics length I mm, length to width 

ratio approaching 2:1, hexagonal 
morphology with (2211 
pyramidal habit, hexagonal 
dipyramids have been observed 
but are rare, crystal faces 
are heavily striated normal 
to axis of elongation (c-axis) 
and are divided parallel 
to c-axis by a medial, irregular, 
slightly re-enrant "suture" 

Optical : colourless in transmitted 
Characteristics light, uniaxial negative, 

nc=1.527(3), nw=1.672(3) 

"Chemical Refractive Energy (KC)? = 0.169 
*Physical Refractive Energy (Kp) = 0.173 for G(rneas.), 

0.172 for G(ca1c.) 

' constants taken from Mandarino (1976). 



SEABOTTOM SEISMIC REFRACTION ARRAY DESIGNS 

Project  730006 

J.A. Hunter,  R.A. Burns, R.L. Good, and T.E. Harrison 
Resource  Geophysics and Geochemistry Division 

During the las t  few years we have t e s t ed  seabot tom 
seismic refraction arrays  for shallow marine use on 
cont inenta l  shelves. We have established t h a t  such arrays  can 
b e  used for compressional velocity determinations,  for  
conversion from t ravel  t ime  t o  depth scales  on high resolution 
marine reflection records, and for  t he  identification of high 
velocity anomalies which may result  f rom t h e  presence of 
ice-bonded permafrost ,  gas  hydrates, boulder beds o r  
consolidated rock within the  shallow seabot tom sedimentary 
column. 

The main advantage of a bottom laid refraction array 
over a similar surface  towed array is the  removal of t he  thick 
water  layer from the  geometry.  'The problem of "hidden" 
layers  is  largely overcome i.e., thin layers lying immediately 
below t h e  thick water  layer  and having velocit ies only slightly 
higher than water  may not  appear  a s  f i rs t  arrived ref ract ions  
on a surface-towed array. This problem was encountered by 
Hunter e t  al. (1976, p. 65) in the  Beaufort  Sea where t h e  
bottom-laid array was able to  provide missing seabot tom 
velocity data .  

Since some of t h e  shelf a r eas  in northern Canada a r e  
ice-covered for  many months of t he  year, i t  was decided to  
design a r r ays  which could b e  opera ted f rom t h e  i c e  surface,  
using available leads or  by way of small  holes drilled through 
t h e  ice. Two arrays  evolved f rom this project,  a 20-m 12- 
channel a r r ay  fo r  velocity measurements in t h e  f i rs t  f ew 
me t re s  of t he  seabot tom and a 180-m array for deeper 
penetration. 

The  20-meter a r r ay  

This ar ray consists of 12 lnterocean T-1 1 1 hydrophones 
capable  of operating in 1000 m of wa te r  a t t ached  a t  equal  
1.53 m spacings along a 5 c m  diameter  nylon tube  (Fig. I). 
Each hydrophone res ts  on a 3 c m  thick neoprene pad t o  
achieve decoupling f rom refracted waves along the  tube. 
Metal holders capable of accommodating 6 seismocaps each 
a r e  a t t ached  a t  a spacing of 1.52 m from the  hydrophones a t  
e a c h  end. The array is  designed in 2.5 m sect ions  for  ease  of 
t ranspor t  and can b e  quickly assembled at t h e  s i t e  and 
lowered through a 20 c m  hole in t h e  i c e  t o  t h e  seabottom. 
Each seismocap can b e  fired in turn by a shot  box on surface  
to  provide 6 reversed ref ract ion profiles. Recording is 
performed with a Nimbus ES-1200 12 channel seismograph 
which has the  capabili ty of stacking (adding) successive 
records and providing 0.05 millisecond timing accuracy. 
Recording is done in analog form on di rect -wri te  recording 
paper. 

S E A  ICE I I 

I 

Figure 1. 20 m array configuration for sub-seabottom 
refraction measurements in water depths up t o  300 m. 

, , 1 1 1 1 1 1 1  

P L [ ~ C E N + I A  B A Y  ( 3 s f o c k a )  TI M E  l m s e c . )  
W A T E R  D E P T H  2 0 0  m e t r e s  

'* e 
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10 I 2  14 16 18 

Figure 2. Seismic record and first arrival travel time plot 
from the 20 m array for a site in Placentia Bay area, 
Newfoundland. In this example, the array was deployed from 
a stationary vessel. 

The system has  been tes ted  through t h e  ice  in t h e  
Beaufort  Sea and on board ships for station work in the  
Beaufort  Sea, Lancaster  Sound and Placentia Bay a r e a  t o  
wa te r  depths of 300 m. Figure 2 shows a typical ref ract ion 
plot for a s i t e  in the  Placent ia  Bay area .  It was found t h a t  in 
most  a reas  stacking was  not  necessary s ince  high energies  
were  recorded on a l l  12 t r aces  using one seismocap. The 
depth  of penetra t ion of this ar ray depends upon the  velocity 
variation with depth below t h e  seabottom. Figure 3 shows a 
two-layer case  with a bot tom velocity of 1500 m/s. The 
variation in the  maximum depth of penetration t o  the  lower 
layer is plotted against  t h e  lower layer velocity. For a lower 
layer velocity of 4000 m/s  (consolidated rock or ice-bonded 
permafros t )  t he  depth  of penetra t ion may reach 7 m. 

The 180 m e t e r  a r r a y  

This ar ray was  designed for  deep  penetration (up t o  
60 m) for  use through available leads in sea  i ce  or  for  
shipboard s ta t ion work. The array consists of 12 Mark 
Products P-38 hydrophones a t t ached  by "pig-tail" take-outs t o  
a 28 conductor cable  a t  15 m spacings (Fig. 4). The 
hydrophones a r e  capable  of operating up t o  60 m depth of 
water ;  however, good response has  been obtained in 80  m 
wa te r  depth. The seismic source  consists of 0.2 kg geogel 
60% dynamite  detonated a t  measured dis tances  on seabot tom 
off each end of the  array. Recording is performed with a 12 
channel S.I.E. RS-4 analog seismograph using direct-write 
paper records. 

From: Scientific and Technical Notes 
in Current Research, Part C;  -- 
Geol. Surv. Can., Paper 79-1C. 



Figure 3. Maximum depth of penetration of refracted waves 
for a two layer sub-seabottom case with the first layer 
velocity of 1500 m/sec. The depth of penetration increases 
with increasing velocity contrast. 

A r n p l ~ f ~ e r r  8 R e c o r d e r  - 
, 
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Hydrophones On B o l l o m  

R E F R A C T I 0 I . I  I N  R O C K  

Figure 4. Geometry of 180 m 12 channel array deployed on 
seabottom. 
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Figure 5. A composite first arrival . travel time plot for 
forward and reverse seabottom refraction shooting a t  a site 
in the southern Beaufort Sea. The bottom velocity of 
2080 m/s indicates a limited degree of ice-bonding. The 
lower layer velocity. of 4320 m/s a t  depth of 26 m indicates 
ice-saturated coarse grained materials. 

- 80 

D I S T A N C E  ( M E T R E S )  

Figure 6. A single-ended first arrival plot for the 180 m array 
in the eastern Beaufort Sea in 33 m of water indicating ice- 
bonded permafrost a t  a depth of 9 m below seabottom. 

The array has been tested at  18 sites in the Beaufort 
Sea for ice-bonded permafrost determinations using available 
leads in the sea ice. The array is laid out on the ice surface 
alongside the lead and lowered under tension to the 
seabottom. Accurate shot-hydrophone distances cannot be 
established from ice-surface since the ice is often in motion, 
hence, the first arrival water wave must be identified on each 
seismic trace; using an average water velocity, the distance 
may be computed. Successive shots may be detonated a t  
greater distances from each end of the array to obtain deeper 
penetration. Figures 5 and 6 show plots of first arrival 
refractions from sites in the Beaufort Sea where ice-bonded 
permafrost was encountered below seabottom. 

From out testing experience we found that the array 
could be deployed by two men using a small (Be11 206) 
helicopter for transport and the site survey completed within 
1 to 2 hours. Speed of deployment is necessary in rapidly 
moving ice since the array may develop nonlinear geometry 
(resulting in difficult interpretations of water wave events); 
also the leads may close. Velocity-depth structure has been 
obtained to depths up to 60 m below seabottom with this 
array; deeper penetration may be possible using larger shot 
offsets and larger charges of dynamite. 

The use of this array is currently limited to available 
leads in sea-ice and can only be considered for reconnaissance 
surveys rather than site investigations; however, for ice 
covered areas where no leads are available, devices may be 
available in future to enable deployment of the array through 
holes drilled in the ice. Shipboard use requires the array to 
be deployed while the ship is under way and subsequently 
stopping or anchoring during shooting. 

Summary 

Two seabottom-laid refraction arrays have been 
developed and shown adequate for use in ice-covered waters 
capable of providing velocity-depth information to depths of 
7 m and 60 m respectively. Such velocity data can be used in 
the interpretation of high resolution seismic reflection 
surveying and in the identification of sub-seabottom 
materials. 
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A NEW MINERAL OCCURRENCE 
OF UNKNOWN ECONOMIC POTENTIAL 
IN NORTHERN YUKON TERRITORY 

The valley warrants  fur ther  prospecting, because occurrences  
of similar appearance were  observed f rom t h e  a i r  nearby 
(Fig. 2). 

Proiect  610007 The mineral occurrence. herein t e r  med "Salmon 

D.K. Norris Fork" l ies in unglaciated t e r i a in  in t h e  Porcupine 

Insti tute of Sedimentary and Petroleum Geology, Calgary Ranges (Bostock, 1970) in t h e  Porcupine River map- a r e a  11 16 J, K(E/2)1 (Norris, 1979) at Geolonical Survev of 
Canada Locallty C-80678. Its  longitude I: app rox ima~e ly  

In the  course of f ~ e l d  checklng geo log~ca l  maps a t  a 140°37'28" West and i t s  la t i tude  66°31'421' North. The precise 
scale  of 1/250,000 of par t  of northern Yukon T e r r ~ t o r y  durlng posltlon of t h e  l o c a l ~ t y  ( N o r r ~ s ,  1972) can  b e  identifled 
t h e  summer of 1979 t h e  wrlter discovered red-weathering on Natlonal Alr Photo Library v e r t ~ c a l  photograph A 13138-97 
g o e t h ~ t e  (hydrous Iron o x ~ d e )  breccla several f e e t  thlck a t  t he  following Cartesian co -o rd~na tes  measured w ~ t h  
p l a s t e r ~ n g  the  valley bottom a t  t he  headwaters of an  respect  t o  t h e  c e n t r e  of t h e  plcture,  where  t h e  p o s l t ~ v e  
unnamed, westward-flowing t r ibutary  t o  Salmon Fork R ~ v e r .  Y-axls c o l n c ~ d e s  with t rue  north: X=+0.50 cm,  Y=+4.32 cm. 
Because of l imited helicopter fuel, e x a m ~ n a t ~ o n  of t h e  According t o  t h e  Supervising Mlnlng Recorder for t h e  
goethi te  was res t r ic ted  t o  one exposure (Flg. l), which was Depar tment  of Indian and Northern A f f a ~ r s  in Whitehorse, 
subsequently found t o  contaln anomalously high z lnc  values. Yukon Territory,  t h e  occurrence  has  not been s taked 

(B.R. Baxter,  pers. comm., Oct .  1, 1979). The 
neares t  known mineralization is t h e  Rusty 

The Salmon Fork occurrence  is located In 
ormed fau l t  block bounded by 
igh-angle reverse  and/or normal 
n d ~ f f e r e n t l a t e d  Upper Pa leozo~c ,  
uccesslon wlthln t h e  block 1s 

ed  on t h e  northwest by t h e  

Because of very poor exposure (which led 
occurrence  In the  f l rs t  place) 

Figure 1. Aerial vrew to  the northeast of  goethrte breccta plastered t o  the bedrock beneath the salmon ~~~k occur- 
valley bottom at the Salmon Fork nmeral  occurrence, G.S.C. Loc. C-80678. rence was not seen. It is presumed, however, to 
I.S.P.C. Photo No. 1355-1. b e  similar t o  t h a t  exposed on a bare,  rounded 

Figure 2. Aerial view t o  the southeast o f  blood red soil in gully one km 
south of  C.S.C. Loc. C-80678. I.S.P.G. Photo NO. 1355-2. 

hill immediately t o  thk southwest  and some- 
wha t  lower in t h e  s t ra t igraphic  succession. 
There  t h e  outcrop (G.S.C. Loc. C-80688) com- 
prises cher ty ,  variabIy dolomitic, l ight grey, 
f ine  grained l imestone containing sparse  micro- 
fauna and rare,  relief weathered,  undetermined 
brachiopods. According t o  B.L. Mamet,  
University of Montreal (pers, comm., 
Oct.  3, 1979) t h e  microfauna is of 
Pennsylvanian (middle Pennsylvanian or  slightly 
younger) age,  and t h e  l imestone is accordingly 
coeval  with t h e  Et t ra in  Formation. 

The general  lack of good exposures would 
suggest t h a t  t he re  may b e  significant amounts  
of shale  and other  f ine  c l a s t i c  rocks associated 
with these  l imestones and t h a t  t h e  succession is 
a t  or near t h e  western  edge of t h e  
Pennsylvanian carbonate  platform outlined by 
Bamber and Waterhouse (1971, Fig. 13). 

Representa t ive  samples  of t h e  red- 
weathering breccia and wa te r  f rom t h e  creek 
flowing over i t  were  col lec ted for  chemical 
analysis. According t o  A.E. Foscolos (pers. 
comm., Oct.  9, 1979) t h e  mineral composition 
of t h e  breccia  on t h e  basis of X.R.D. is  qua r t z  
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64 per cent,  goethi te  32 per cent ,  and i l l i te 4 per cent. Wet 
chemis t ry  revealed z inc  2100 pprn, nickel 121 pprn, copper 
24 ppm, and hemat i t e  8 7  per cent. Zinc concentration in t h e  
wa te r  is  0.1 ppm. 

The mineralization a t  Salmon Fork appears  t o  be  
derived f rom undifferentiated Carboniferous and Permian 
carbonate  and c las t ic  rocks (Unit C P  of Norris, 1979) and may 
represent leaching f rom primary iron and z inc  ores hosted in 
these  rocks higher on the  valley walls. Should this be  so, t h e  
Salmon Fork occurrence  differs from t h a t  a t  Rusty Springs 
where the  mineralization is reported in Middle Devonian 
l imestones (Rio Alto Exploration Ltd., Annual Report ,  1976). 

As f a r  a s  the  wri ter  is  aware,  t h i s  is  t h e  f i r s t  reported 
occurrence  of base  me ta l  mineralization t h a t  may be  hosted 
a t  this s t ra t igraphic  level in t h e  northern Canadian 
Cordillera. Should t h e  mineralization b e  stratabound, i t  could 
herald renewed and accelera ted  in teres t  in t h e  mineral 
potential  of Yukon Territory and adjacent  Alaska because 
these  rocks a t  or near t h e  edge of the  Upper Paleozoic 
carbonate  shelf a r e  widespread in both the  Porcupine Ranges 
and the  Ogilvie Mountains. 

The writer deeply apprecia tes  the  support  provided by 
E.W. Bamber, B.R. Baxter, A.E. Foscolos and B.L. Mamet in 
the  preparation of this report .  
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AGE DETERMINATIONS ON MARINE AND TERRESTRIAL 
MATERIALS O F  HOLOCENE AGE, SOUTHERN ELLESMERE 
ISLAND, ARCTIC ARCHIPELAGO 

W. Blake, Jr .  
Terrain Sciences Division 

Introduction 

Marine mollusc shells frequently have been used for  
radiocarbon a g e  determinations because they a r e  t h e  most 
abundant type  of mater ia l  available along many of t h e  world's 
coasts. Canada is no exception in this regard,  and the  ear l ies t  
a g e  determinations on shells from t h e  Canadian Arct ic  
Archipelago and adjacent  northwestern Greenland were  
carried out  more  than two decades ago by laboratories a t  
Lamont Geological Observatory, New York (Broecker et 
al., 1956) and by the  U.S. Geological Survey, Washington, 
D.C. (Suess, 1954). At the  same  t ime  t h a t  marine shells were  
being widely used fo r  dating, doubts were  voiced on numerous 
occasions a s  t o  thei r  validity (e.g. s e e  Shotton, 1967). This 
no te  re-emphasizes some of the  results obtained by com- 
para t ive  dating of ter res t r ia l  and marine  mater ia ls  at one 
locality in southern Ellesmere Island and presents new d a t a  
f rom a second locality. 

D a t a  f rom C a p e  Storm 

In an ear l ier  paper radiocarbon a g e  determinations 
carried out on a variety of materials -driftwood, whale 
bones, and marine  pelecypod shells - from an exceptionally 
well developed sequence of raised beaches at Cape  Storm, 
southern Ellesmere Island were  discussed (Blake, 1975a). For 
t h a t  s i t e  an  emergence curve for Holocene t ime  was 
constructed on t h e  basis of 25 a g e  determinat ions  on drift-  
wood logs imbedded in shingle beaches. The wood samples, 
mainly spruce  (P icea  sp.) and larch (Larix sp.), were  collected 
between 1.0 and 71.0 m a.s.1.; the i r  ages  range f rom modern 
(GSC-1378) t o  8300 + 70 years (GSC-845). Numerous age  
determinations were  also carried out  on five whale bones 
excavated f rom t h e  same  ser ies  of beaches; in four  of f ive  
cases  both t h e  collagen and bone apa t i t e  f rac t ions  were  
utilized for dating. The uppermost samples in t h e  series, 
aragonitic Mya t r u n c a t a  shells a t  100.5 t o  101.0 m a.s.1. and 
whale bones a t  118.0 m, gave closely similar ages: 9350 + 80 
years (GSC-1488, ou te r  f rac t ion of shells), 9370 ? 100 years 
(GSC-1488, inner f rac t ion of shells), and 9 3 4 0 i  80  years  
(GSC-1496-3, a previously unpublished age  on whale bone 
collagen). These values, a l l  of which include a correction for 
isotopic fractionation, f i t  well with t h e  lower pa r t  of t h e  
emergence curve  a s  defined by t h e  age  determinations on 
driftwood. Two conclusions resulting f rom t h e  studies a t  
Cape Storm follow: 

1. Numerous cross-check age  determinations between dr i f t -  
wood and whale bones have shown t h a t  in this t ype  of 
a rc t i c  environment,  utilizing t h e  organic (collagen) 
fraction of whale bones for  radiocarbon dating gives 
reliable results, whereas  in most cases  determinat ions  on 
the  bone a p a t i t e  f rac t ion give ages  t h a t  a r e  too young. 

2. Holocene marine  molluscs yield reliable1 4~ a g e  determi-  
nations, even in a reas  where  carbonate  rocks a r e  wide- 
spread, such a s  southern Ellesmere Island and northern 
Bathurst  Island. 

Despite t h e  availability of examples  such a s  those  
summarized above, and other  da ta  presented by Blake 
(1975a), doubt persists with regard t o  t h e  validity of 

radiocarbon age determinations on marine  mollusc shells. In a 
recent  review paper dealing with Arc t i c  coasts,  Andrews 
(1978, p. 383) s t a t ed  correct ly  that :  

"There is a s t range re luctance  on t h e  par t  of many 
t o  recognize t h a t  d a t e s  on marine  shells provide 
useful and reliable radiometr ic  ages. Why this i s  s o  
is difficult  t o  understand, especially for workers in 
a r c t i c  a r e a s  where  probably 90 per c e n t  of our 
Holocene d a t e s  a r e  based on d a t e s  reported f rom 
assays of marine carbonates." 

He then goes on t o  ask (Andrews, 1978, p. 384): 

"There is also t h e  Unanswered question of how does  
a ter res t r ia l  peat  or  wood sample,  da t ed  8000 BP, 
compare  with a d a t e  of 8000 BP  on marine  shells? '~ 

D a t a  f r o m  Swinnerton Peninsula, Makinson Inlet  

A ser ies  of a g e  determinations,  close t o  8000 years  old, 
i s  now available on collections made in 1977 on Swinnerton 
Peninsula, southeas tern  Ellesmere Island (Fig. I). This si te,  
although also in an  a rea  where  t h e  bedrock is dominated by 
Paleozoic carbonates,  d i f fers  f rom C a p e  Storm in t h a t  t h e  
mater ia ls  whose ages  a r e  being compared were  ex t r ac t ed  
from a section of ca lcareous  stony sil t  exposed a t  about 
42 m a.s.1. along a s t r eam,  ra ther  than f rom shingle beaches. 
Because shells of identical  a g e  t o  those  in t h e  river sect ion 
were  collected close t o  82 m a.s.1. on t h e  ground surface  3 km 
t o  t h e  west,  i t  is  c l ea r  t h a t  t h e  sil t  was deposited a t  a depth  
of more  than 40 m. Deta i ls  of t h e  collection s i t e  a r e  shown in 
Figures 2 t o  4, and pertinent d a t a  with regard t o  t h e  age  
determinat ions  a r e  presented in Table I. The dated shells 
(GSC-2701; * 100 years, inner fraction),  comprising 10 in t ac t  
pairs of t he  common a rc t i c  pelecypod, Mya t runca ta  L., were  
a l l  col lec ted in t h e  position in which they lived and in which 
they were  buried by subsequent deposition of sediment.  The 
shells varied between 4.1 and 3.3 c m  in length and 3.4 and 
2.4 c m  in height. The sample  of Salix sp., collected near t h e  
base  of t h e  s a m e  1.7 m-thick unit, appeared t o  represent  
most of a small  Arct ic  willow "tree", including t h e  main 

DEVON ISLAND 

0 I O O K M  - \ 
Figure 1 .  Location map, southeastern Ellesmere Island. 
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Figure 2. View northward at the section exposed along a stream near the southern coast of Swinnerton 
Peninsula. The 1.7 m-thick stony silt unit containing both willow and pelecypod shells is indicated by the black 
arrow. Auaust 1-2. 1977 (GSC 174612). 
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Figure 3. Detail of the massive stony silt unit at the exposure shown in Figure 2. The willow was excavated 
at the base of  this unit (black arrow); the in situ pelecypods were collected higher in the same unit ( the open 
arrow indicates the position of the paired Mya truncata valve shown in Fig. 4). August 1-2, 1977 (GSC 174605). 



On t h e  other hand, a s  Krog and Tauber (1974) 
have pointed out: 

"When a tmospher ic  carbon dioxide is 
absorbed in t h e  oceans  an  isotopic 
fractionation t akes  p lace  and, under 
equilibrium conditions, gives rise t o  an  
enrichment of 4-6% in the  C-14 act iv i ty  
of oceanic b icarbonate  re la t ive  t o  t h a t  
of ter res t r ia l  plant material .  A t  t h e  
present r a t e  of ocean  circulation t h e  
enrichment in C-14 due to  f rac t ionat ion 
and the  depletion in C-14 due to  ocean 
circulation a lmost  cancel.  In t h e  upper 
mixed layers  of t h e  North  Atlantic,  and 
in t h e  adjacent  s e a s  with a pronounced 
marine  influence, t h e  C-14 act iv i ty  of 
ocean bicarbonate,  and of mar ine  shells, 
t he re fo re  broadly equals t h e  C-14 
act iv i ty  of contemporary  organic 
ter res t r ia l  material." 

Thus a ce r t a in  ra t ionale  exists fo r  not 
a t t empt ing  t o  co r rec t  for t h e  "apparent age" 
(or "reservoir ef fect")  of s ea  water ;  Nevertheless, 
in the  case  of t h e  s i t e  on Swinnerton Peninsula, 
even be t t e r  correlation between a g e  and 
s t ra t igraphic  position is achieved when t h e  da te s  
on shell carbonate  a r e  corrected t o  compensate  
for t he  mixing t ime  between a tmospher ic  C o n  and 
t h e  surface  water  of t he  sea.  

Unfortunately,  for  many locali t ies in t h e  
Arct ic  i t  is difficult ,  if not  impossible, t o  obtain 
t h e  necessary control samples,  i.e., molluscs 
col lec ted prior t o  1950. It is likewise difficult  t o  

Figure 4. Detail of paired Mya truncata valves (black arrow) in living find s i tes  containing both wood and shells. Hence 

position with attached siphon sheath (open arrow). The knife handle is 9 ern ~ & , i ~ ~ ; t ~ ~ ; e f ~ ~ 6 , ~ ~ n ~ e ~  g ~ ~ ~ ' ~  sit:; in length. August 1-2, 1977 (GSC-174601). ter res t r ia l  and marine  oriein resul ted  in an  aee of 
approximately 8000 r a d g c a r b o n  years fo; t h e  
mar ine  deposit being investigated. In si tuations 

s tem,  plus several branches (with bark sti l l  a t t ached  in e lsewhere  in t h e  Arct ic  where  mar ine  shells occur  alone, and 
places) and roots. The longest branch was more than 25 c m  where  t h e  assemblage utilized is of in si tu molluscs, t h e  d a t e  
in  length. The age  of this p i ece  of wood is  7920 ? 110 years  obtained also can be  accep ted  a s  giving a reasonably a c c u r a t e  
(GSC-27 12). a g e  fo r  t h e  enclosing s t r a t a .  

Discussion 

When dealing with marine pelecypods, a f ac to r  t h a t  
must b e  considered is t h e  apparent  a g e  of t h e  s e a  wa te r  in 
which these  inver tebra tes  lived, because a cer ta in  amount of 
t ime  is required for  atmospheric C 0 2  t o  mix with the  surface  
water  of t h e  sea. The correction necessary for Ellesmere 
Island has  been discussed by Mangerud and Gullil<sen (1975) 
and by Blake (1 975a,b). Additional a g e  determinations on  
mater ia l  collected alive in Ellesmere Island wa te r s  by 
t h e  Second Norwegian Arct ic  Expedition in t h e  "Fram", 
1898-1902, and the  Danish Godthaab Expedition, 1928, have 
been made in recent  years in t h e  Radiocarbon Dating 
Laboratory,  Geological Survey of Canada; i t  appears now t h a t  
a somewhat smaller correct ion than t h e  350 years used 
ear l ier  might b e  more  appropriate.  For t h e  purposes of this 
paper, however, t h e  amount of t h e  correct ion is not of g r e a t  
importance. If, a s  earlier,  a correct ion of -350 years is 
applied to  the  age  determinations in Table 1,  i t  would have 
t h e  e f f e c t  of making t h e  shells above the  wood 7740 f 100 
years old (GSC-2701, inner fraction), an  a g e  in agreement  
with the  s t ra t igraphic  position of t h e  samples. If a 
correction of -300 years is used, t h e  corresponding value 
for GSC-2701 would be  7790 f 100 years, e tc .  The ages  of 
t h e  o ther  marine samples in this sui te  would have t o  be  
changed by t h e  same  amount. 

Conclusions 

The new a g e  determinat ions  (GSC-2692, -2701, 
and -2712) repor ted  here  f rom Swinnerton Peninsula, 
Ellesmere Island, conf i rm ear l ier  results f rom C a p e  Storm 
which showed t h a t  in si tu mar ine  mollusc shells a r e  reliable 
mater ia ls  for dat ing in t h e  a rc t i c  environment.  An additional 
new a g e  determinat ion on t h e  collagen f rac t ion of a whale 
bone (GSC-1496-3) f rom C a p e  S to rm shows good ag reemen t  
with the  ages  of nearby marine  mollusc shells. 
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ELECTRON MICROPROBE ANALYSIS O F  A SELENIFEROUS 
BISMUTH SULPHOSALT: CORRECTION FOR MATRIX 
EFFECTS 

Project  620308 

G.3. Pringle 
Cen t ra l  Laboratories and Administration Services Division 

Introduction 

Electron microprobe analysis of any mater ia l  involves 
first ly t h e  determination of an  observed X-ray count  ra t io  of 
sample t o  standard for  each e lement  being determined and 
secondly t h e  correction of these  ra t ios  t o  account  fo r  t h e  
e f f ec t  of o ther  e lements  in the  matrix.  In most laboratories 
the  favoured approach t o  evaluating the  matr ix  contribution 
is t o  ca lcula te  correction f ac to r s  based on a deta i led  
mathemat ica l  t r ea tmen t  of X-ray generation. This i s  o f t en  
referred t o  as the  ZAF approach. (Sweatman and Long, 
19691, (Beaman and Isasi, 1970, 1972). The ZAF program 
current ly  in use in this laboratory was developed a t  CANMET 
by combining the  programs EMPADR VII  (Rucklidge and 
Gasparrini, 1969) and MAGIC IV (Colby). This approach t o  
matrix correct ion appears  t o  be  adequate  for  most  purposes, 
however when analyses a r e  t o  be used for the  calculation of 
mineral formulae a particularly high degree of accuracy is 
required. I t  has been recognized for some  t ime  t h a t  t h e  ZAF 
programs currently in use do  a less than adequate  job for  
some minerals with major contents  of t he  heavier e lements .  
Examples include robinsonite (Pb4SbsSl - Jambor  and Plant,  
l975), s t ann i t e  (Cuz(Fe,Zn)SnSs - Kissen and Owens, 1974), 
and junoite (BiBPb3C~2(Se,S)1 - Large and Mumme, 1975). 

A second method of matr ix  correct ion involves t h e  use 
of correction coefficients derived f rom measurements  on 
known standards,  preferably binary alloys. Such a correct ion 
scheme has been outlined by Lachance (1970) Lachance and 
Traill (1966) and Traill and Lachance (1965) and is  he re  used 
t o  co r rec t  an  analysis of junoite from the  Kidd Creek mine. 
The s a m e  correction f ac to r s  have also been applied t o  the  
d a t a  in Large  and Mumme (1975) for  mater ia l  f rom t h e  
Australian location. 

General Relationships 

Following the  Lachance-Trail1 derivation, t h e  e f f e c t  of 
e lement  j on  t h e  measured intensity of e l emen t  i i s  expressed 
a s  

a . .  Wi/Ri-1 
1) = - W .  

J 

where W is  t he  t rue  concentration and R is  t he  concentra t ion 
a s  observed against  t h e  pure metal. In a sample  with n 
e lements  the  observed concentration of e l emen t  i is  then 
converted t o  a corrected concentration by - 

If e a c h  alpha coeff ic ient  in th is  equation has  been 
independently evaluated, then a corrected analyses may b e  
arrived a t  by solving n linear equations of this form.  

A ZAF correct ion program may be  used t o  gene ra t e  
calculated values of alpha, based on fundamental parameters .  
The matrix correction provided by these calculated alphas 
will dupl ica te  t h e  correct ion provided by t h e  ZAF program. 
F i g .  1 )  Experimentally determined alpha coeff ic ients  a r e  
best  evaluated bv measurement  of binarv s tandards  versus 
pure meta l  s tandards  and using equation (I) .  Commonly, 
suitable binary s tandards  a r e  not  available and more  complex 

standards must be used. If for  example,  a ternary  standard is 
being used then  one coeff ic ient  must  b e .  available f rom a 
previous source. In th is  c a s e  equation (2) becomes 

If aik is already known then a i '  may be derived f rom the  
measurement  of Ri  and t h e  solution of (3). 

I t  is  also possible t o  eva lua te  alpha coeff ic ients  by 
extrapolating between already determined coefficients.  If 
alpha is  plotted versus a t o m i c  number i t  can  be  shown t h a t  
t h e  variation is  regular over  shor t  distances.  

In binary' materials,  alpha varies with t h e  re la t ive  
concentra t ions  of e l emen t s  i and j (Fig. 2). The magnitude of 
the  correct ion is variable (Fig. I )  and o f t en  cannot  be 
measured experimentally s ince  suitable sui tes  of standards 
a r e  not  always available. For t h e  purposes of th is  study the ,  
slope of a,. fo r  changing re la t ive  concentra t ions  of i and j in 
a binary,lJ7is presumed t o  be t h e  s a m e  a s  the  slope in 
ca lcula ted  values. In ternary  and more  complex materials 
th is  e f f e c t  on t h e  value of alpha is bes t  evaluated by 
extrapolating t o  the  concentra t ion level of t h e  e l emen t  
measured (Lachance, 1979). For example,  in Figure 2 ascu 
= 0.74, is  a measured value on a binary s tandard with 66% 
copper. For a ternary  mater ia l  with 10  w t  % sulphur t h e  
applicable value of aSCu becomes 0.74-0.04=0.68, t h a t  is, t h e  
value a t  t h e  90% level of e l emen t s  o the r  than sulphur in t h e  
ternary.  In this way t h e  experimentally determined alpha 
coeff ic ients  in this study have been adjusted for 
concentra t ion dependencies using slopes generated by a ZAF 
program. 

The physical properties of some  e l emen t s  preclude their  
use in t h e  exper imenta l  evaluation of alpha in equation (1). In 
this case  compound s tandards  must be substi tuted and t h e  
e f f e c t  of t h e  additional e l emen t s  in the  s tandards  must be 
accounted for. Equation (1) may be r ecas t  a s  

~f for a binary s t  ndard is known, then evaluation of (4 )  
1 J will give a value Ri   which i s  t h e  observed concentra t ion of 

i in t h e  binary s tandard expressed a s  a f rac t ion of t h e  pure  
metal .  If ISamP and 1std a r e  t h e  observed count  r a t e s  in an  
analyses of a sample  agains t  t h e  binary s tandard then - 

Isamp Ristd R .  s amp  
I - I ~ t d  

where  R ~ ~ ~ ~ P  is t he  appropriate value t o  en te r  in 
equation (2). 

Experimental Procedure  

A MAC ins t rument  was  used with opera t ing conditions 
a s  follows: 35' take-off angle, 25 KV,0.03 microamperes 
sample  cu r ren t  on chalcopyrite,  La lines for lead and 
bismuth, Ka lines for  t h e  remaining e l emen t s  and LiF 
crys ta ls  for  a l l  de terminat ions  e x c e  t SKcL on PET. Pure  
me ta l  standards were  used excep t  for  sulphur and lead which 
were  determined against  pyr i te  (FeS2) and galena (PbS). 

I t  has been shown in t h e  previous sect ion t h a t  in order  
t o  successfully use pyr i te  a s  a sulphur s tandard i t  is  necessary 

IFeS 
t o  establish a reliable value for  aSFe. The r a t io  - - 

IFeSz 
- 1.56 

was  experimentally measured on pyr i te  (FeS2) versus a 
synthet ic  t ro i l i te  standard(FeS). The ZAF program predicts a 

From: Scientific and Technical Notes 
in Current Research, Part C ;  - 
Geol. Surv. Can., Paper 79-1C. 



P 
S 

C
1 

A?
 

K 
Ca

 
SC

 
TI

 
V 

Cr
 

Pm
 

Fe
 

Lo
 

N
i 

Cu
 

Zn
 

Ga
 

Ge
 

As
 

Se
 

Br
 

1.
60
 

1
.4

0
 

1.
20
 

1
 .o

o 

.8
0

 

.6
0 

- %
 .
40
 

.2
0 

.o
o

 

-.
2

0
 

-.
6

0
 

-.
a
0
 15

 
1

6
 

1
7

 
1

8
 

19
 

20
 

21
 

22
 

23
 

26
 

25
 

26
 

27
 

2
8
 

29
 

3
0

 
31

 
32

 
33
 

1b
 

35
 

A
T

. 
N

O
. 

G
S

C
 

= 
ca

lc
ul

at
ed

 
o 

=
 e

xp
er

im
en

ta
l 

F
ig

ur
e 

1.
 

E
ff

ec
t o

f 
Bi

 o
n 

el
em

en
t 

X
. 

w
t
.
 %
C
u
 

G
S

C
 

= 
ca

lc
ul

at
ed

 
o 

= 
ex

pe
ri

m
en

ta
l 

F
ig

ur
e 
2.
 

C
al

cu
la

te
d 

an
d 

ex
pe

ri
m

en
ta

l 
al

ph
a 

fa
ct

or
s 

w
it

h 
va

ry
in

g 
co

nc
en

tr
at

io
n 

in
 t

he
 C

u-
S 

bi
na

ry
 s

ys
te

m
. 

.m
 

A
t.

 
N

O
. 

G
S

C
 

=
 c

al
cu

la
te

d 
o 

= 
ex

pe
ri

m
en

ta
l 

F
ig

ur
e 

4.
 

E
ff

ec
t o

f 
P

b
 o

n 
el

em
en

t 
X

. 

"
"
"
"
"
"
"
"
 

15
 

16
 

1
7
 

1
8

 
19

 
20

 
21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

1
0

 
31

 
32

 
33

 
34

 
35

 
A

t.
 

!.a
. 

G
S

C
 

= 
ca

lc
ul

at
ed

 
o 

=
 e

xp
er

im
en

ta
l 

F
ig

ur
e 

3.
 

E
ff

ec
t o

f 
el

em
en

t 
X 

on
 B

i.
 



value of 1.55 fo r  t h e  s a m e  ra t io ,  t he re fo re  i t  i s  assumed t h a t  with ca lcula ted  values and a lso  values finally chosen t o  
ca lcula ted  values of ~ C F ~  a r e  reliable. Where galena  has c o r r e c t  t h e  analyses of junoite. 
been used a s  a s tandaG an assumed value of a p b s  -has  been 
used. This value was deduced f rom measurements  on a Bi2S3 
standard.  

Evaluation of  Alpha 

The correc t ion  for  matr ix  e f f e c t s  in a n  analysis of 
junoite (approx. BiePbsCu2(Se,S)1 6)  reql~il-es t h e  solution of 
f ive  l inear equations in t h e  form of equation 2 and t h e  
evaluation of twenty  individual coefficients.  Table I gives 
t h e  experimentally de termined alpha coeff ic ients  compared 

The  ca lcula ted  values  f o r  f ac to r s  involving lead and 
bismuth do not  show any significant d i f ferences  (Fig. 1, 4, 
Table I), t he re fo re  i t  c an  be  assumed t h a t  exper imenta l ly  
de termined f ac to r s  for  bismuth may be  subs t i tu ted  fo r  lead 
f ac to r s .  The  values fo r  a p b s  and were  derived in th is  
way f rom t h e  exper imenta l  values of a g i S  and agiSe (Table I). 

In Figures I ,  4 and 6 t h e  d iscrepancies  be tween 
exper imenta l  and ca lcula ted  values a r e  within analyt ica l  
precision. The ca lcula ted  values of  a s e ~ i  asBi, asePb and 
a ~ p b  have  been taken a s  t h e  most approprl'ate. 

Table 1 

i j Standard 

Cu Theor Bi5 O C U S O  

Pb 

S 

S e  

Cu T h e o r P b ~ o C u s o  

Bi 

S Extrap. Fig. 5 

Cu  CuSe2 

S Cu c u s  

S Pb PbS 

CU S CUS,CUI .eS 

Cu Se  CuSe 

Cu Pb  Theor P b 5 0 C ~ 5 0  

* values derived f rom ZAF program 
** der ived f rom aBiS and aBiSe 

a . .  
11 s tandards  

a.. 
I J  junoite 



Table  2 

Junoi te ,  Kidd Creek  Mine, Take-off a n g l e  = 35' 

Table 3 

Junoite,  Juno Mine, Take-off angle = 75O 

ZAF program 

Tota l  wt. % 
Correct ion  Cor rec t ed  

1.121 54.1 

1.122 19.6 

.899 3.7 

1.000 .4 

1.000 0.0 

.937 14.9 

1.212 - 9.9 

102.6 

Ri 

Bi ,4827 

Pb.1747 

Cu .0421 

As ,0037 

F e  .0000 

Se .I590 

S .0817 

A t .  No. GSC 

= calculated o = experimental 

Basis I6  (Se,S) 

Bi 7.99 Bi 8.33 

Pb 2.89 Pb 3.04 

Cu  1.96 Cu 1.87 

Ag -12 Ag .12 

Se  5.94 S e  6.07 

S 10.06 S 9.93 

From equation 2 

Tota l  Alpha wt.  % 
Correct ion  Cor rec t ed  

1.083 52.3 

1.076 18.8 

.916 3.9 

1.000 .4 

1.000 0.0 

.925 14.7 

1.236 - 10.1 

100.2 

Figure 5. Effec t  of  S on element X .  

ZAF program 

Tota l  wt.  % 
Correct ion  Cor rec t ed  

1.134 56.5 

1.138 20.3 

.868 4.2 

1.000 . I  

1.000 . I  

.940 7.8 

1.021 - 13.5 

102.5 

Ri 

Bi .4985 

Pb.1785 

Cu  .0484 

Ag .0010 

F e  ,0010 

S e  .0830 

, S  ,1322 

A t .  NO. GSC 

= calculated o = experimental 

Figure 6. Effect of element X on S. 

Basis I6 (Se,S) 

Bi 8.09 Bi 8.32 

Pb 2.88 Pb 3.02 

Cu 1.99 Cu 2.03 

Ag .03 Ag .03 

F e  .06 F e  .06 

S e  2.98 S e  3.04 

S 13.02 S 12.96 

From equation 2 

Tota l  Alpha wt .  % 
Correct ion  Cor rec t ed  

1.097 54.7 

1.083 19.3 

.846 4.1 

1 .000 . I  

1.000 . I  

.920 7.6 

1.023 - 3.5 

99.4 



Figure 5 evaluates  t h e  e f f e c t s  axs fo r  e l emen t s  t ~ t a -  
nium through selenium. Note t h a t  fo r  t h e  exper imenta l  resul ts  
t h e  dependency of alpha on t h e  ra t io  i/j has  not been 
considered since here t he  e f f e c t  is small. In some cases  in 
Figure 5, t he  exper imenta l  results  a r e  t he  averages  of 
de terminat ions  on several  binary standards,  for  example  the  
result  for  acus is t h e  average  of t he  determinat ions  shown 
separa te ly  in Figure 2. Figure 5 has been used t o  obtain t he  
ext rapola ted  value of ases used in Table I. . 

Experimental  values of  ascu, acys aSeCu and aCuSe 
were  chosen over ca lcula ted  values slnck these  were  aer lvea  
f rom wha t  a r e  considered t o  b e  particularly reliable 
standards.  Standards were  not  available t o  evaluate  a g i p b  
and a p b ~ i .  

In summary t h e  principal discrepancies be tween 
exper imenta l  and ca lcula ted  values a r e  in t h e  e f f e c t  on lead 
and bismuth by selenium and sulphur. There is also a minor 
but definite discrepancy in t h e  e f f e c t  of sulphur on selenium 
and copper.  

Junoi te  Analyses 

The f ac to r s  prepared for  Table 1 have been applied t o  
analyses  of junoite f rom t h e  Kidd Creek  mine, Timmins, Ont.  
and t h e  average  analyses of junoite f rom Juno mine, Northern 
Terri tory,  Australia (Large and Mumme, 1975). The analysis 
of t h e  Australian mater ia l  was  completed  on an  ins t rument  
with a take-off angle of 75" which is  significantly d i f ferent  
than t h e  MAC ins t rument  used in this study. The ZAF 
program was  used t o  reconst ruct  hypothetical  observed 
intensit ies (Ri, equation 2) based on t h e  applicable angle  for  
t h e  Australian analysis. Here  t h e  assumption is t h a t  
exper imenta l  f ac to r s  will vary with take-off angle by t h e  
s ame  proportion a s  t h e  variation in ca lcula ted  values. 

I t  can be  seen in Table 2 and 3 t h a t  t h e  exper imenta l  
correc t ion  f ac to r s  have grea t ly  improved t h e  analyses a s  
compared t o  t h e  s to ichiometr ic  formula.  
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In the i r  paper Fahrig e t  al .  (1978), indica ted  t h a t  t he  
deposit ional a g e  of t h e  Athabasca Formation is about 1550 
Ma and t h a t  reversals of polarity of t he  ea r th ' s  field during 
deposit ion of t h e  Athabasca  Format ion promise t o  be  of value 
in t h e  chronostratigraphic corre la t ion  of redbed uni ts  within 
t h e  formation.  An examinat ion  of the i r  d a t a  and assumptions 
strongly suggests t h a t  the i r  conclusions a r e  no t  warranted  by 
t h e  evidence  presented.  

The  Data  

Of t h e  31 samples  used by Fahrig et al. (19781, 28 a r e  
repor ted  t o  be  of Athabasca  Formation.  Examination of t h e  
original  dri l l  logs and of t h e  co re s  (in t h e  Depa r tmen t  of 
Mineral Resources Subsurface Geological Lab a t  Regina) 
shows t h a t  of these 28 specimens,  4 (all samples  f rom HL 1, 
HL 2 and HL 3) a r e  f rom t h e  basement.  If the i r  specimens 
f rom these  holes a r e  actually sandstone,  then t h e  footages  
given in the i r  repor t  a r e  in error.  

Fahr ig  et al. (1978) repor ted  a Rb/Sr isochron a g e  on 
"deeply weathered material". An examination of t h e  c o r e  a t  
t h e  footages  f rom which the i r  samples  were  t aken  shows t h a t  
these  range f rom deeply a l tered  mater ia l  t o  virtually fresh 
rock. In all  but one  sample  (RL 4878) t h e  original s t ruc tu re  
of t h e  rock was  clearly visible and in t h ree  t h e  b io t i tes  were  
virtually unaltered.  Of t h e  six samples  only R L  4878 did not  
fa l l  on  t h e  isochron and was  disregarded (Wanless, 
pers. comm.); th is  i s  by f a r  t h e  most  a l t e r ed  sample,  and 
precisely t h e  one  t h a t  could be  most expec ted  t o  g ive  t h e  a g e  
of weathering.  Unlike t h e  o ther  samples,  which a r e  maf i c  
gneisses, RL  4878 is pa r t  of a grani t ic  a n a t e c t i c  mel t .  

Analysis of t h e  D a t a  by Fahr ig  et al. 

The  29 stably magnetized samples  used by 
Fahrig et a]. (1978) include 3 and possibly a s  many a s  7 
hemat ized "regolith" samples  f rom below Athabasca  
Formation.  They used "regolith" samples  t o  der ive  an  a g e  of 
sedimenta t ion  and thus presumed these  t o  have  formed a t  
abou t  t h e  s a m e  t i m e  a s  t h e  sediments  were  deposited. Ye t  
Fahrig et al. (1978) a l so  insisted t h a t  t h e  Rb/Sr d a t e  derived 
f r o m  "regolith" was  t h e  a g e  of t h e  weathering- about  8 0  Ma-  
older than the i r  a g e  of deposition. If such a l a rge  gap  c a n  
exis t  be tween t h e  age  of weathering and t h e  a g e  of 
deposit ion,  then clearly t h e  regolith samples  should not be 
used in determining t h e  deposit ional age. As a l l  but one  of 
t h e  regoli th samples  give a c lus ter  of s t eep  paleomagnet ic  
inclinations, using t h e m  biases t h e  results. 

Even if all 29 samples  a r e  accep ted  uncrit ically a I<S 
t e s t  will show t h a t  t h e  null hypothesis ( t h a t  the i r  
pa leomagnet ic  inclinations a r e  randomly dis t r ibuted)  canno t  
be  re jec ted  a t  t h e  usual conf idence  level (a = .05). Without 
t h e  regoli th samples t h e  inclinations do not  even come  near  
t o  forming anything but  a random distribution. 

Fahr ig  et al. (1978) divided the i r  s tably  magnet ized  
samples  in to  two  groups, but  not at t h e  point where  t h e  
g r e a t e s t  break falls  be tween sample  inclinations (between 66' 
and 79'). They then disregarded samples  with inclinations 
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shallower than 33" without  s ta t ing  reasons, call ing these  
llpuzzling". The very f a c t  t h a t  they spl i t  t he i r  samples  in to  
groups is  a t a c i t  admission t h a t  t h e  magnet ic  inclinations c a n  
b e  reset .  If so, the i r  cho ice  of groups and group boundaries 
must be  specified. They do not do so. These decisions have 
biased their  remaining samples  (Group I )  towards  s t eepe r  
inclinations, and if the i r  undefended assumption t h a t  t h e  
magnet ic  inclinations of t h e  samples  were  fixed a t  about  t h e  
t i m e  of deposition is  granted ,  t hen  they have biased the i r  
sample  towards  a n  older age.  

Some samples  with reversed and nonreversed 
magnetizations l ie very c lose  together  and a r e  irregularly 
distr ibuted.  I t  is noteworthy t h a t  in a similar case ,  with 
much more da t a ,  Briden and Ward (1966, p. 1431, whose 
s ta t i s t ica l  methods  t h e  au tho r s  c la im t o  follow, re jec ted  an  
explanation in t e r m s  of reversa ls  in favour  of t h e  supposition 
t h a t  some  co res  were  marked t h e  wrong way up. Briden and 
Wards' caut ions  about  c o r e  or ienta t ion  apply fully t o  co re s  
f rom the  friable Athabasca  Formation,  where  t he  way up can  
b e  determined only occasionally f rom cored sec t ions  showing 
sedimentary  s t ruc tures .  

The  Cen t r a l  Issue: H e m a t i t e  Diagenesis 

To  claim, a s  Fahr ig  et al. (1978) do, t h a t  t h e  
paleomagnetic age  is t h e  s a m e  a s  t h a t  of deposit ion implies 
t h a t  t he  magnetized minerals were  emplaced a t  t ime  of 
deposition or shortly t h e r e a f t e r  in early diagenesis and have 
no t  been a l t e r ed  since. However, a shor t  review of papers on 
redbed paleornagnetism emphat ica l ly  sugges ts  t h e  contrary ,  
and indica tes  t h a t  h e m a t i t e  is  o f t en  extensively reworked 
throughout t h e  postdeposit ional history of redbed units a t  low 
t empera tu re s  (e.g. Opdyke, 1964; Piper,  1975; Johnson, 1976 
among many others). Of par t icular  i n t e r e s t  a r e  papers by 
Larson and Walker (1975); Walker and Larson (1976); and 
Larson e t  a1.(1976) because  they show t h a t  t h e  results  
obta ined by previous au tho r s  were  no t  reliable due  t o  
postdeposit ional movement  of t h e  magnet ic  minerals. 

Such is t h e  c a s e  with t h e  A thabasca  Formation.  
Examination of hand specimens  and thin sec t ions  makes i t  
ev ident  t h a t  t h e  d iagenet ic  history of t h e  Athabasca  
Format ion is long and complex. Many hand specimen and thin 
sec t ions  throughout t h e  basin show specular i te  filling 
in t e r s t i ce s  and covering prominent q u a r t z  overgrowths.  Thin 
sec t ions  t aken  at t h e  foo tages  f rom which t h e  paleomagnet ic  
samples  were  t aken  show this complexity clearly. For  
example ,  sec t ions  a t  CSP 2-1 385', 'CSP 2-1 2316', and 
CSP 8-1 840', indica te  t h a t  much of t h e  hema t i t e  here  was  
prec ip i ta ted  before  t h e  q u a r t z  overgrowths.  The samples  
used by Fahr ig  et al. (1978) f r o m  two of t hese  foo tages  have 
shallow magnet ic  inclinations; t h e  o the r  is very steep.  A 
sec t ion  at CSP  8-1 1093.5', a f e w  inches  f rom one  of the i r  
s amples  wi th  a n  in t e rmed ia t e  magnet ic  inclination, shows 
t h a t  much of t h e  hema t i t e  is still conta ined in much a l t e r ed  
de t r i t a l  grains, and some  is prec ip i ta ted  a f t e r  t h e  init ial  
q u a r t z  overgrowths occurred.  Recen t  l i t e r a tu re  suggests t h a t  
apparent ly  init ial  q u a r t z  overgrowths themselves  a r e  of 
various ages. Pagel's (1975) fluid inclusion work indica tes  a 
t e m p e r a t u r e  and pressure gradient decreas ing up t h e  Rumpel  
Lake  c o r e  (Fahrig et a1.k R L  core), -i.e. t h e  apparently init ial  
q u a r t z  overgrowth now present  t h a t  Pagel used w e r e  formed 
a t  more  or less t h e  s a m e  t ime  throughout t h e  sec t ion  and 
a f t e r  t h e  Athabasca  Format ion was  buried. Pitchblende and 
q u a r t z  overgrowths a l t e r n a t e  in t h e  Key Lake deposit  
(Dahlkamp, 1978) and  t h e  a g e  of t h e  pitchblende he re  is much 
younger t han  t h e  a g e  of t h e  Athabasca  Format ion 
(Wendt et a]., 1978). Postdeposit ional a l t e r a t ion  of t h e  
sandstone  including h e m a t i t e  precipitation,  is  also recorded 



by Rarnaekers (1976, 1977), Harper (19781, Hoeve and Sibbald 
(1978) among others,  and i t  is likely t h a t  t he  basement just 
below t h e  sandstone was a l tered at this t ime  a s  well 
(Ramaekers  and Dunn, 19771, i.e. a f t e r  deposition of t h e  
sandstone. I t  may be  noted t h a t  t h e  likelihood of a l tera t ion 
in t h e  'cores  used by Fahrig et al. (1978) was g rea t ,  because 
these  cores  were  drilled by mining companies to  find 
mineralization, not t o  in tersect  unaltered sandstone. Cores  
CSP 2-1, CSP 5-1, CSP 8-1, CSP 10-1 were  drilled on 
prominent magnetic anomalies thought a t  t h e  t ime  t o  
represent  dykes (as  can  b e  seen in t h e  Saskatchewan 
Assessment Files) and s ince  proven t o  b e  s o  (Ramaekers,  
1978). At the  t ime  of dyke intrusion these  a r e a s  were  in 
geothermal  zones and hydrothermal a l tera t ion must have 
been intense. These dykes a r e  much younger than the  age  of 
sandstone deposition (Burwash e t  al., 1963; Armstrong and 
Rarnaekers,  in preparation). Cores  RL and DEJ in t e r sec t  t he  
larges t  faul t  and f r ac tu re  zone in t h e  Athabasca Basin: The 
Black Lake-Virgin River shear  zone, a major Aphebian or  
Hudsonian s t ructure  rejuvenated in post-Athabasca t imes  
(Fahrig, 1961; Ramaekers,  1976, 1977, 1978). 

Correlation of Redbed "Units" 

The f i r s t  prerequisite f o r  correlating redbed units is  t h e  
exis tence  of such units. There  a r e  mappable a r e a s  of leached 
rock and of intensely hemat ized rock in t h e  Athabasca 
Formation, but many of these  follow faul t  zones and c u t  
across  stratigraphic boundaries, unconformities, or follow t h e  
basement  contact .  They represent  aquifers,  not isochronous 
s t ra t igraphic  units. A fluviatile, eolian, lacust r ine  and/or 
mar ine  complex such a s  t h e  Athabasca Formation conta ins  
many unconformities. Particularly t h e  fluviati le s ec to r s  will 
have a very incomplete and e r r a t i c  sedimentary record with 
gaps of unknown duration separating zones with very rapid 
deposition. Such gaps represent an  unknown number of 
periods with a reversed magnetic field. In such an 
environment magnetostratigraphy will b e  recognizable only 
a f t e r  a detailed map of a l l  unconformities and temporal  
relationships is available, i.e. a f t e r  t h e  s t ra t igraphy of t h e  
basin is known in detail. Under these  c i rcumstances  we 
cannot  expect  magnetostratigraphy t o  contr ibute  anything t o  
redbed correlation. 

Paleomagnetic dating d a t e s  t h e  las t  t ime  of 
mobilization of t h e  magnet ic  minerals, in this c a s e  largely 
hemat i te .  Whether o r  not  this is  t h e  same  a s  t h e  a g e  of 
deposition is a point t o  be  proven, not  assumed a s  
Fahrig e t  al. (1978) have done. In view of what is known 
about  the  Athabasca Formation and the  behavior of iron in 
redbeds their  da t a  a r e  open t o  o ther  interpretations.  The 
da ta  strongly suggest t h a t  t he  minerals have migrated at 
various t imes  a f t e r  deposition. Thus, t h e  magnet ic  
inclination of their  samples may be  derived f rom hemat i t e  
precipitation a t  a t ime  specified by 9 in tersect ion of t h e  
polar wandering t rack and the  samples '  ca lcula ted  
paleolati tude, a s  long a s  this age  is t he  same  or younger than 
t h e  age  of deposition of t h e  Athabasca Formation. 

If i t  can be  shown t h a t  t he  distribution of magnet ic  
inclinations in t h e  d a t a  presented by Fahrig et al. (1978) 
ref lec ts  two discre te  even t s  ra ther  than many (a hazardous 
thesis in view of t h e  paucity t h e  sca t t e r  of t he  d a t a  points 
throughout the  basin), then each of these  c lus ters  gives rise 
t o  a series of possible ages  for t he  iron mineralization. If we 
accep t  their  grouping of the  da ta  (which I would not) then two  
possibilities present themselves. The shallow inclinations 
(Group 2 of Fahrig et al., unexplained but dismissed by them) 
which have at least  some  of t h e  hematization antedat ing 
qua r t z  overgrowths, may be  due t o  early diagenetic iron 
mineralization and be close to  the  age  of deposition. A 
glance a t  their  Figure 1.5 shows t h a t  this would ag ree  very 
well with Ramaekers  and Dunn's (1977) a g e  of 1350 Ma, or  

with iron mobilization a t  about  1250 Ma, 1000 Ma or  younger 
dates .  Similarily t h e  s teeper  inclinations could b e  due t o  iron 
remobilization at 1200 Ma, 1050 Ma, o r  la ter .  These a r e  
precisely t h e  ages  of intrusion of t h e  dykes, near  which most 
of t h e  samples used by Fahrig et al. (1978) were  obtained. 
Fla t ter ing though this in terpre ta t ion may be  t o  our published 
da te ,  in view of the  widespread evidence of iron and quar tz  
mobility in the  Athabasca Formation, I doubt t h a t  t he  original 
depositional age  is recorded anywhere  by t h e  iron 
mineralization. Recording paleolongitudes f rom outcrop 
samples  o f fe r s  l i t t le  hope of se t t l ing  th is  problem because  of 
t h e  particular or ienta t ion of t h e  polar wandering t rack in 
Helikian t i m e  re la t ive  t o  the  Athabasca Basin. A small  
change in longitude he re  corresponds t o  a large  change in age. 
However, i t  should serve  t o  distinguish Hadrynian or  
Phanerozoic mobilizations of t h e  iron minerals. 

1 suggest t h a t  t h e  Rb/Sr d a t e  on t h e  "regolith" obtained 
by Wanless (1969) i s  t h e  a g e  of a l a t e  metamorphic  even t  of 
t h e  basement  gneisses, particularly a s  t h e  visibly most 
a l t e red  sample,  which certainly should have recorded the  
weathering, is  the  only sample t h a t  does  not fa l l  on the  
isochron. The Rb/Sr isochron method is remarkably capable  
of dat ing even t s  of t h e  source  rock. For  example ,  fluvial 
de t r i t a l  c lays  within t h e  Athabasca Format ion give a Kenoran 
Rb/Sr isochron age  t h a t  is compat ib le  with radiqmetr ic  ages  
of rocks in t h e  source  a r e a  (Armstrong and Ramaekers ,  in 
preparation). An age  of 1633 Ma f i t s  in well with o ther  
basement  ages  f rom below the  Athabasca Formation, e.g. Key 
Lake, 1700 Ma (Wendt e t  al., 19781, and l a t e  even t s  in major 
shear  zones  (1575 Ma, Needle Falls shear  zone, Wanless, 1969) 
such a s  t h e  Black Lake-Virgin River shear  zone  which passes 
through t h e  Rumpel Lake area.  

The da ta  presented by Fahrig et al. (1978) a r e  most 
interesting and fur ther  work on the  paleomagnetism of the  
Athabasca Formation may serve  t o  unravel t he  diagenetic 
history and paleohydrology of t h e  Athabasca Basin. In view 
of t h e  long continued movements  of uranium through t h e  
format ion such work has  important  economic implications and 
should cer ta in ly  be  continued and expanded. However, two 
things t h a t  such work will not do is (1) give an  age  of 
sedimentation of the  sandstone or  (2) enable  correlation of 
the  redbed "units". 
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The H L  samples referred to by P. Ramaekers are a l l  
from the Athabasca Formation. The sampling and logging of 
these cores was the responsibility of the senior author, who 
was assisted by Paul E. Potter (University of Cincinatti) and 
A. Kohut. Access to the collection was provided through the 
courtesy of the Saskatchewan resident geologist a t  Lac La 
Ronge. Footages were those given on the core boxes, 
augmented by figures given on chips of wood which has been 
placed a t  various intervals in  the core boxes. I f  the footages 
no longer indicate the presence of Athabasca a t  these depths, 
the most likely probability is that the relationship of cores to  
boxes was disturbed during transfer of this material from Lac 
La  Ronge to Regina. 

The specimens used i n  the Rb/Sr work were al l  intensely 
weathered. For example, they are extremely low in calcium, 
and correspondingly high in alumina. Inasmuch as the Rb/Sr 
system in gneissic rocks is very sensitive to weathering, i t  
seems likely that the isochron reflects homogenization at 
some t ime af ter  the formation of the gneisses. It would be 
interesting to attempt an isochron on material from well 
below the zone of weathering, i f  such material is available. 
In any case, the problem in  interpreting this isochron was 
suitably alluded to  with the remark . . . . "if this does indeed 
date the pre-Athabasca weathering". Reference is also made 
to the large gap, 80 Ma, between the apparent age of 
basement weathering, as suggested by Rb/Sr age 
determination, and the age of sedimentation, as suggested by 
paleomagnetic work on Athabasca redbeds. This gap is 
covered by the errors inherent in  the Rb/Sr and 
paleomagnetic methods. From the data available one really 
can't a t  this stage speculate too intelligently regarding the 
exact size of gap between weathering and sedimentation. 

The possibility that the samples showing reversed 
magnetization were the result of core orientation, creates a 
problem in  dealing with company dr i l l  cores because drillers 
often put cores the wrong way round in  core boxes. In  the 
present case, however, a l l  the sedimentary structures that 
indicated tops showed that this had not happened. For 
example, small load casts in silty layers indicated no such 
error. Furthermore, as emphasized in the note, the 
magnetization direction of most of the 'reversed' samples 
changed during step cleaning from a shallow 'up' direction, or 
even a 'down' direction, to a moderately steep 'up' direction. 
I f  those samples with end point 'up' directions were placed 
wrong way round in  the boxes, the step thermal cleaning 
would indicate an upward-directed viscous component rather 
than one related to  the present earth's field direction. 
Furthermore, the possibility that they had acquired a 
component during laboratory storage was discounted because 
they were stored on their sides and the viscous component in  
some cases required rather high temperatures to  eliminate. 
The laboratory experiments, therefore, seem to  provide 
strong evidence for the presence of reversals during the 
magnetization of the Athabasca Formation. 

The time of formation of the ferr ic oxides, as in most 
redbeds, constitutes a problem. It has been demonstrated in 
some Phanerozoic sequences that the ferric oxide 
pigmentation developed during diagenesis and the rocks were 
progressively reddened during time. In  this case the 
paleomagnetism could be younger than sedimentation. L i t t l e  
is known, however, about this possibility i n  Proterozoic 
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sequences. Certainly in some cases,  for  example  f rom t h e  
study of interbedded basic volcanics, we know t h a t  diagenetic The possibility suggested by t h e  reviewer t h a t  t h e  iron 

f e r r i c  oxide precipitation and magnetization were  not much might have been remobilized by t h e  intrusion of nearby dykes 

younger than sedimentation. In this regard,  i t  is important  t o  seems remote.  Firstly,  i t  is unlikely t h a t  t he  drillholes a r e  

remember  the  scale of t ime involved. In considering rocks of close enough to  t h e  dykes t o  have been influenced by them. 

age, diagenesis, a few million years or even a few Secondly, these northwest trending dykes a r e  Mackenzie, and 

tens  of millions of years  a f t e r  sedimentation, is of f a r  less although the  products of Mackenzie igneous even t s  

significance than i t  would be in rocks only a f ew hundred (Mackenzie dykes, Sudbury dykes, Eas t  Arm sills, Coppermine 

million years  in age. Furthermore,  t he re  is  no evidence f rom volcanics, Muskox intrusion) a r e  among t h e  most thoroughly 

t h e  demagnetization experiments of more  than one sampled of any Precambrian suite,  they have yielded no 

cornDonent - i.e. t he re  is  no evidence of more  than one staae evidence Of polarity 
" 

of fer r ic  oxide precipitation whose ages  might be These preliminary results do suggest t h e  possibility of 
significantly different.  using reversals for chronostratigraphic correlation of 

hematite-rich zones in the  Athabasca. It is  t he re fo re  
important  t h a t  e f fo r t s  b e  made t o  obtain mater ia l  suitable 
for  paleomagnetic study a s  drilling advances  in to  this g r e a t  
sedimentary basin. 
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Introduction 

The Geological Survey is  t o  b e  highly commended fo r  
se t t ing  up Operation Bow-Athabasca (1965-1969) and t h e  
results  have long been awaited.  The base  maps a r e  grea t ly  
improved, and t h e  availabil i ty of good ver t ica l  a i r  photos has  
made t h e  opera t ion  feasible. I have  only one  complain t  in 
this regard: Why did they copy t h e  inaccura te ,  sketched 
t ra i l s  f rom the  Parks  maps, when I gave  them a base map of 
Banff Park a r e a  with t h e  t ra i l s  accu ra t e ly  surveyed? I again 
point ou t  two  e r ro r s  on base  map l477A: Clawson Peak 
(8750+ f e e t )  is t he  higher peak some 600 m t o  t h e  southeas t ;  
and Aquila Mountain is  t he  9400 foot  peak t o  t he  northwest.  

We a r e  all exceedingly happy and gra teful  t o  s e e  t h e  
geological map shee t s  of t he  Rocky Mountains appear  in print  
and I have  been waiting fo r  t he  final  s e t  t o  appear  before  
commenting.  Accordingly, this discussion is  res t r ic ted  t o  t h e  
Mount Goodsir map sheets.  I fully rea l ize  t h a t  this is  
intended t o  be  an  a i r  reconnaissance with a minimum of 
ground control ,  but  why did not  someone d o  t h e  geology of 
t h e  highways and f i r e  roads? I submit ted  a n  outcrop map of 
t h e  Bow River  valley which provided a c c u r a t e  ground contro l  
f o r  mapping the  base  of t h e  Cambrian and the  Windermere 
(Miette,  o r  Hector). 

My published contributions on t h e  age  of t h e  Ice River  
complex (Gussow, 1977a, b;  Gussow and Hunt,  1959) a r e  st i l l  
being ignored a f t e r  20  years. Apparently,  t h e  Geological  
Survey continues t o  hold firmly t o  t h e  er roneous  belief t h a t  
t h e  Ice River Complex is intrusive, in sp i te  of t h e  field 
evidence  which proves t h a t  i t  is  Precambrian  basement,  and 
they st i l l  re fuse  t o  a c c e p t  t h e  strong evidence  f o r  a second, 
upper,  faul t  sl ice of Precambrian  basement ,  unconformably 
overlain by Ot t e r t a i l  l imestone.  I t  is not  necessary t o  g o  in 
t h e  field t o  demons t r a t e  t h a t  Clawson Peak ridge is  held up 
by Ot t e r t a i l  l imestone  - just l ike Chancellor Peak ridge - y e t  
this is complete ly  ignored by t h e  authors  (See Gussow, 1977a, 
Fig. 1, 4). 

Ice  R ive r  Basement  Complex 

As pointed ou t  in 1958 (Gussow and Hunt,  1959), and 
documented in de t a i l  by Gussow (1977a, p. 511, a n d  
Fig. 1 t o 4 ) ,  t h e  Ice River  Complex is  a Precambrian  
basement  complex: There  is an  unconformity.  Upper 
Cambrian  dove-grey Ot t e r t a i l  l imestone  l ies d i rec t ly  on  
coa r se  plutonic syen i t e  with a basal  conglomerate  of boulders 
and pebbles derived f rom t h e  basement  rocks. Fur thermore ,  
t h e  Cambrian sec t ion  thins and onlaps basemen t  topography. 
No dykes o r  apophyses of t h e  coa r se  syeni te  ser ies  in t rude  t h e  
l imestone.  The overlying Cambrian  l imestones  on Clawson 
Peak ridge a r e  a lmost  complete ly  unmetamorphosed, whereas  
t h e  basement  rocks  immediately ad j acen t  t o  t h e  Cambrian  
l imestones a r e  a plutonic paragneiss ser ies  consist ing of 
gneisses, schists,  c rys ta l l ine  l imestone,  and amphiboli te,  
intruded by nepheline and sodali te syenite.  The basement  
rocks  a r e  exposed in two  thrus t  shee t s  result ing f r o m  t h e  
Rocky Mountain orogeny. Only one  of t hese  ( the  lower p la te)  
was mapped by P r i ce  and Mountjoy (See Gussow, 1977a, 
Fig. 4). Cur r i e  (1975) ac tual ly  pos tu la tes  implacement  of a 
liquid magma and liquid immiscibility, bu t  t h e  original  
sedimentary t ex tu re s  (paragneisses) demons t r a t e  t h a t  
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t empera tu re s  were  less  than half t h e  melting point a t  t h e  
t ime  of metamorphism and remobilization of t h e  crys ta l l ine  
limestone. 

Mount Goodsir (West Half), Map 1477A 

A comparison of t h e .  new map  with Currie's (1975) 
Figure 1, shows roughly t h e  s a m e  overall  geology and 
approximately t h e  s a m e  shape fo r  t h e  Ice River Complex. 
However, in de t a i l  t h e r e  a r e  many differences.  I. The most  
significant d i f ference  is  t h e  erosional r emnan t  of O t t e r t a i l  
l imestone lying on the  Ice River Complex on the  divide 
between Sharp Mountain and Helmet  Mountain. Curr ie  (1975, 
Fig. I )  mapped th is  a s  syenite.  2. The exposure (window) of 
Chancellor Format ion on Moose Creek shown by Curr ie  (1975, 
Fig. I )  and Allan (1914, Map 142A) is not  shown on Map 
1477A. 3.  The northwest-southeast  trending synclinal axis 
along t h e  north flank of Mount Goodsir, Sentry Peak, and 
extending beyond He lme t  Mountain (Currie,  1975) is no t  
shown on Map 1477A, although pictured by Allan, who applied 
t h e  name Syncline Peak t o  t h e  culmination northwest of t h e  
South Tower on Mount Goodsir. 4. Map 1477A shows a large  
a r e a  of O t t e r t a i l  north of Sodali te Creek.  Currie's Figure 1 
indicates this a s  a synclinal  a r e a  of MacKay, 1.6 km X 800 m 
in area .  

Map 1477A, published th ree  years  a f t e r  a manuscript  
copy of my l a s t  paper  (Gussow, 1977a) on t h e  Ice River  
complex, was  s e n t  t o  t h e  Geological  Survey, st i l l  re l ies  on t h e  
published a g e  dat ing  for  t h e  complex, and disregards t h e  field 
evidence,  without even a word of caut ion  t h a t  a controversy 
a s  t o  a g e  exist .  Actually, t h e  Legend block "Devonian or (?) 
Mississippian" should be  removed and a new block should be  
shown a t  t h e  bot tom of t h e  column a s  Precambrian  basemen t  
complex, pre-Proterozoic  in age. The large  a r e a  of basement  
complex, capped by O t t e r t a i l  l imestone,  below Clawson Peak 
ridge, is st i l l  omi t t ed  even though th is  was  brought t o  t h e  
a t t en t ion  of t h e  Geological  Survey in 1958 (Gussow and Hunt, 
1959), and was  observed by Allan and Curr ie  in t h ree  s epa ra t e  
outcrops  over  a d is tance  of more  than  3 k m  (See Gussow, 
1977a, Fig. 4). 

As pointed o u t  by Allan (1914) and Gussow (1977a), a 
ser ies  of m i n e t t e  dykes and si l ls  c u t s  Precambrian,  Cambrian,  
and Lower Ordovician s t r a t a .  Allan repor ted  one  of these  
dykes on t h e  peak of t h e  South Tower of Mount Goodsir. 
Even if they a r e  no t  shown on t h e  map, they should be  
indicated on t h e  legend. The  legend c l a ims  t h a t  t h e  Ice River  
Complex conta ins  inclusions of O t t e r t a i l  and MacKay. Any 
sedimentary  inclusions must b e  Precambr'ian in age. 

Mount Goodsir (Eas t  Half), Map 1476A 

The Precambrian ,  Windermere Ser ies  (Miet te  Group) 
outcrops  in t h e  nor theas t  corner  of t h e  map  sheet.  Actually, 
t h e  dip of t he  unconformity a t  t he  base  of t he  Cambrian Gog 
Formation is  much f l a t t e r  than indicated on the  map by 
c o n t a c t  (80'). I t  is  even f l a t t e r  than shown on Section 4 
(28'). Vermilion Pass is a classic area .  This is  where Dawson 
(1885, p. 119B) discovered the  f i rs t  Cambrian  fossil in place 
in t h e  Canadian Rockies. Walcott  (1 928, p.. 300) col lec ted  
Lower Cambrian  fossils (his Obolella-Wanner~a zone) at t h e  
upper (south) end of t he  Upper lake  (Altrude Lakes), and 
abundant Scoli thos borings occur in Lower Cambrian  
qua r t z i t e s  along t h e  highway, just nor thwest  of t h e  Altrude 
Lakes. An outcrop a t  t h e  west  end of t h e  Lower Lake (middle 
of three)  exposes t he  unconformity a t  t he  base of t he  Lower 
Cambrian: White quar tz i te ,  with a n  8 c m  thick basal 
conglomerate ,  over l ies  purple t o  dark  grey  Precambrian  
argi l l i te  of t h e  Windermere Series. A t  t he  base of S to rm 
Mountain, 3.8 km southeas t  of Vermilion Pass, Chuar ia  sp. cf .  
C. ci rcular is  Walcott  was  discovered below the  basal  
unconformity,  in t h e  Precambrian  purple argi l l i tes  
(Gussow, 1973). 
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Section 4 

Section 4 will require major revision of t h e  subsurface 
t o  show t h e  Precambrian basement complex. In the  eas t ,  this 
lies a t  a depth of about  8000 f ee t ,  2000 f e e t  sub-sea, below 
t h e  Miet te  section, and rises t o  the  west t o  about 1000 f e e t  
above sea  level in the  vicinity of Moose Creek,  where i t  
underlies t h e  Ot ter ta i l .  In this vicinity, t he  Ot t e r t a i l  has  
thinned t o  half i t s  normal thickness by onlap on basement 
topography, all  t he  Cambrian and Windermere being absent  by 
onlap. The Peace  River High in northern Alberta is a similar, 
well documented example,  where  Mississippian l ies directly 
on t h e  Precambrian basement  (Gussow, 1962, Section KLM). 

In conclusion, i t  will b e  most interesting t o  see  how 
Pr ice  and Mountjoy (and Currie) will defend thei.r position. It 
a lmost  looks a s  if t he re  was another "vote" t o  ignore the  field 
evidence I presented (Gussow, 1977a). "Fortunately fo r  
science,  bu t  unfortunately for  i t s  students,  scientific 
problems a r e  not se t t led  by majority vote" (Hofmann, 1971). 
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William C. Gussow has raised one substantive point in 
his discussion -- t h e  relationships between t h e  Ice River 
Complex and t h e  rocks t h a t  surround it. Ou t  response is 
res t r ic ted  to  this one point. 

Gussow has  taken exception t o  the  f a c t  t h a t  we 
concurred with Allan (1914), Campbell  (19611, Rapson (1 963) 
and Currie (19751, a s  well a s  o the r s  whom h e  has  c i t ed  
(Gussow, 1977a), bu t  not with him (Gussow and Hunt, 1959; 
Gussow, 1977a), by concluding t h a t  t he  Ice River Complex 
consists of igneous rocks t h a t  have intruded t h e  enclosing 
La te  Cambrian sedimentary rocks. 

 re-~evonian ~ a l e o z o i c  fo rma tGns  of t h e  Piwe PhotogeoloW, Ice River area British Columbia, 
provinces of Canada; Wm. C .  Gussow, 1976 (af ter  Gussow, 1977a, with permission 
Collections, v' 757 57 171-386' o f  the Bulletin o f  Canadian Petroleum Geology). The arrow 

which has been added by us shows the location and direction 
o f  the v iew shown in Figure 2. 
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Figure 2. View southeast along the upper reach of Shining Beauty Creek, at the northeast slope of 
Clawson Peak ridge from near the head of  Tallon Creek (See Fig. 1 for location and direction of 
view). ot = Ottertail Formation; mk = McKay Group. Note bedding in dark resistant weathering 
hornfels of the McKay Croup between the Ottertail Formation and the crest of Clawson Peak Ridge 
(GSC Photo, 175932). 

Our conclusion is based on our  observations of cross- 
cut t ing relationships between the  Ice River Complex and the  
bedding of the  enclosing rocks, and of con tac t  metamorphism 
in the  enclosing rocks. We observed these  a t  t he  top of the  
Ice  River Complex northwest of Shining Beauty Creek, where  
t h e  contact-metamorphic aureole  extends  through t h e  
overlying carbonate  rocks of t h e  Ot t e r t a i l  Formation in to  a 
zone of hornfels in the  peli t ic rocks of t he  McKay Group, also 
between Mount Mollison and Mollison Creek. We observed 
the  same  phenomena below the  Ice River Complex on the  
north s ide  of Garnet  Mountain, where t h e  con tac t  
metamorphism extends  down through t h e  carbonate  rocks of 
t h e  Ot t e r t a i l  Formation in to  a zone of hornfels in t h e  "upper 
transit ion unit" of the  Chancellor Formation, and also on t h e  
southeast  side of Sharp Mountain, and on the  e a s t  and west 
sides of Zinc Mountain. Nowhere did we observe a faul t  
con tac t  between the  base of t h e  Ice River Complex and 
underlying unmetamorphosed rocks, o r  a n  unconformity at t h e  
top  of t h e  Ice River Complex. The upper con tac t ,  where  w e  
observed it ,  i s  sharp and crosscutting. No basal conglomerate  
occurs  in the  overlying rocks, but  spheroidal weathering does 
occur  locally within the  Ice River Complex, and i t  bea r s  a 
superficial  resemblance t o  conglomerate.  

his repeated assertion (Gussow and Hunt, 1959; Gussow, 
1977a, this discussion) t h a t  t he re  is  a n  exposure along a 
principal t r ibutary  of Shining Beauty Creek,  high on the  e a s t  
slope of Clawson Peak ridge, in which the  Ice River Complex 
is overlain unconformably by unmetamorphosed Ot t e r t a i l  
l imestone containing c las ts  of syeni te  in the  lower part. 
Photographs, which a r e  said (Gussow, 1977a) t o  document  t h e  
exis tence  of this unconformity and basal conglomerate,  show 
truncation of layering (bedding?) along a sharp con tac t  
between a distinctly layered rock above and a more massive 
rock below (Fig. 2 of Gussow, 1977a); but  no basal 
conglomerate  o r  boulders of syeni te  a r e  discernible in the  
close-up photograph (Fig. 3 of Gussow, 1977a) which is so  
badly focussed and/or poorly exposed t h a t  a l l  significant 
deta i ls  a r e  obscured. Accordingly, Gussow's o f t  repeated 
assertion has  not been documented. 

As pointed out  by Gussow (1977a, p. 510) we did not 
visit  t h e  locali ty t h a t  has been described. However, while 
t ravers ing southeas tward down Shining Beauty Creek f rom 
t h e  divide with Tallon Creek  (Fig. 1) w e  did have a n  
unobstructed view of the  northeast  slope of Clawson Peak 
ridge. This is t h e  place where,  according t o  Gussow, the re  
should be  an  upper thrus t  sheet  of Precambrian basement 

Gussow, in advocating his in terpre ta t ion of  t h e  Ice with unconformable cover of O t t e r t a i l  l imestone, and 
River Complex as Precambrian basement  rock t h a t  has  been Figure 2 is a photograph of t h e  view. The con tac t  between 
thrus t  over t h e  early paleozoic sedimentary rocks, relies on t h e  Ot t e r t a i l  and Goodsir format ions  a s  mapped by 
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Allan (19141, Curr ie  (1975) and Pr ice  e t  al. ( l978a,  b) is 
identified by annota t ions  on t h e  photograph. None of t h e  
rocks overlying th is  c o n t a c t  show any apparent  resemblance  
t o  t he  O t t e r t a i l  Formation,  which should be  there ,  according 
t o  Gussow. Moreover, t h e  dark colour, dist inct  bedding, and 
' resistance t o  weather ing of these  overlying rocks make them 
qui te  similar t o  t h e  hornsfelsed McKay Group shales  t h a t  
occur  a t  t he  locali ty f rom which t h e  photograph was  taken. 
Accordingly we  have no a l ternat ive ,  on the  basis of what  we 
have  seen, but t o  conclude,  a s  did Allan (19141, Cambel l  
(1961) and Curr ie  (1975), t h a t  t h e  Ice River Complex was  
emplaced in t hese  rocks a s  an igneous intrusion; and t h a t  no 
"upper thrus t  slice" of t h e  kind described by Gussow (1977a) 
should be  shown in Clawson Peak r idge  where  our m a p  shows 
only rocks of t h e  McKay Group. 

Although much remains t o  be  learned about  t h e  Ice 
River Complex, i t  is useful t o  make in terpre ta t ions  of i t  on 
t h e  basis of our present ,  imperfec t  s t a t e  of knowledge, and i t  
is  impera t ive  these  in terpre ta t ions  provide t h e  most  elegantly 
logical explanation of all  t h e  available information. Our 
in terpre ta t ions  a r e  based on t h e  exerc ise  of our individual 
sc ient i f ic  judgements. They have  no t  been controlled by any 
"official" Geological Survey of Canada in terpre ta t ion ,  and 
they may be  in profound disagreement  with some  of our 
colleagues in t h e  Geological Survey, a s  well a s  with William 
Gussow. We share  Cussow's view t h a t  t he  field observations 
must not be  ignored, but we also believe t h a t  i t  is necessary 
t o  know what was actually observed in t h e  field,  and what  
was  inferred. We d o  not  really know what  was  observed by 
Gussow, and what  was inferred; but  we  d o  know wha t  w e  saw, 
and this is  t h e  basis fo r  our in terpre ta t ion  of t h e  Ice River  
Complex. 
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METAMORPHIC HISTORY O F  THE 
ARCHEAN ABITIBI BELT - DISCUSSION 

Ray mond Goldie 
9 Palmerston Gardens 
Toronto, Ontario. M6G IV8 

The metamorphic geology of the  Abitibi Belt is shown 
on the  Geological Survey of Canada Map 1475A, and on 
Figure 4 of Jolly (1978). Recen t  work has  suggested revisions 
t o  this picture. In particular,  four grani t ic  plutons, previously 
mapped a s  "unmetamorphosed", a r e  now known t o  contain 
assemblages of metamorphic minerals similar t o  those in the  
rocks which surround them. 

Jolly (1978) depicted the  Flavrian, Powell, Lake Dufault 
and Bourlamaque intrusions a s  postmetamorphic bodies 
surrounded by aureoles of amphibolites. These aureoles 
presumably represent "M5" - synorogenic con tac t  
metamorphism - superimposed on regional greenschist  
assemblages. Campiglio and Darling (1976), however, found 
t h a t  t he  Bourlamaque Batholith has undergone regional 
greenschist  metamorphism. Furthermore,  John Allen and I 
have shown (Allen and Goldie, 1978; Goldie, in press) that :  

1. t h e  Flavrian, Powell and Lake Dufault intrusions have also 
been metamorphosed; 

2. a lb i te  amphibolites occur  on the  margin of t h e  Flavrian 
Pluton, but they also occur inside t he  intrusion, and within 
t h e  Lake Dufault Pluton; 

3. greenschists, not amphibolites, surround t h e  Powell 
Pluton; 

4. t he  co re  of the  Flavrian ~ l u t o n  and the  en t i r e  Powell 
Pluton consist  of greenschists. 

It is of ten  thought difficult  t o  distinguish hornblende, 
t he  key mineral of amphibolite assemblages, f rom actinolite- 
t remol i te  or  from re l ic t  igneous hornblende. Several cr i ter ia  
can assist  identification of metamorphic hornblende: 

1. in igneous rocks of t h e  Noranda and Malartic areas,  a t  
least ,  hornblende is markedly di f ferent  f rom actinolite- 
t r emol i t e  in thin section: hornblende is  green or  brown 
and strongly pleochroic whereas actinolite-tremolite is 
colourless t o  very pale green and only weakly pleochroic 
(Rimsaite,  1974; Allen and Goldie, 1978); 

2. irregular "bleached patches" and colourless rims on 
amphibole crys ta ls  (c.f. Figure 8 ,  Rimsaite,  197$) 
indicate the  presence of two coexisting metamorphic 
amphiboles: e i ther  hornblende and actinolite-tremolite,  
or  hornblende and cummingtonite;  

3.  textura l  evidence may o f t en  b e  used t o  infer t h a t  an  
amphibole is metamorphic (e.g. Fig. 2, Goldie, 1978). 

Application of these  c r i t e r i a  may result  in recognition 
of more amphibolites in t h e  Abitibi Belt. For example,  t h e  
hornblendes which occur in t h e  Bourlamaque Batholith 
(Darling and Campiglio, 1976) may prove t o  b e  metamorphic.  
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METAMORPHIC HISTORY OF THE 
ARCHEAN ABITIBI BELT - REPLY 

In a l e t t e r  t o  t h e  Chief Scientific Editor, da t ed  October 4, 
1979 Dr. Jolly comments  a s  follows: 

I t . .  . . . . I )  The plutons discussed tiy Goldie were  
considered by m e  t o  have been intruded 
contemporaneously with t h e  lavas (see c lass  4a, 
p. 64 of Jolly, 1978) and thus the  aureoles  
surrounding them formed during M-3, not M-5 a s  
s t a t ed  in paragraph two  of t h e  manuscript;  2) t h e  
Powell pluton is not shown on the  maps of Jolly, 
1978, contrary  t o  implications in point (2). of 
paragraph two  of t h e  manuscript;  3 )  no mechanism 
of metamorphism is discussed and seems  of 
c r i t i ca l  importance. For example,  does  
Mr. Goldie fee l  t h a t  t he  a l tera t ion of the  plutons 
was  fac i l i ta ted  by autometamorphic  processes 
during intrusion or  by external  fac tors ;  if t h e  
l a t t e r  is t rue ,  what were  the  external  
influences?;. . . . . . " 

From: Discussions and Communications 
in Current Research, Port C; - 
Geol. Surv. Can., Paper 79-IC.  





AUTHOR INDEX 

Page Page 

Blake. W . J r  ................................. 105 
.............................. Blanchard. Y.B. 37 

Blasco. S.M. ................................. 7 3  
Bonardi. M ................................... 97 

........ Bornhold. B . D .................... ... 73  
Bristow. Q ................................... 37 
Burns. R .A .  ................................ 101 

Christie.  K . W .................................. 119 
Coker.  W.B. ................................. 1 

................................ Conway. J . G .  37 
Curr ie .  K.L. ................................. 67 

Dixon. J ..................................... 8 5  
Dredge. L.A. ................................ 23. 27 

Fahrig.  N.F. ................................. 119 
Frebold. H ................................... 63  
Freda.  G ..................................... 119 
Fulton. R . J .................................. 17 

Goldie. R .................................... 125 
Good. R . L .  .................................. 101 
Gussow. W.C. ................................ 121 

Harrison. T .E .  ................................ 101 
Hodgson. D.A. ............................... 17 
Hunter.  J .A .  ................................. 101 
Hyat t .  W.G. ................................. 37 

Killeen. P .G.  ................................. 37 

............................... Lewis. C.F.M.  7 3  

McLaren. P . ................................ 41 
Mountjoy. E.W. .............................. 122 

Nixon. F .M.  ................................ 23 
Norris. D.K. ................................. 103 

Pajar i .  G . E .  ................................. 67 
Pickerill. R . K .  ............................... 67 
Plant .  A.G. .................................. 97 
Powell. T.G. ................................ 91 
Price.  R.A.  .................................. 122 

. ................................. Pringle.  G J 111 

................................ Ramaekers .  P 117 
............................... Roberts.  A.C. 97.  99 

Sernpels. J.M ................................. 41 
....... ....................... Shilts. W.W. .. I 

............................... Snowdon. L . R .  85 

.................................. Tipnis. R.S.  51 

Zentilli. M ................................... 31 
Zodrow. E.L. ................................ 31 




	Table of Contents



