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Abstract

Quaternary geology investigations, including mapping
of surficial materials and ice-flow indicators, and regional
till-sampling surveys, were undertaken in the North Knife
River—Churchill River region (parts of NTS 54L, 64l) in Septem-
ber of 2013, in partnership with the De Beers Group of Com-
panies. An additional week of fieldwork was completed by the
Manitoba Geological Survey along the Churchill River in August
of 2014. Geological observations, and/or measurements of
ice-flow indicators were recorded at 276 field sites within a
7500 km? area in this far northeastern part of Manitoba. To
determine the composition and regional heterogeneity of the
till, the <63 pum fraction of the till matrix, from 235 samples,
was analyzed for total-carbonate (Ca-Mg), inorganic carbon,
organic carbon and sulphur (LECO, LOI), and trace-element and
major-element geochemistry (ICP-ES and MS; INAA) at the Sas-
katchewan Research Council Geoanalytical Laboratory, and at
Activation Laboratories. Additionally, clasts (2-30 mm fraction)
were separated from the till matrix and classified according
to lithology. This report releases that data, as well as provides
context for its use.

Résumé

En septembre 2013, des études géologiques quaternaires,
y compris la cartographie des matériaux de surface et des
marques d’écoulement glaciaire, ainsi que des levés région-
aux d’échantillonnage de tills, ont été entrepris dans la région
de la riviere North Knife et de la riviere Churchill (parties du
SNRC 54L, 64l), en partenariat avec le De Beers Group of Com-
panies. En ao(t 2014, la Direction des services géologiques du
Manitoba a terminé une semaine supplémentaire de travaux
sur le terrain le long de la riviere Churchill. Des observations
géologiques et des mesures de marques d’écoulement glaci-
aire ont été enregistrées a 276 sites dans un secteur de 7 500
km? dans cette partie de I'extréme nord-est du Manitoba.
Pour déterminer la composition et I'hétérogénéité régionale
du till, la fraction <63 um de la matrice du ftill, provenant de
235 échantillons, a été analysée pour la teneur en carbonates
totaux (Ca-Mg), le carbone inorganique, le carbone organique
et le soufre (LECO, LOI) et la géochimie des éléments traces et
majeurs (ICP-ES et MS; INAA) au Saskatchewan Research Coun-
cil Geoanalytical Laboratory et aux laboratoires Activation. De
plus, des clastes (fraction de 2 a 30 mm) ont été séparés de la
matrice du till et classés selon la lithologie. Le présent rapport
publie ces données et fournit le contexte de leur utilisation.

Geoscientific Paper GP2019-1



Manitoba Geological Survey



TABLE OF CONTENTS

Page

Y o1 i o ARSI iii
[[aiag'e e [¥ ot alo Yo HARRU R OO OO OO PP P PP UPPRPRR 1
0T ={To T o =1 Y= u n [T SRR ROPPPPRP 1
L5 T<To [ ol ={=To] [ =4V RS 2
(O T 1T g T VA =(<To o=V RO SRRRRRPRRRURRO 3
N a = 1aTed 7= ]] 1)V Z SRR SRR PSURURUPURO 4

1Y/ 1=3d oo Yo £ TP OO OO O PP PPPRUPRR 4
[T=] [0 Re ol I ole] | 1=Tol n (o] o WA TP RPPPOTPPN 4

LI LL ST T 4 o g PSP 4
AL af o] ] o] a1 [ol Y=ot o] o E OO PP P PP OPPTOPTRO 4
T8 T VYA o Vo [Tor= (oY gl o g F= o] o 11 o= RRURUPPTON 4
[2{T o = YAty =T ToY=Yo N 0 F=T o] o1 =SSN 4
Laboratory and analytical PrOCEAUIES ......cooeuiiiiiiiee ettt ettt e e sttt e e s s bte e e sbaeeesabeeessasaeessabaeeesstaeesnsseeessnseeennn 6
(01 o 114 o [ =4V SRR 6

(CT T Y 2N e [ 45 o1V n o] o TSRS 8

(07 o ToTa 1 4l oloT 1101 SO URU PO 8

(071 oToTaWeT¥ £ ] Lol o1 ¢ Yo T JF- [ Yo Y U1 | 1 10| SR 8

o1y o] o I T={ a1 n o] o DU TP PP PTPPPPPTRON 8
[CT<ToTol T<T 0 411 4 Y2 SRR 9
ICP-MS partial (HNO,:HCI) digESTION .....c.cviiiiiiiiiiiiiit b s s 9

ICP-MS near-total (HF:HNO_:HCIO,) digESHON ....ooviuiieieieiiiiccisi s 9

‘Total’ digestion, instrument Neutron activation @NAlYSIS ........cuiiieciiie it e e e st e e s aae e e snreeeeas 9

N Ya R alor] W01 (=T o o] =1 - T o ] o [ PP SRRSO 9
PrinCipal COMPONENT @NAIYSIS ...ciiuiiiieiiieeeeiieeeetee ettt e e st e e et e e e esataeeestaeeeeareeeeassaeeesssaseasssteseaanssseesnssaessnssesesnnssesennssees 9
RESUIES ..ttt ettt ettt e et e e ettt e ettt e e e sateeeeaaaeee e e naeee e s taeeeanteee e aeeeeeanteeeeanteeeeaeeeeeanteeeeanteeeeanaeeeearaeeeanreeeeanrreeearreaann 9
[CE-TTOW NISTOTY ..ttt et ee e e e sttt e e e eteeeeetaaeesatbeeeeastaeeeaasaeaeensssaeaassaaaeansaaaaansssseaassasesansaseeansseeeanssaeseassananns 9
SUIMIMIAIY ettttttetetetereretererererererererererereeeeaaeaeeeaeeeeeeeseaeseseeeeeeeeeeeeeseseeeseeeseseseeeseseseeeseseeesesesesesesesesesesnsesenssesesesnnssssssesenenesesnnnnnnnns 12
GlaCial TEITAIN ZONES (GTZ) . .uveieeeiiie ettt ettt e e ettt e e ettt e e eeteeeeeaaeeeeetaeseeeabseeeesssaesetseeeeassaeeeenssaeeesseaeeasteeeeesseeesasseeanns 12

R a =L aTd =T o] 025U 12
(o o T ] Lo ol =T o I Y=o [ 41T ) £ RSP OTRRRRINE 12

611 AW DT =T 4 1ot o] DT PT U PUPPPUPTN 12

UNit B: Clay, SANA @NA ZraVEl......oiiiieiiee ettt et e et e e e sttt e e e et e e e sate e e e s teeesanssaeesnsaeeeasssaeesansaeeesnssneeanssenennnes 12

(61 T1 G D =1 4 Y[ o o DS PP PP PPPPPPPTRN 13

(5[] (eTol Y TR Y=o 114 s =T o £ OO PP URPTOPRTPRNE 18

B ele] g g e o1 1 o] DU TP PTO PR PPPTOPRRRPN 18
T U .ttt ettt ettt e e e e e e bttt e e e e e s b ettt e e e e e s e a b e b et e eeeesaahne et e e e e e ea e Rneee et eeeee e nnbaeeeeeeeeaanbeeeeeeeeeaanbeneeeeeeeeaanbrreeeeeeeaan 18

(67 <o Yo -1 { TP P PP UPPORUPRUPPRRPPPO 18

Y Y g G o) - | I o= T oY g -1 £ PR SRRPSPPOTPRRRIN 18

[V Y g T o1 ¢ = a1 ol o= 1o o Yo ] o USRS 18

MatrixX CAICIUM OXIAE (CA0) ..ueiuiiiiiieeieeceieeeieeeste et e et e et eertee e be e e teeebeeataesabeesbaeeaseeansaeanseeansaeanseeansaeessasansaesnseesnseennsenan 18

(0o [N - | n o EO O PO PO P PP PP PP PTPPRPPPI 18

Y Y a3 Q=1 Tl 0L q T (- | ISP 18
SUMIMIAIY <.ttt ettt e e ettt et e e e e ettt e e e e e e s aab b et e eeeeeaaaasab et e e e e e e ansbabeeeeee s e asas bt eeeeeeeanansbeeeeeesanaunsbeaeeeeeesansbnneeeeeenaannnnneen 19
Till-Matrix (K63 M) BEOCNEMUSTIY ..eiiiiiiieeiiiiecetee e ctee e et e e et e e e st e e e e et e e e seataeeestaeeeestaeesassseeessssaesanstsseansssasessseeaanssenannnes 19
(o] o PSR 20

Geoscientific Paper GP2019-1



T Tol G = T o I eleT o] o 1= S USRI 20

(O 1 ol 4o o Yo 1Y 1 u (o o PSSP 22
(€T =T a1 o] o ol F= 1) ST SPPRI 22
GrEENSEONE DI CIASTS ..iiiiiieiiiiieeeiee e et e e st e s bt e s be e e be e s beesbee s beeenbeesabeeenbeesabaeensaesbaeenseesnss 23
(671 (o] d=To T o - 1 A OO OO PO U PRSP PPPTRRPPPRRPPPRNE 26
SNEII FTAEMENTS ettt e ettt e e ettt e e e tbeeeeebeeeeetaeeeeaabeeaeaabaeaeasseaeeaasseaaeaabaeeeesbaeeessaeeeantaeeeasbaeeeanraeas 27
2] e ] a1 L=l ol o 1 £ PSSR PTSPTOPPTPN 27
(T8 o RNV =T = ok PSPPSRI 30
(0100 F= T =T | n (ol S PP PPPPPPPPUOPIRE 30
VU] R Y Y I [ T 1Y AT RS 30
BT Lol 1 o [ o To] (o =4V 2 S UT PP 30
LI g o T <YYo g 1T a1 o Y SRS 33
DT ol B 11 To] o TR PP RO PPPTRO PR 33
(07 (o] o U IV o TaVor-] for- 1 =T o TU £ u ] | P PP PTOPPTOURROPPRTOt 33
(07 ] [or T ¢ Yo U Il LRV T - o111 4 2P 33
NONCAICArEOUS Till SOUICE ...ttt ettt e e et e s sttt e e s b bt e e e s abaeessabbeeesbbteessabaeessasaaeesasbaeesanbeeesnnes 35
SO TaT=Yo I=d=Y Vo] o K ol o T w | SRS 35
S TUTaT=Yo I = LR T o I O S PUPRPTSRRRONE 35
|31V 10 =Te [ o 1= =] SRS UPOPTPPTRPNE 35
R Tat oJeTade IRy = o [ol=Ar=Ta Yo e 11 4'=Tot o o ISP 36
Recommendations for fULUIE @XPIOTatioN .........cuiii ittt ettt e et e e e et e e e e tbe e e eeabbeeesabbaeaesbeeesessaaeesasseeeesseeesnres 38
Yol g a o NNV [T =TT ) PSRN 38
[ 0] (T =Y a1l RPPPTR 38
TABLES
Table 1: Simplified and detailed lithological classes for till SAMPlE Clasts .......c.ueiiiiiee e 8
Table 2: The average percentage of each simplified clast-lithology class in comparision to the three clast size fractions........... 25
Table 3: Regional and detailed lithological classes for till-sample Clasts .........cuuiiiiii e 30
Table 4: Clast-type concentration ranges for each till-Clast SroUP.......ciiiciiiiiiiiii e e e e e 31
Table 5: Field Sit@ deSCIiPTIONS ..uiiii it e et e e e e e s ettt te e e e e e sesastbeeeeaeeesaansaaaeaaseesaasssaseeaeessansnsnns Appendix 1
Table 6: Till SAMPIE AESCIIPTIONS. .. .iiiiiiiieiiieee et eeee et e e e e e eee e e et e e e e s taeeesateeessnseeeeassseeeassaeesasseeeaansseseansseennnsenes Appendix 1
Table 7: Field-based ice-flow iNdiCator data.........cocuiiieeiiiiiiee et st Appendix 3
Table 8: Till-sample clast counts, SIEVEA 8=30 MM .......ccciiiiieieiiie et e ere e e eerr e e ertee e e etreeeeeaseeeesabaeeestseeeenssaeesansees Appendix 4
Table 9: Till-sample clast CoUNts, SIEVEA 4=8 MM .......uuiiiiiiiieiciee e sreee st e e s e e e s bt e e s esate e e ssnaeeeessbeeeeennseeesnnenes Appendix 4
Table 10: Till-sample clast counts, SIEVEA 2—4 MM ....cciiiiiiiiiiiiee e e e e e ettt e e e e e s e e atre e e e e e eeesnnbbaeeeeeeeennnnes Appendix 4
Table 11: Till-sample clast-count summary, SIEVEd 2—30 MM .....ccciiiiiiiiiie e e e et e e sre e e et e e s sere e e srreeeenraeesnneeas Appendix 4
Table 12: Till-sample clast-count sUMmMary (COUNt PEICENTAZE) ....ccvieuiriertieitieieeie ettt ettt ettt st Appendix 4
Table 13: Till-matrix (<2 MM) Brain Siz@ data......c.uiiieiiiee ettt e et e e et e e e st e e e e s abreeeeateeesabaeeesataeeeessaeesnsees Appendix 6
Table 14: Till-matrix (<2 mm) duplicate grain Size data........ccoeevuiriiirierieeeeee ettt e e s s ae e Appendix 6
Table 15: Till-matrix (<63 pm size-fraction) carbonNate CONTENT..........eiieiiiii ittt e e e Appendix 7
Table 16: Till-matrix (<63 um size-fraction) carbonate content of duplicate samples.........cceeeeeciiieccieee e Appendix 7
Table 17: Till-matrix geochemistry (<63 um size-fraction by LECO) carbon and sulphur data ........ccccoecevieniineinnnneenne Appendix 8
Table 18: Till-matrix geochemistry (<63 um size-fraction by LECO) carbon and sulphur duplicate data...........cccuec..... Appendix 8
Table 19: Till-matrix (<63 um size-fraction) l0ss-on-ignition (LOI) data.......ccceccveeeieeiieeiiieciieecie et see e Appendix 9
Table 20: Till-matrix (<63 um size-fraction) loss-on-ignition (LOI) duplicate data.........ccceeeecveeeeeiiececiiee e Appendix 9
Table 21: Till-matrix (<63 um size-fraction) geochemistry by partial digestion and ICP-MS analysis..........c.cccceeeuveennn. Appendix 10

vi

Manitoba Geological Survey



Table 22: Detection limits for geochemical analysis of till matrix (<63 um size-fraction) by partial digestion and ICP-MS

ANAIYSIS 1ottt ettt h et s et e h et e s h et e bt e e e h et e ehe e e ehe e e ehe e e eh et e bt e e ehe e e bt e e hee e bt e e enee e bt e e sane e neeenaneereean Appendix 10
Table 23: Till-matrix (<63 um size-fraction) geochemistry of duplicate samples by partial digestion and ICP-MS

ANIAIY SIS 1o iitiie ettt e e et e et e e et e e e e eteeeeetteeeeet—eeeeateteeattaeeaatteaaaaataeeeabtseeaaateaeaaateeeeaseaeeaaabeaeeattaeeeantaeeeaatbeeeaanteeaeanes Appendix 10
Table 24: Till-matrix (<63 um size-fraction) geochemistry by near-total digestion and ICP-ES and -MS analysis......... Appendix 11
Table 25: Detection limits for geochemical analysis of till matrix (<63 um size-fraction) by near-total digestion and ICP-ES

0o I Y - T =1 AV L OO PRSPPI Appendix 11
Table 26: Till-matrix (<63 um size-fraction) geochemistry of duplicate samples by near-total digestion and ICP-ES and

Y I T o = SRR Appendix 11
Table 27: Till-matrix (<63 um size-fraction) geochemistry by INAA..........oooiiiiriiniereeeere et Appendix 12
Table 28: Detection limits for geochemical analysis of till matrix (<63 um size-fraction) by INAA............ccccvveeennennn. Appendix 12
Table 29: Till-matrix (<63 pum size-fraction) geochemistry of duplicate samples by INAA...........cceeeeiirieccieee e, Appendix 12
FIGURES

Figure 1: Location of the North Knife River—Churchill River region field sites in northeast Manitoba..........c..cccccovvieiiieecccineenns 1
Figure 2: Bedrock geology map of the Seal River to Churchill River area, northeastern Manitoba, showing locations of
11 T 0T o LT =SSR 2
Figure 3: Simplified surficial geology map of the North Knife River—Churchill River region, showing locations of field

0o Ral LT e Y o] [T 1 PRSP UPRROTPPRRT 3
Figure 4: Depth and type of sediment encountered in the North Knife River to Churchill River area .........ccocceeveeevveenceeniieennenn. 5
Figure 5: Stratigraphic sites in northeast Manitoba, from this study as well as previous Work ..........cccccoeveenieeniinnieinie e, 6
Figure 6: Transported foreign clasts encountered in the North Knife River—Churchill River region include red/purple
metavolcanic porphyries and greywackes with recessive circular calcareous CONCretions ..........cccveeeecieeeeciieeeciiee e 7
Figure 7: Erosional ice-flow indicators (striae, chattermarks, gouges, grooves, roches moutonnées) collected in the

summer of 2013 from the North Knife River—Churchill RIVEr F@ZION........ccuuiii ittt e s eree e 10
Figure 8: Various ice-flow indicators collected in the summer of 2013 from the in the 2013 North Knife River—Churchill River
[<T=410] o HOUU TP PP PUPPPPPTRO PPN 11
Figure 9: Ice-flow indicators (striae, till fabrics) and geomorphology for the Churchill River region ........cccovcveevciveniieinieenieenee, 13
Figure 10: Regional ice-flow phases in northeastern Manitoba, reconstructed from field-based erosional ice-flow indicators,

till fabrics, streamlined-landform orientation and 8eOMOrPhOIOZY .......ciiiiiiiiiiiiiee e 14
Figure 11: Interpreted correlation of chronostratigraphic/lithostratigraphic sections along the Churchill River..........c............. 15
Figure 12: Photographic examples of lower Unit A and upper Unit C diamictons from the same four sections along the
CRUFCRITT RIVET ettt sttt ettt et e bt e bt e e bt e e bt e e bt e e bt e e bt e e see e bt e e saee e beeesate e st e e sabe e bt e ensbeesbeesabeensteesaseenneeas 16
Figure 13: Photographic examples of Unit B clay, sand and gravel; including lithofacies B-1, B-2 and B-3 from six different
SECtioNS AlONG the CRUICHIIT RIVET ....iiiiiiii ettt et e e st e s et e e e sbte e e sabteessabaeesansbeeessnsaeesansaeessnseeeennnns 17
Figure 14: The spatial distribution of sampled till-matrix texture in the North Knife River—Churchill River region .................... 19
Figure 15: The distribution of till-matrix total carbonate (CO,; weight percentage) in the North Knife River—Churchill River
L=T=4T0] o HO O PP PPPPPPR PR 20
Figure 16: Scatter plots of total carbonate concentrations vs. a) inorganic carbon, b) calcium oxide, c) the ratio between
calcium oxide+magnesium oxide divided by sodium oxide, d) calcium, and e) calcareous clast percentage ..........ccccceecvvreenneen. 21
Figure 17: CaO dispersal in till in the North Knife River—Churchill RiVEr region ..........coocuieiiiiii e 22
Figure 18: Regional concentration of nickel in till-matrix samples, analyzed using ICP-MS after near-total digestion at

N (O e E 1A aa o Tl ] oTo] =1 o] oV AU PP PPPPTOTPTN 23
Figure 19: Regional concentration of copper in till-matrix samples, analyzed using ICP-MS after near-total digestion at

] (O T oY A u o I =] o Yo =1 o Y USRS 24
Figure 20: The spatial distribution of granitoid clasts (2-30 mm) within till samples in northeast Manitoba...........ccccccevueenen.e. 25
Figure 21: The spatial distribution of undifferentiated greenstone and greywacke clasts (2—30 mm) within till samples in
(a1eTa A T I 1Y YY1 o] o 1= TP R PURTUURTRPIN 26
Figure 22: The spatial distribution of phyllitic and psammitic clasts (2-30 mm) within till samples in northeast Manitoba ...... 27
Figure 23: The spatial distribution of calcareous clasts (2—-30 mm) within till samples from northeast Manitoba...................... 28

Geoscientific Paper GP2019-1

vii



Figure 24: Brown till overlies a black till at section 14115MT405 at the mouth of the Chasm Creek just before it enters

TNE CRUPCRIIT RIVET 1ttt ettt ettt e b e e bt e s bt e e bt e e bt e e bt e e bt e eabee s bt e eabeesabaeeabeeeabaesabeesabaeenbeesabaesnbeesnbaesasens 29
Figure 25: Ternary diagram and biplots of the regional till-lithology data, coloured by till-clast group........ccccceeveeriieeniieniennee. 31
Figure 26: The spatial distribution of till-clast groups between the Churchill River and the Caribou River..........cccccceevvveeunennn. 32
Figure 27: Till stratigraphy and lithology at section 13115MT626, along the South Knife RiVer........cccccccvevcieeeeccie e, 33
Figure 28: Till stratigraphy and lithology at section 12115MT106, along the North Knife River..........cccoceieeiiieeeciieececiee e, 34
Figure 29: Multivariate classification of till-matrix geochemistry data .........ccccvieeeiiii e 34
Figure 30: Biplots of Ca vs. Mg (near-total ICP-MS) and Ca vs. total rare earth elements (2REE) of the till matrix.........ccceen....e. 35
Figure 31: Spatial distribution of PC1, based on analyses of the till-matrix near-total geochemistry..........cccceeevciveeecieeeiiieenn. 36
Figure 32: Regional carbonate dispersal patterns in surface till...........oooeier i 37
Figure 33: Proportional-symbol plot of till-matrix geochemistry: <63 um size-fraction by near-total digestion

{108 |V KT P UPUR U PUURRRNE Appendix 13
Figure 34: Proportional-symbol plot of till-matrix geochemistry: <63 um size-fraction by near-total digestion

002 1Y T USRS Appendix 13
Figure 35: Proportional-symbol plot of till-matrix geochemistry: <63 um size-fraction by near-total digestion

L0 Y ST 1Y Lo PP P TP PP Appendix 13
Figure 36: Proportional-symbol plot of till-matrix geochemistry: <63 um size-fraction by near-total digestion

L0022 1Y T N R USRS Appendix 13
Figure 37: Proportional-symbol plot of till-matrix geochemistry: <63 um size-fraction by near-total digestion

002 YT SR Appendix 13
Figure 38: Proportional-symbol plot of till-clast count percentage: granitoid clasts, sieved 2-30 mm ....................... Appendix 14
Figure 39: Proportional-symbol plot of till-clast count percentage: greenstone-belt clasts, sieved 2-30 mm ............ Appendix 14
Figure 40: Proportional-symbol plot of till-clast count percentage: phyllitic and psammitic clasts,

SIEVEA 2730 MM L.ttt ettt ettt e et s bt e e ab e e st e e eat e e s bt e sat e e sabeesab e e saseeeat e e sabeesateesabeeeateesabeesateesaseesnteesabeennteas Appendix 14
Figure 41: Proportional-symbol plot of till-clast count percentage: carbonate clasts, sieved 2-30 mm...................... Appendix 14
APPENDICES

Appendix 1: Field site and till sample descriptions, North Knife River—Churchill River region, Manitoba (parts of

INTS 5AL, BA1)..eueeee ettt ettt et e e et e ettt e e e e etaeeeeeaaaeeeetseeeeatseeeeaasaeeeaasaeeeantseeeeassseesesseeeeentseeeenssaeeeasseeeeetreeeannns GP2019-1.zip
Appendix 2: Stratigraphic columns, North Knife River—Churchill River region, Manitoba (parts of NTS 54L, 64l) ...... GP2019-1.zip
Appendix 3: Field-based ice-flow indicator data, North Knife River—Churchill River region, Manitoba

o Lo N I I Y SR GP2019-1.zip
Appendix 4: Till-clast lithology data, North Knife River—Churchill River region, Manitoba (parts of NTS 54L, 64l).....GP2019-1.zip
Appendix 5: Photos of till-clast lithology (2—4 mm size-fraction), North Knife River—Churchill River region, Manitoba

(PANES OF NTS 5L, BAI) ...uveieeiiee ettt ettt e et e e et e e et e e e s ta e e e et taeeeaassaeesasaaeeasstaeesanssaeesnssaaaassssessasssseesssneeanssenennnes GP2019-1.zip
Appendix 6: Till-matrix grain size distributions, North Knife River—Churchill River region, Manitoba

(IPAIES OF NTS 5AL, BA1) ...ueeieeeieieiete ettt ettt ettt et s te st e st e e s bt e be et e s atesbe et e en b e entesaeesatesheesseenseeneesatesaeenseanbeentesnsesanesaees GP2019-1.zip
Appendix 7: Till-matrix (<63 um size-fraction) carbonate data, North Knife River—Churchill River region, Manitoba

(DS OF NTS 5AL, BAI) ..eeiviiiieeiieeeieeiieesiteesteesteesibeesateessteasaeeesateessseessteeseeessteesseessteansaeesseeanseeensaeensesenseeensesenseeensesn GP2019-1.zip
Appendix 8: Till-matrix geochemistry (<63 um size-fraction by LECO) carbon and sulphur data, North Knife

River—Churchill River region, Manitoba (parts of NTS 54L, B41) ......cccuieeieeiiiecie e ecee et eteeesree et e sree e e e snee e GP2019-1.zip
Appendix 9: Till-matrix (<63 mm size-fraction) loss-on-ignition data, North Knife River—Churchill River region,

Manitoba (PArts OF NTS 54L, BA1) ...eoi ittt eetee e e et e e e et e e e eetteeeeebeeeeeetbeaeeessaeeeaasaeaeasbesesassaeesasseeaeasseeaanns GP2019-1.zip
Appendix 10: Till-matrix geochemistry (<63 um size-fraction by partial digestion ICP-ES and -MS) data, North Knife
River—Churchill River region, Manitoba (parts of NTS 54L, B41) ....cccccuiiieeiiiie et eesee e eere e sre e e e rere e e s enae e e snaeeeas GP2019-1.zip
Appendix 11: Till-matrix geochemistry (<63 pum size-fraction by near-total digestion ICP-ES and -MS) data, North Knife
River—Churchill River region, Manitoba (parts of NTS 54L, BA1) ....cccueeviriiiiienienieenieeie ettt st GP2019-1.zip
Appendix 12: Till-matrix geochemistry (<63 um size-fraction by INAA) data, North Knife River—Churchill River region,

Manitoba (PArts OF NTS 5AL, BA1) ....eiiiuiieiriiiiieeiee et eiee st e et e st e st e sbe e s te e s beesabeesabeesabeesabeesateesasaessteesaseesaseessseenssens GP2019-1.zip

viii Manitoba Geological Survey



Appendix 13: Till-matrix geochemistry (<63 um size-fraction) proportional-symbol plots, North Knife River—Churchill

River region, Manitoba (parts of NTS 54L, 641)

Appendix 14: Till-clast
(parts of NTS 54L, 641)

lithology, proportional-symbol plots, North Knife River—Churchill River region, Manitoba
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Introduction

Quaternary geology studies were conducted in 2013 and
2014 within an area of about 11,370 km? (Figure 1) between
the North Knife River and the Churchill River. The objectives of
this project are to 1) investigate the surficial geology; 2) inter-
pret the glacial history; and 3) conduct a till-sampling program
to examine variability within the regional till compositional
data as a means to determine background and threshold ele-
ment concentrations, sediment-landform relationships, and
glacial dispersal distances and directions. This work builds on
detailed paleoglaciologic studies conducted in the same area
(Trommelen and Ross, 2009; Trommelen et al., 2010; Trom-
melen and Ross, 2011; Campbell et al., 2012; Trommelen et al.,
2012; Trommelen et al., 2013; Trommelen et al., 2014a; Trom-
melen, 2015a).

As in 2012, De Beers Group of Companies graciously
allowed the Manitoba Geological Survey (MGS) to jointly con-
duct Quaternary geology studies in far northeast Manitoba
during their exploration program in 2013. Additional field-
work was completed by the MGS in August of 2014, along the
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Churchill River. The initial MGS Far North Geomapping Initia-
tive in Quaternary geology studies occurred between 2009
and 2011, with support from the Geological Survey of Canada’s
(GSC) Geo-mapping for Energy and Minerals (GEM) Multiple
Metals—Northeast Manitoba Project.

This report releases the field site, till compositional and
ice-flow indicator data sets collected to assist with the applica-
tion of drift prospecting in the North Knife River—Churchill River
region. The report also includes the regional physiographic
and geological setting, regional interpretation of ice-flow chro-
nology and subglacial dispersal, and detailed descriptions of
the till sampling methods, laboratory procedures and quality
assurance—quality control for the analytical data. Till sampling,
together with the new surficial geological framework, should
be an effective exploration tool in this region.

Regional setting
The study area is located in northeastern Manitoba (Figure
1). Elevation varies mainly from 50 to 340 m above sea level

Hudson Bay

Churchill

Figure 1: Location of the North Knife River—Churchill River region field sites in northeast Manitoba. The upper dashed area depicts part of the
2009-2012 field area (Campbell et al., 2012; Trommelen, 2015a), while the lower-left depicts the northern extent of the 2013 Gauer Lake—Wishart
Lake field area (Trommelen, 2015g). Labelled sites are the locations of stratigraphic sections where multiple samples were taken. The background
image was generated using the radar-derived digital elevation data from the Shuttle Radar Topography Mission data set (United States Geologi-
cal Survey, 2002). A hill-shade model has been added with transparency effect to enhance relief.
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(asl). Local relief is up to 30 metres. The North Knife and South
Knife rivers are the major drainage channels in the study area,
flowing east from North Knife and South Knife lakes into Hud-
son Bay. Numerous small streams flow across the drift plains
from one lake to another in an immature drainage network, or
flow through the muskeg.

The area is predominantly mantled by till with expansive
regions of organic deposits (muskeg). Bedrock outcrops are
scarce, and generally limited to exposures along creeks and
rivers. The study area has been partially wave-washed by both
the postglacial Tyrrell Sea and glacial Lake Agassiz (Dredge,
1983; Dredge and Cowan, 1989).

The region falls within the zone of discontinuous perma-
frost (Sladen, 2011). Bogs are commonly frozen and ice-rich
below one metre. Periglacial features such as mudboils, peat

plateaus, ice-wedge polygons and frost-shattered rock are
common.

Bedrock geology

Precambrian bedrock mapping in Manitoba’s far north-
east, an area that is largely devoid of outcrop, is supported by
an aeromagnetic and gamma-ray spectrometric geophysical
survey of the Great Island—Seal River area (Fortin et al., 2009).

Manitoba’s far northeast forms part of the southeast mar-
gin of the Hearne craton, which comprises a heterogeneous
basement of Archean orthogneiss, granitoid intrusions and
rare supracrustal rocks overlain by scattered erosional rem-
nants of latest Archean and Paleoproterozoic siliciclastic cover
sequences (Figure 2), all of which have been variably over-
printed by tectonothermal and magmatic activity associated
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Figure 2: Bedrock geology map of the Seal River to Churchill River area, northeastern Manitoba, showing locations of till-sample sites. Bedrock
geology is modified after Anderson et al. (2009; 2010b) in the north, and an unpublished MGS compilation in the south.
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with the Paleoproterozoic Trans-Hudson orogeny (Anderson et
al., 2010a). The Seal River domain, which defines the south-
east margin of the Archean Hearne craton in Manitoba, is char-
acterized by a dome-and-basin structural geometry, with the
‘domes’ defined by Meso- to Neoarchean metaplutonic and
metavolcanic rocks, and the ‘basins’ defined by synforms of lat-
est Archean and Paleoproterozoic continental and marine silic-
iclastic rocks. The siliciclastic cover rocks have been subdivided
into four distinct sequences that provide a discontinuous ca.
2.7 to 1.9 Ga record of intracratonic sedimentation and basin
evolution at the south margin of the Hearne craton (Anderson
et al., 2010a). Metamorphic grade in the North Knife River—
Churchill River region ranges from upper greenschist to middle
amphibolite facies.

In the easternmost North Knife River—Churchill River
region, the Precambrian shield rocks are unconformably over-
lain by gently dipping Paleozoic platform calcareous sandstone,
limestone and dolomite that form the western margin of the
Hudson Bay Basin (Nicolas and Armstrong, 2017).

Quaternary geology

The study area was situated 250 to 550 km from the Late
Wisconsinan Keewatin Ice Divide (KID) and ~1 500 km from
the Quebec—Labrador sector of the Laurentide Ice Sheet. At
multiple periods in time, ice transported and deposited car-
bonate-bearing detritus ~100 km inland (Dredge, 1988) from
the Paleozoic carbonate platform in Hudson Bay (Nicolas and
Armstrong, 2017). The nature of interaction between ice
from Keewatin and from Hudson Bay is uncertain, but a thick
ice saddle was likely present over southern Hudson Bay dur-
ing late deglaciation (Dyke and Prest, 1987; Thorleifson et al.,
1993; Trommelen et al., 2012). The field area is within the
expected zone of confluence between the Keewatin and Que-
bec—Labrador ice, and the nature of till composition mixing is
examined herein. The post-glacial history of this area can be
found in Gauthier (2016a).

The surficial geology (Figure 3) for most of the 2013 field
area is available at 1:100 000 scale (Gauthier, 2016b, c). Geo-
logic materials encountered at field sites in 2013 are displayed
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Figure 3: Simplified surficial geology map of the North Knife River—Churchill River region, showing locations of field and till-sample sites. Geology
is modified from Klassen and Netterville (1980), Dredge et al. (2007), Trommelen and Campbell (2012a, b, c, d), Trommelen (2014a, b, c, d, e)
and Gauthier (2016b, c). Till was sampled wherever possible, so the reader can infer that till was not encountered at ‘field sites’. The black line
denotes the western and northwestern limits of carbonate dispersal within till matrix (sourced from ongoing compliation at the MGS [Trommelen

and McMartin, 2019] and includes the data from this project).
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on Figure 4. Regionally, the surficial geology is available as a
mix of updated 1:50 000 scale mapping (Trommelen and Camp-
bell, 2012a, b, ¢, d; Trommelen, 20144, b, c, d, e) and older
1:250 000 scale (Dredge and Nixon, 1981, 1982) and 1:500 000
scale mapping (Dredge et al., 1986; Dredge and Nixon, 1992;
Dredge et al., 2007).

Stratigraphy

The stratigraphy in the Hudson Bay Lowland (HBL) reflects
a long history of major and minor shifts in ice-sheet behaviour
throughout several advance and retreat cycles, as well as inter-
vening interglacial and interstadial stages (Dredge and McMar-
tin, 2011). There are four named till sheets in the Manitoba
portion of the HBL (Klassen, 1986; Nielsen et al., 1986; Dredge
etal., 1990; Dredge, 1992; Roy et al., 1995; Roy, 1998; Nielsen,
2001, 2002), which are interpreted to be correlative to three
or four named ftill sheets in the Ontario portion of the HBL
(Skinner, 1973; Thorleifson et al., 1993). These include the pre-
lllinoian Sundance, the lllinoian Amery, and the Wisconsinan
Long Spruce/Wigwam Creek and Sky Pilot tills. Along many riv-
ers, these units are capped by glaciolacustrine and/or Tyrrell
Sea sediments (Dredge and Nixon, 1992).

As the study of till stratigraphy in Manitoba increases
in detail, the interpretation appears to become more com-
plex. For instance, a study conducted along four rivers that
incorporated analysis of numerous up-section till fabrics and
sample analyses documented 5 to 35 m of glacial sediments
that included multiple till units with varying concentrations
of north- and east-sourced indicator clasts and a large range
of till-fabric orientations (Nielsen, 2002; Hodder et al., 2017).
This study indicated significant transitions in the source area
of ice over time, which is not easily broken into four till units.
Ongoing field studies in the Gillam area of northern Manitoba
(Trommelen, 2013; Trommelen et al., 2014b; Kelley et al.,
2015), ~200 km southeast of the North Knife River—Churchill
River region, have also identified thick (1-40 m) sections of till
with up-section fluctuations in texture, matrix carbonate con-
centration and clast lithologies. Some ftill units are separated
by sand and/or gravel beds, but obvious indicators of intergla-
cial or interstadial conditions are rare.

Methods

Field data collection

Helicopter-supported fieldwork was conducted in the first
two weeks of September 2013, alongside the De Beers Group
of Companies field crews. At each of the 211 sites visited (Fig-
ure 1), geomorphic and terrain characteristics, map unit and
geological interpretation were recorded in addition to location
coordinates.

In late August of 2014, the MGS surficial geologists con-
ducted fieldwork along the Churchill River, in conjunction with
MGS bedrock geologists (Nicolas and Young, 2014). 45 field

sites were visited; 12 of which were stratigraphic sections (Fig-
ure 1).

The site information for both years is included in Appen-
dix 1.

Till sampling

A surface till sampling survey was conducted at regional-
scale in the map area (Figure 1). Site location and description,
sample information (e.g., sample material, sample depth and
soil horizon) and additional comments related to the sample
and/or site are provided in Appendix 1. In total, 235 till sam-
ples (Appendix 1) of ~2 kg each were collected (Figure 1) for
till-matrix major- and trace-element geochemistry, grain size,
carbonate and organic carbon content, and lithological analy-
ses. The surface-till samples were collected between 20 and
70 cm depth, with a shovel, and/or trowel from the B-, B/C- or
C-soil horizon in hand-dug pits. Where present, samples were
collected from mudboils in an attempt to sample the least
oxidized and most representative material. At stratigraphic
sections, samples were taken where opportunity permitted
(Figure 1).

Stratigraphic sections

Fourteen stratigraphic sections were documented dur-
ing this project, situated mainly along the Churchill River (Fig-
ure 5). Stratigraphic columns and a photo of each section are
included in Appendix 2. Additional stratigraphic data involving
Holocene sediments was released in Gauthier (2016a). Strati-
graphic research has a long history in northeast Manitoba (B.G.
Craig, H. Gwyn and B.C. McDonald, unpublished notes, 1967;
Craig, 1968; McDonald, 1968; Nielsen and Young, 1981; Dredge
and Nixon, 1992; Trommelen, 2015a). Unpublished data from
Operation Winisk is available for viewing at the MGS.

Ice-flow indicator mapping

Erosional ice-flow indicators, the orientations and relative
ages of which were documented at 10 sites in 2013 and 2 sites
in 2014, include micro-scale nondirectional indicators (stria-
tions and grooves) and directional indicators (chattermarks,
crescentic gouges and stoss-lee relationships). Macroform fea-
tures encountered in the study area include roches mouton-
nées. Detailed attention was paid at all outcrops to record rare
and protected ice-flow indicators, in addition to the dominant
indicators. Where crosscutting patterns were found, the rela-
tive ages of ice-flow orientations observed were determined
where possible. Detailed ice-flow indicator measurements are
found in Appendix 3. Observations collected supplement data
from the work undertaken in 2012 to the north (Trommelen,
2015a).

Remotely-sensed mapping
Mapping of remotely-sensed glacial geomorphology,
including ice-flow parallel streamlined landforms (drumlins,
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radar-derived digital elevation data from the Shuttle Radar Topography Mission data set (United States Geological Survey, 2002). A hill-shade

model has been added with transparency effect to enhance relief.

megaflutes, crag-and-tails, streamlined bedrock), esker ridges
and moraine ridges, was performed as part of ongoing mapping
efforts (Manitoba Growth, Enterprise and Trade, 2018a). Land-
formmappingusedimageryfromSPOT4/5satelliteimagery(10m
resolution, Geobase®, 2005-2010), in combination with a
Shuttle Radar Topography Mission (SRTM) digital elevation
model (30 and 90 m resolution, United States Geological Sur-
vey, 2002). Within the field areas, mapping was performed on
1:60 000 scale black and white aerial photographs.

Laboratory and analytical procedures

Till-sample splits were sent to the Saskatchewan Research
Council (SRC) Geoanalytical Laboratory. Approximately 1 kg
of each till sample was air dried and dry sieved, using stain-
less steel mesh screens to obtain the <2 mm size-fraction for

texture and <63 um size-fraction for geochemical analyses and
carbonate content determination. The remainder of the origi-
nal samples was archived at the MGS.

Clast lithology

Clast lithology of the till samples was determined to help
identify major directions of dispersal and till provenance. Clasts
larger than 2 mm were sieved from a portion of each till sam-
ple collected and further separated into clast-size fractions of
2-4 mm, 4-8 mm and 8-=30 mm. The granules or pebbles within
each clast-size fraction were separated according to lithology
by the author, using an optical microscope. An average of 196
clasts was counted for each till sample, with averages of 91, 27
and 79 clasts for the 2-4 mm, 4-8 mm and 8-30 mm size frac-
tions, respectively. In Appendix 4, the lithological class results
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are expressed as numbers of clasts in a separate table for each
size fraction. The fractions were then summed (2—30 mm) and
expressed as a count percent (ct. %) of the total number in
another table. Photos of each sorted 2—4 mm size fraction are
presented in Appendix 5.

Clasts were separated into 22 rock types (Appendix 4). The
greenstone belt (sedimentary, volcanic) rock types are at low
to medium metamorphic grade, and may contain garnet, anda-
lusite and sillimanite. These greenstone clasts are typically
angular to subrounded and grey, dark green or black; with rare
burnt-umber red. Sedimentary and volcanic rock types in bed-
rock exposures are quite varied (Anderson et al., 2009; Ander-

son et al., 2010b), and include mudstone, phyllite, arenite,
psammite, schist, quartz arenite, conglomerate, paragneiss,
marble, iron formation, gabbro, amphibolites, basalt, andesite,
dacite, rhyolite, and volcaniclastic rocks. Granitoid and gneissic
rocks types, angular to subangular in shape, include granite,
porphyritic granite, granodiorite, biotite-granite, syenogranite,
guartz syenite, quartz diorite and tonalite.

Exotic granitoid clasts are subrounded and/or faceted in
shape, and consist of darker red or purple lithologies foreign
to the Hearne craton. Exotic red or purple metavolcanic clasts
(Figure 6 a—c, g) are typically resistant, rounded to subrounded
in shape, and include porphyries with white phenocrysts (Pitz

concretions

Figure 6: Transported foreign clasts encountered in the North Knife River—Churchill River region include red/purple metavolcanic porphyries (a—c,
g) and greywackes with recessive circular calcareous concretions (d—g). Soft, unmetamorphosed Paleozoic carbonates (h) have also been trans-

ported west across the Precambrian shield.
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Formation of the Dubawnt Supergroup) and/or with phlogo-
pite phenocrysts (Christopher Island Formation of the Dubawnt
Supergroup; Peterson, 2006).

Exotic ‘eastern’ Proterozoic clasts include unmetamor-
phosed red siltstones and sandstones and resistant greywacke.
Greywacke erratics with tan to light grey calcareous concre-
tions are derived from the Omarolluk Formation of the Belcher
group in eastern Hudson Bay (Ricketts and Donaldson, 1981;
Prest et al., 2000; Johnston and Schreiner, 2011). These distinc-
tive erratics are easily diagnosed as larger clasts and commonly
referred to as ‘Omars’ (Prest et al., 2000; Figure 6 d—g). These
clasts are difficult to distinguish as pebbles, and can be con-
fused with the greenstone belt clasts, as the rock matrix prop-
erties are variable and concretions may be absent. Proterozoic
greywackes are probably under-mapped in concentration, as
dark fine-grained clasts of uncertain lithology were placed
in the greenstone category. Paleozoic carbonate (limestone,
dolostone, carbonate-rich sedimentary) clasts (Figure 6h) are
unmetamorphosed tan, off-white, light grey or pink, rounded
to subrounded, and react with diluted hydrochloric acid when
crushed. Chert and rare, abraded, shell fragments were also
found within the smallest size fractions.

For interpretation of till composition and dispersal pat-
terns, the clasts were grouped into six simplified classes (gran-
itoid; greenstone; Paleozoic carbonate; exotic northern; exotic
eastern; quartz) to reduce lithological identification errors.
The breakdown of clast-types included in the six classes is pre-
sented in Table 1.

Grain size distribution

The matrix textural results were calculated as weight per-
cent (wt. %) sand, silt and clay of the <2 mm fraction and are
presented in Appendix 6.

At SRC, an aliquot of <2 mm sample material was trans-
ferred to a flask. An aliquot of Calgon® was added. De-ionized
water was added to the flask and the flask was shaken until
the contents were thoroughly mixed. The contents of the flask
were sieved through a screen into a graduated cylinder. An ali-
qguot of sample was immediately removed. A second aliquot

Table 1: Simplified and detailed lithological classes for till sample clasts.

(of clay) was removed from the cylinder, after a certain period
of time (the time period is dependent on the ambient room
temperature). The sieved sand and aliquots of sample material
were dried and re-weighed. Calculations were performed to
determine the percentage of sand, silt, and clay in the sample
based on the total weight. An SRC standard was prepared and
inserted into the group every 12 samples. Replicate samples
were inserted after every 40 samples or at the end of smaller
groups.

Carbonate content

The results for carbonate content are provided in Appendix
7. At SRC, an aliquot of the till matrix (<63 um, agate ground)
was digested using HCl, and then analyzed using a PerkinElmer
Optima 5300DV. The samples were analyzed for Ca and Mg (in
wt. %), and then calcite, dolomite and total carbonate (CO,)
were calculated (in wt. %). Quality-control samples were pre-
pared and analyzed with each batch of samples.

Carbon, organic carbon and sulphur

To determine carbon and sulphur, an aliquot of the <63
pum till-matrix size-fraction was combusted at SRC in a LECO
induction furnace with an oxygen supply. The results for total
carbon, organic carbon and sulphur (all in wt. %) are included
in Appendix 8. The percentage of organic carbon is determined
from the percentage of inorganic carbon (of an aliquot of sam-
ple) using the LECO induction furnace with an argon supply. At
least one standard was analyzed in every 20 samples as well
as after all the samples. One sample duplicate was analyzed in
every 40 samples. The detection limit for carbon, sulphur and
organic carbon is 0.01%.

Loss-on-ignition

Loss-on-ignition (LOI) gives an estimate of the total organic
content, and can help to give a measure of the degree to which
the sample geochemistry has been modified by post-deposi-
tional weathering. The results for LOI at 1000°C are included
in Appendix 9.

Simplified

Hudson Bay

Granitoid Greenstone UGG Carbonate . Exotic northern Exotic eastern Unknown
class Basin
Granitoid Phyllite/ Undifferentiated  Grey, tan, black, Kenogami Exotic, faceted Omar Quartz
Psammite greenstone and limestone/ Formation granitoids and
Dark green greywacke dolostone Lower Portage gneiss Shell Quartzite
volcanic Chute fragment
Quartz arenite Pink limestone Formation Unmetamorphosed Chert
Detailed sediment
classes Paragneiss Exotic, red Iron formation
Sulphide metasediment
and
Amphibolite metavolcanics
Gabbro
Diorite
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At SRC, an aliquot of <63 pum ftill-matrix size-fraction was
placed into a crucible and the total initial weight was recorded.
The sample was then placed in a muffle oven for a suitable
period of time. The samples were then removed from the
oven, allowed to cool and reweighed. One in every 40 samples
was analyzed in duplicate. The detection limit for the determi-
nation of LOIl is 0.1 wt. %.

Geochemistry

ICP-MS partial (HNO, :HCI) digestion

For the determination of 41 elements, an aliquot of the
<63 um size-fraction of each sample was analyzed at SRC. The
sample aliquot was digested in a mixture of ultra-pure, concen-
trated nitric and hydrochloric acids (HNO,:HCI) in a hot-water
bath and then diluted using de-ionized water prior to analy-
sis. The sample solution was analyzed by inductively coupled
plasma—mass spectrometry (ICP-MS). The analytical results
are presented in Appendix 10. Analytical data for control refer-
ence standards, analytical and field duplicates, and blanks are
also included. The acid digestion is weaker than an aqua regia
(1:3, HNO3:HCI) digestion, as such, the concentrations reported
herein cannot be directly compared to till-geochemistry values
commonly reported by the GSC (Spirito et al., 2011).

ICP-MS near-total (HF:HNO,:HCIO, ) digestion

For the determination of 49 elements, a portion of the
<63 um size fraction for each sample was analyzed at SRC. An
aliquot of the fraction was digested to dryness in a hot-block
digesting system using a mixture of ultra-pure concentrated
acids (HF:HNO,:HCIO,). The residue was dissolved and made
up to volume using de-ionized water prior to analysis. The
sample solution was analyzed by inductively coupled plasma—
emission spectrometry (ICP-ES; ALO,, Ba, Ca0, Cr, Fe,O,, La, Li,
MgO, MnO, PO, K,0, Na,O, Sr, TiO,) and ICP-MS (remaining
elements). The analytical results are presented in Appendix 11.
Analytical data for control reference standards, analytical and
field duplicates, and blanks are also included. The three-acid
leach used for this method is weaker than what is used for
‘total’ digestion (four-acid) till geochemistry and, as such, the
concentrations reported herein cannot be directly compared
to till geochemistry values commonly reported by the GSC
(Spirito et al., 2011).

‘Total’ digestion, instrument neutron activation

analysis

For the determination of Au plus a 34 element- or oxide-
suite, a 30 g aliquot of the <63 um size fraction for each sample
was sent to Activation Laboratories Ltd. (ActLabs). There, the
aliquots were analyzed by instrumental neutron activation
analysis (INAA), which measures gamma radiation induced in
the sample by irradiation with neutrons. The analytical results

are presented in Appendix 12, together with analytical data
for control reference standards, analytical and field duplicates,
and blanks.

Till samples were also sent to ActLabs for INAA during the
re-analyses completed in the adjacent area of northwestern
Manitoba (Lenton and Kaszycki, 2005), and the results are
directly comparable.

Statistical interpretation

Principal component analysis

Multivariate statistical methods allow large datasets to be
explored, while still incorporating as much information (vari-
ables) as possible (Grunksy, 2010). To analyse the till-matrix
geochemistry for provenance information, we examined the
near total-digestion ICP-MS data. The dataset includes sam-
ples from the 2012 study to the north (Trommelen, 2015a), as
well as from this study. Data from the 2009 and 2010 area was
analyzed using a different laboratory method (Campbell et al.,
2012) and cannot be directly compared. After dataset prepa-
ration (removal of elements that were consistently near or at
detection limits, substitution of other near/at detection limit
values and removal of oxides), the dataset was transformed
using a centered-log ratio transformation to avoid the effects
of closure on the dataset (Grunksy, 2010). For a more thorough
examination of the geochemistry data for mineral exploration
purposes, the reader is referred to methods in Chen et al.
(2019) and others (e.g., Barnett and Williams, 2009; Grunksy,
2010; Grunksy and McClenaghan, 2013; Sacco et al., 2018).

Results

Ice-flow history

For most of the study area, thick sediment cover pre-
cludes detailed interpretation (Figure 3). Where encountered,
the bedrock surfaces were commonly rough, weathered and/
or lichen-covered, which further inhibits data collection. Ero-
sional ice-flow indicators in the northern portion of the study
area are oriented between 110 and 290° (Figure 7, Appendix
3).

Rare and protected erosional ice-flow indicators trend to
the W—NW and SE. First, W—NW-trending (270 and 290°) chat-
termarks were mapped at two new sites, where they are the
oldest mapped erosional indicators (Figure 7, Figure 8a, b). At
site 13115MT626, 4 m of clast-poor till overlies lodged boul-
ders striated to 270°, which overlies 1+ m of a different, boul-
dery till (Figure 8c). Second, 1 m wide gouges that trend to
160° were mapped at two new sites along Calder Creek, where
they are the oldest mapped erosional indicators (Figure 7, Fig-
ure 8d).

Widespread and abundant erosional ice-flow indicators
trend to the SSW and SW. First, SSW-trending (185 to 220°) stri-
ations, grooves and chattermarks were mapped at seven new
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Figure 8: Various ice-flow indicators collected in the summer of 2013 from the North Knife River—Churchill River region: a) chattermark set that
trends 280° at site 13115MT500; b) chattermark set trending 270°, on the edge of an outcrop at site 13115MT549; c) striations that trend 270°
at the top of a dipping boulder embedded in the contact between two different till units at site 13115MT626; d) a large chattermark that trends
160° at site 13115MT602; e) very fine striations that trend 245° at the top of an outcrop at site 13115MT598; f) striations and grooves that trend
190° on psammiitic outcrop at site 13115MT599.
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sites, where they are either the oldest mapped erosional indi-
cators, or are of unknown age (Figure 7). Second, SW-trending
(230 to 250°) striations (Figure 8e), grooves and chattermarks
were mapped at eight new sites, and are of variable cross-
cutting age (Figure 7). Lastly, fine striations, chattermarks and
grooves trend to the ESE (110 to 150°; 4 new sites) and S (170
to 200°; 2 new sites; Figure 8f) at the top of outcrops (Figure 7).

S—SE-trending streamlined landforms overlie most of the
western side of the study area. These ice-parallel landforms
are part of a larger lobate flowset that is approximately 70 km
wide and 200 km long. This flowset—termed the Quinn Lake
re-advance or the Quinn Lake Ice Stream—advanced into Lake
Agassiz (Dredge et al., 1986; Dredge and Nixon, 1992; Trom-
melen, 2015g; Gauthier, 2016a). Small patches of SW-trending
streamlined landforms are also present near Lovat Lake and
Mack Lake (Figure 7, Figure 8).

Ice-flow data is also sparse in the Churchill River area (Fig-
ure 9). Striations toward the SSW were mapped at just two
sites (Appendix 3), and a SSW-trending boulder pavement was
noted at one site during Operation Winisk in 1967. Till fabrics
interpreted to have been formed by SE-, SW-, and S-trend-
ing ice flow were measured at the Limestone Rapids section
(14115MT408, Figure 5; Nielsen and Young, 1981).

Summary

The glacial ice-flow record in northeastern Manitoba is
complex. While erosional ice-flow indicators were only docu-
mented within a small portion of the study area, there is better
erosional ice-flow indicator data to the north in the Seal River
area (Campbell et al., 2012; Trommelen, 2015a) and to the
northeast in the Churchill area (Trommelen and Ross, 2011).
All regional data have been integrated, leading to reconstruc-
tion of 10 ice-flow phases in northeastern Manitoba (Trom-
melen et al., 2012; Gauthier et al., 2019). Regionally, there are
two W- to NW-, two S- to SE-, and two SW-trending ice-flow
phases. In this study area, W-trending striated boulders overlie
an older till (section 13115MT626, Appendix 2), indicating that
the boulders were striated during the regional ice-flow Phase
5 (Figure 10e). The rare and protected W—NW- and SE-trending
erosional ice-flow indicators in the study area (Figure 7, Figure
9) may correlate to either regional ice-flow phases 1 and 2, or 5
and 6 (Figure 10). Widespread SSW- and SW-trending erosional
ice-flow indicators likely correlate to regional ice-flow phases
7 and 8 (Figure 10g and h), as do the SW-trending streamlined
landforms near Mack Lake and Calder Creek (Figure 7). The
delicate erosional ice-flow indicators that trend towards the S
and ESE are likely deglacial, and correlate to regional ice-flow
phases 9 and 10 (Figure 10). S-trending ice flow was likely nec-
essary during emplacement of the South Knife moraine, which
was also formed at the same time as the S- to SE-trending
streamlined landforms belonging to the Quinn Lake ice stream
(Gauthier, 2016a).

Glacial terrain zones (GTZ)

In glaciated areas with complex histories, the landscape
can be partitioned into glacial terrain zones (GTZ, Trommelen
etal., 2012). Each GTZ is a coherent “puzzle piece” that records
a unique glacial history (i.e., a record that is distinct than the
one found in adjacent zones). The field area (Figure 7) contains
a portion of the deglacial-type Quinn Lake GTZ (Trommelen et
al., 2012; Trommelen, 2015g). This GTZ formed during a degla-
cial surge of an ice stream into glacial Lake Agassiz (Dredge et
al., 1986; Dyke and Dredge, 1989). The boundaries are closely
tied to the edge of the internally-consistent, curvilinear Quinn
Lake streamlined-landform flowset, as well as the pattern of
divergent eskers (Figure 7).

Stratigraphy

Fourteen stratigraphic sections were documented in 2013
and 2014 (Figure 5, Appendix 2), twelve of which are along (or
close to) the Churchill River (Figure 11). Most of these sections
were visited briefly, and the descriptions that follow are sim-
plified. Detailed sampling and till fabrics were not completed
due to time constraints, and the sections were not fully cleared
of colluvium prior to study. The 14 sections described here
expose clay, sand, gravel and diamict. Two chronostratigraphic
units (pre-Holocene and Holocene) and three lithostratigraphic
units were recognized based on lithology, texture, sedimentary
structures, stratigraphic position and fossil content. Granitic
and/or calcareous bedrock outcrops were found at the base
of seven sections (Figure 11). Bedrock outcrops are not con-
sistent, and may be present on one side of the river and not
the other.

Pre-Holocene sediments

Unit A: Diamicton

Unit A is a blocky and dense, massive, matrix-supported
diamict that ranges from 2 to 8 m thick and is situated near the
base of four sections (Figure 11). This diamict either overlies
bedrock, or has a colluviated and obscured lower contact. Clast
content is typically 5-10%, though can be as high as 15%; clasts
are subangular to subrounded, granule- to cobble-sized with
rare boulder-sized clasts. Some clasts are bullet-shaped and
striated. The till-matrix consists of a dark grey to grey-brown to
black, clayey-silty sand, though the proportion of each texture-
class can vary (Figure 12a—d, Appendix 2).

Unit B: Clay, sand and gravel

Unit B consists of three subunits, stratigraphically situ-
ated below and/or between diamict units (Figure 11). The first
subunit (B-1) is a 1 to 12 m thick, poorly sorted, massive to
weakly-stratified, sand and pebble- to boulder-sized gravel
(Figure 13a, b). This unit was too steep to access at section
14115MT405 (Figure 13c) and only briefly examined at sec-
tions 14115MT408 and 141115MT409 (Appendix 2). Though
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not observed in 2014, Dredge and Nixon (1992) sampled
a layer of detrital organics from within this unit at section
14115MT408 (Limestone Rapids), that contained beetles, tad-
pole shrimp, small mammal bones, birch fragments and vari-
ous plant seeds (Dredge et al., 1990). Unit B-1 also includes a
0.3 m thick unit of interbedded clayey silt, silt and fine sand at
section 14115MT409 (Figure 12 and Figure 13d). The second
subunit (B-2) is a 4 m thick, massive to weakly-stratified (beds
0.3 to 1.0 m thick), sand and granule- to cobble-sized gravel
that outcrops at section 14115MT436 (Figure 12, Figure 13e,
and Appendix 2). The upper contact with Unit C is sharp and
horizontal, and the lower contact with Unit Ais sharp and undu-
latory. Clast content is 25% and contains clasts that are com-
monly derived from the Precambrian Shield, and rare diamict
rip-up clasts (Figure 13f). The third subunit (B-3) isa 2 to 16+ m

Geoscientific Paper GP2019-1

thick, well-sorted, massive to horizontally-laminated, beige to
orange-brown, medium- to coarse-grained sand, that contains
minor pea gravel (Figure 13g). Unit B-3 is situated at 149 m asl
at section 14115MT441 and 168 m asl at section 14115MT432
(Appendix 2). Rare, small, abraded shell fragments were noted
within the sand at section 14115MT441, but were not photo-
graphed or sampled. The upper contact with Unit C is sharp
and horizontal to undulatory, with some diamict injected down
into the sands at section 14115MT432 (Figure 13h).

Unit C: Diamicton

Unit C is a massive, matrix-supported diamict that ranges
from 5 to 24+ m thick and is laterally exposed for tens to hun-
dreds of metres at all sections (Figure 11). This diamict either
overlies bedrock, sand, sand and gravel, or extends to the base

13



.,Zf@ ,Nl,JN,AV,UT 95°W. Phase 1 Phase 2 Phase 3
3 «— Field-based ice-flow Field-based ice-flow Field-based ice-flow
indicator indicator indicator
c Field-based ice-flow Field-based ice-flow
a’/bol,/?. indicator, direction indicator, direction unknown
ver unknown
5 wt. % total carbonate Hudson Bay Hudson Bay
in till matrix (<63 pm) ¢ —
Qcmrchm & Rive, Churchil S Churchil
Seal x \ Rivey ‘/GF
<
@
a‘\ N\ \* &
iy & = N
g N s &
0 50 100] [« S ¢ 10 &
" [
kilometres
Phase 4 z S 95°W Phase 5 > N 95w Phase 6
Field-based ice-flow Z‘g @ Field-based ice-flow o N &1 Field-based ice-flow
indicator € indicator © 2 indicator
Streamlined-landform c 5 wt. % total carbonate Streamlined-landform!
flowset A tboy, Rive, in till matrix (<63 um) flowset B
Hudson Bay Hudson Bay Hudson Bay
Seal River *(elhurchill Seal 0 River - Churchill ')C*h§6hill
-«
«— €—
NN
< < X
Z 1 ?;\46 Ql\qe z QL\“Q
o ‘(\\\\ D o O
0 &0 e} 0‘(}(\ %] \)\G‘\
& e o
Z — 950 Phase 7 F4 Y s 95°W Phase 8 95TW, Phase 9
g J J, Field-based ice-fiow || 27 Field-based ice-flow : l Field-based ice-flow
¢ g 2 4 indicator 1 indicator indicator
¢ = c m Streamlined-landform Cap Streamlined-landform
[D 5oy g, flowset C 10y, Rivg flowset E (Quinn Lake)
¢/ ver Q,ﬁ, Streamlined-landform r'd A Major moraine
h a u % flowset D Hudson Bay Esker ridge
l { ’ / K . Churchil Churchil
Seal & *fl *
/
Phase 10
Field-based ice-flow
indicator
Streamlined-landform
flowset E (Quinn Lake)
Major moraine
Esker ridge
Churchill
*>
“a
| \ o ) . " &
S\ L ~ZSouth Knife o
)’ N moraine ‘{\\\\
=z f S o, \“0 »
A TN ENACN ey
Ko W -
KT ).:
el

Figure 10: Regional ice-flow phases in northeastern Manitoba, reconstructed from field-based erosional ice-flow indicators, till fabrics, stream-
lined-landform orientation and geomorphology. The reader is referred to Gauthier et al. (2019) for more information. The arrows outline the
minimum spatial extent of each phase, where mapped in the field.

14 Manitoba Geological Survey



1-6T0ZdD Jaded 2413ualdsoa9

ST

South Knife River stratigraphy

13-553 13-626
257 m asl 95 m asl

>47 800 “C BP

Elevation (m asl)

115- ™.

105 g

1 | Churchill River stratigraphy " B-1
H: Holocene marine and lacustrine sediments N
%1 |C:Till2

B: Subtill or intertill gravels, sands and clay YA
1 [A:Till1 \
R: Bedrock

Legend
== Boulder pavement
F Fossil
—— Detrital organic layer
[ Silt and clay, massive
651 | E= Silt and clay, laminated
[_]Sand, massive
E= Sand, horizontally laminated
[ Gravel, clast-supported, imbricated
Gravel, matrix-supported,
= massive to horizontally stratified
[ Diamict, matrix-supported, massive
Diamict, matrix-supported, stratified
[ Calcareous bedrock

4| | EEE Granitic bedrock
[=<] Covered

B-1

0 10 20 30 40 50 60 70 104

Southwest Straight distance between sections (kilometres) Northeast

Figure 11; Interpreted correlation of chronostratigraphic/lithostratigraphic sections along the Churchill River. 14-xxx and 13-xxx refer to the site locations, simplified from the full label (14115MT- and
13115MT-, see Figure 5).



£

14115MT436A02

- A

14115MT436A02

Figure 12: Photographic examples of lower Unit A (a—d) and upper Unit C (e-h) diamictons from the same four sections along the Churchill River.
The label refers to the site number and sample number.

16 Manitoba Geological Survey




Holocengus -

e

_ e e

=114115MT405 |

UnitB-2
RN

T &

\‘\ 3
\ i L
v Diamict :¥
\ rip-up clasty

£ .
-

3

AN

14115MT436|

i

e
&

Figure 13: Photographic examples of Unit B clay, sand and gravel; including lithofacies B-1 (a—d), B-2 (e, f) and B-3 (g, h) from six different sections
along the Churchill River. The label refers to the site number.

Geoscientific Paper GP20




of the river level. Clast content is typically 10-15%, though
can be as low as 5%; clasts are subangular to subrounded,
granule- to cobble-sized with rare boulders. Some clasts are
bullet-shaped and striated. The matrix consists of a grey to
grey-brown to beige clayey-sandy silt, though the propor-
tion of each texture-class can vary (Figure 12e—h, Appendix
2). The density and blocky structure of the diamict increase
with depth. Similar diamict was documented in two sections
along the South Knife River (Figure 11), including within the
upper portion of section 13115MT626. At that site, the upper
clayey-sandy-silt diamict contains 10% clasts that are granule-
to pebble-sized, and is separated from a lower till by a striated
boulder pavement (Figure 8c). The lower silty sand diamicton
contains 10-15% clasts that are granule- to boulder-sized.

At section 14115MT432 (Figure 11, Appendix 2), a thin
(0.7 m), weakly-stratified, matrix-supported diamict overlies
>2.0 m of horizontally laminated, well-sorted sand (Figure
13h). The clayey-sandy-silt diamict contains 10-15% clasts, and
was injected into the underlying sand. This diamict is included
within Unit C, because it is situated at surface. The top of this
section is at 170 m asl, which is ~30 m above marine limit
(Gauthier, 2016a).

Holocene sediments

Holocene sediments consist of massive to horizontally-
bedded silt and clay, silt and sand, gravelly sand, and gravel
(Figure 11). The Holocene portion of sections, including radio-
carbon ages obtained on marine molluscs, is discussed in
Gauthier (2016a).

Till composition

Texture

There is a large spread in the textural composition of tills
in the field area (Appendix 6). The samples contain 3 to 76%
sand (median=48%), 20 to 78% silt (median=36%), and 1 to
50% clay (median=13%).

Clay, sand and silt distribution are spatially variable
throughout the southern part of the field area (Figure 14),
while clay is only rarely present north of the Seal River. Sandy
till (>60% sand) is situated throughout the field area, and dom-
inant north of the Seal River. Silty till (>60% silt+clay) is also
present throughout the field area. The majority of tills in the
field area are composed of sand and silt in equal proportions.

Carbonate

The concentration of carbonate in local tills is important,
because the carbonate is sourced from Paleozoic calcareous
bedrock on the shores of, and beneath, Hudson Bay. Over the
Precambrian shield, the concentration of carbonate can be
used as a proxy to determine the percentage of far-travelled
detritus that the local tills contain. This is important informa-
tion, because the calcareous, far-travelled detritus can mask

and/or dilute the geochemical component of the local shield
bedrock, which is problematic for drift exploration. There are
several methods to determine the calcareous concentration of
the tills (total carbonate wt. %, inorganic carbon wt. %, CaO wt.
%), and each will be discussed in turn.

Matrix total carbonate

The results for carbonate analyses of the till matrix (<63
um size-fraction) are in Appendix 7. Till sampled in 2013 and
2014 contains 0.93 to 70.06% total carbonate (<63 pum size-
fraction). The surface till is calcareous throughout most of the
region (Figure 15), and becomes noncalcareous (<5 wt. % total
carbonate) between South Knife Lake and Quinn Lake. This
data has been added to an online hand-contoured map of car-
bonate content in the surface till of Manitoba (Trommelen and
McMartin, 2019).

Matrix inorganic carbon

Inorganic carbon may be a useful provenance indicator
for tills, and can be used to identify the presence of a buff-
ering agent which could affect the sample geochemistry. The
results for inorganic carbon analyses on the ftill matrix (<63
um fraction) are in Appendix 8. Inorganic carbon concentra-
tions are not correlative to the total-carbonate concentration
(R?=0.4837, Figure 16).

Matrix calcium oxide (CaO)

Calcium oxide, analysed by near-total digestion ICP-MS
(Appendix 11), is another useful provenance indicator for ftills,
and is a buffering agent that could affect the sample geochem-
istry. Till sampled in 2013 and 2014 contains 1.5 to 28.7 wt. %
CaO0 (<63 um size-fraction) (Figure 17). Figure 16b shows that
CaO concentrations are strongly correlative to the total-car-
bonate concentration (R?=0.9567).

Oxide ratio

Analyses in other areas of Manitoba have defined carbon-
ate till using a ratio between CaO+MgO, normalized to Na,O
values (McMartin et al., 2016). This is because some calcium
and magnesium can be sourced from the dissolution of feld-
spars, and dividing by sodium removes this non-carbonate
presence. Figure 16¢ shows that there is a logarithmic correla-
tion between this ratio and the total carbonate concentration
(R?>=0.8615).

Matrix calcium (Ca)

Calcium analysed by INAA (Appendix 12) may be another
useful provenance indicator for tills, as well as the presence
of a buffering agent which could affect the sample geochem-
istry. However, Figure 16d shows that Ca concentrations are
only weakly correlative to the total carbonate concentrations
(R*=0.5883).
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Summary

The best method to determine till-matrix carbonate con-
centration is by the Ca, Mg method. This is correlative with
measurement of CaO by near-total digestion ICP-MS, and has a
logarithmic correlation with the oxide ratio (Ca0O+MgO/Na,0).
Total carbonate in the till matrix is also correlative to the con-
centration of carbonate clasts in the till (Figure 16e).

Till-matrix (<63 um) geochemistry

Proportional-symbol plots of the concentrations of some
major elements analyzed are presented in Appendix 13. The
data from this project (n=231 sites) is depicted along with data
from 2013 (Trommelen, 2015g), 2012 (Trommelen, 2015a)
and 2009-2010 fieldwork in the same region (Campbell et al.,
2012). The acid leach used at SRC is weaker than what was used

in 2009-2010 (LiBO at ActLabs), and thus the datasets are not
treated as equivalent. Instead, the natural breaks (jenks) are
calculated for the SRC dataset, and the older sites are shown
for interpretation purposes with the same classification. Read-
ers are encouraged to undertake their own interpretation of
the data.

Till-matrix geochemistry data shows that noncalcareous
till is elevated in elemental concentrations, while calcareous
till masks and/or dilutes the signature of the underlying bed-
rock. It is not that simple, however, as the majority of the 2013
field area is underlain by granitoid and carbonate rocks, all
of which tend to be naturally lower in base metals than the
metasedimentary and metavolcanic rocks to the north. Addi-
tionally, while near-total digestion data is displayed in Appen-
dix 13, partial-digestion data is preferable for drift exploration
purposes.
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precise than the Ca, Mg method, which is why we have classified concentrations <5% as background (~null) values. The 1980’s Chittick was run on
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Gold

Gold was analyzed by INAA in this, and in the 2009 and
2010 studies (Campbell et al., 2012). The majority of the ftill
samples in this study do not have gold (96%). However, three
sites yielded gold concentrations that are comparable to the
95™ percentile for till in the area to the north that overlies the
Seal River greenstone belt (Campbell et al., 2012). These sites
are AN344213 (<63um, 50 ppb), AN360213 (<63um, 46 ppb)
and AN352413 (<63um, 32 ppb).

Nickel and copper

The regional distribution of nickel concentration in ftill
(near-total ICP-MS data) delimits high values (>99* percen-

an ongoing unpublished regional compilation.

tile, 113-231 ppm, 3 sites) near the ultramafic rocks north of
the Seal River, where mineralization occurrences are known
in exposed bedrock and drillcore (Figure 18). Similarly, the
regional distribution of copper concentration in till (near-total
ICP-MS data) delimits high values (>99*" percentile, 33.7-85.4
ppm, 14 sites) near the metasedimentary rocks of the Seal
River greenstone belt (Figure 19). For both metals, elevated
values (90-99% percentile) in tills nearby were likely dispersed
southeast and/or southward from those rocks. Interestingly,
there are also elevated values (90-99%" percentile) for both
metals within till from scattered surface-sample sites near
North Knife Lake, South Knife Lake, between Mack Lake and
Wood Lake (5 sites nickel, 10 sites copper), and from buried,
shale-rich (site 14115MT405) and shield-rich (14115MT436)
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nution on each rock type are unknown, or may not be com-
parable over all classes, the clast-size fractions were grouped
together for spatial analysis. Table 2 demonstrates the validity
of this grouping, as the percentage of each simplified class is
similar for each size fraction. The simplified classes are plotted
spatially in ArcGIS using count percentage bubble plots by per-
centiles (Appendix 14).

tills along the Churchill River. The source of elevated copper
and nickel within these tills is unknown.

Clast composition

Clasts within till can assist with the delineation of gla-
cial transport directions and distances as well as identifying
unmapped bedrock units, including outliers. Glacial dispersal
can be mapped at varying scales from continental (hundreds of
kilometres) to regional (tens of kilometres) to local (less than
10 km).

To determine clast-dispersal patterns within the field area,

the 19 lithological classes (Appendix 4) were first grouped into
six simplified classes (Table 1). Because the effects of commi-

Granitoid clasts

Granitoid clasts are present at all sampled till sites (Appen-
dices 4, 14), and exhibit a large range in concentration from
6.1 to 99.5 ct. %. Concentrations are highest in tills overlying
mapped granitoid bedrock. All elevated values (>90*" percen-
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Figure 18: Regional concentration of nickel in till-matrix samples, analyzed using ICP-MS after near-total digestion at SRC analytical laboratory.

Includes data from this project as well as the Seal River project in the north (Trommelen, 2015a) and the Gauer Lake project in the southwest
(Trommelen, 2015g).

tile) are spatially situated north or west of the North Knife River
(Figure 20), which is within 11 km of the maximum limit of car-
bonate dispersal. The provenance of these clasts is unknown,
as granitoid rocks are situated throughout the north (Manitoba
Department of Mines, Natural Resources and Environment, 1979).

Greenstone belt clasts

Metamorphosed greenstone clasts are present at 97.8%
of sampled till site (Appendices 4, 13), and exhibit a range in
concentration from 0.0 to 36.1 ct. %. The spatial distribution
of greenstone clasts (Figure 21) from sampled tills is complex,
producing an amoeboid pattern. Local patterns of greenstone-
clast dispersal in the Great Island—Seal River area are discussed
in Trommelen et al. (2013). Regional dispersal patterns are

Exotic, further-travelled granitoid clasts are present at

71.7% of sampled till sites (Appendix 4), at up to 4.6 ct. % and
throughout the entire field area.
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Figure 19: Regional concentration of copper in till-matrix samples, analyzed using ICP-MS after near-total digestion at SRC analytical laboratory.
Includes data from this project as well as the Seal River project in the north (Trommelen, 2015a) and the Gauer Lake project in the southwest

(Trommelen, 2015g).

difficult to define, given the lack of point-source distribution,
the mix of lithologies and the variability in paleo—ice-flow ori-
entation. The stratigraphy at section 13115MT626 (Appen-
dix 2) indicates that greenstone dispersal to the southeast
occurred before carbonate dispersal to the west (Figure 8c).
The lack of till-fabric studies along the Churchill River precludes
other interpretations.

Phyllite/psammite clasts (Appendix 4) are likely sourced
from the Seal River greenstone belt rocks, as these soft clasts
are recessive and comminute easily. The regional pattern of
phyllitic and psammitic clasts in till (Figure 22) delimits spatially
variable dispersal distances. The dominant dispersal (>80t
percentile, >6 ct. %) ends roughly 20 to 30 km down-ice, while
the tail end of southwesterly dispersal is cf. 100 km (65-80%
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Table 2: The average percentage of each simplified clast-lithology class in comparision to the three clast size fractions

Exotic northern

Exotic eastern Calcareous Sum
0.06 21.36 17304
0.13 25.40 5036
0.21 25.22 14972

Clast fraction Granitoid
2-4 mm 67.63
4-8 mm 58.51
8-30 mm 59.65
o
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Figure 20: The spatial distribution of granitoid clasts (2-30 mm) within till samples in northeast Manitoba. This figure includes data from sur-

rounding studies (Campbell et al., 2012; Trommelen, 2015a, b). Bedrock geology is simplified from Anderson et al. (2009) and an ongoing unpub-
lished regional compilation.
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Figure 21: The spatial distribution of undifferentiated greenstone and greywacke clasts (2-30 mm) within till samples in northeast Manitoba. This

figure includes data from surrounding studies (Campbell et al., 2012; Trommelen, 2015, b). Bedrock geology is simplified from Anderson et al.
(2009) and an ongoing unpublished regional compilation.

percentile, 2-5 ct. %), in the Gauer Lake—Wishart Lake area
(Trommelen, 2015g).

Calcareous clasts

Calcareous clasts are present at 96.8% of sampled till sites
(Appendices 4, 14), and exhibit a range in concentration from
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0.0 t0 90.9 ct. % (Figure 23). Concentrations are highest overly-
ing calcareous bedrock. The spatial distribution of calcareous
clasts within till shows that carbonate detritus was dispersed
at least 130 km to the west. Dispersal drops off sharply to the
north, along the North Knife River, though calcareous clasts

can be found at a few isolated sites in the north (Trommelen
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Figure 22: The spatial distribution of phyllitic and psammitic clasts (2-30 mm) within till samples in northeast Manitoba. Bedrock geology is sim-
plified from Anderson et al. (2009) and an ongoing unpublished regional compilation.

et al.,, 2013). Generally, calcareous-clast concentrations are during fieldwork within the till at site 13115MT553 (Appendix

correlative with the total carbonate concentration (R?=0.7495, 3). This sample returned a radiocarbon age of 47800+1900 **C

Figure 16e). yr. BP (UCIAMS-135234, Gauthier, 2016a). At all five sites, the
shell fragments are associated with calcareous till.

Shell fragments
Shell fragments were encountered within the sieved clasts Black shale clasts
at four field sites (Figure 23). These resistant, weathered shell A unique grey-black till was sampled from the lower-half

fragments (2—4 mm size fraction) are most likely from marine of section 14115MT405 (Figure 24), at the mouth of Chasm
shells. An additional shell fragment (10x20 mm) was found Creek just before it enters the Churchill River (Figure 1). This
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Figure 23: The spatial distribution of calcareous clasts (2-30 mm) within

till samples from northeast Manitoba. This figure includes data from

surrounding studies (Campbell et al., 2012; Trommelen, 2015, b). Sampled till sites with Omar erratics (n=14; greywacke with concretions from
the Omallaruk Fm, Belcher Group), and five sites with transported marine shell fragments, are also delimited. Site 13-553 is 13115MT553, where

a shell fragment returned a near-finite radiocarbon age. Bedrock geology
regional compilation.

section is ~17 m high, and consists of 2 m of marine clay and
silt that overlies 7 m of grey-brown till, 1 m of sand and gravel
(too steep to access in field), and ~8 m of dark grey-black till
(Appendix 2). The upper till is a massive, loose, grey-brown
diamict with 15% clasts and a clayey-sandy-silt to sandy-
silt, calcareous matrix. The lower till is a massive, dense and
blocky, dark grey-black to black diamict with 10-15% clasts
and a clayey-sandy-silt to clayey-silty-sand, calcareous matrix.

is simplified from Anderson et al. (2009) and an ongoing unpublished

The upper till consists of calcareous (55.0 ct. %) and granitoid
(39.4 ct. %) clasts, with rarer undifferentiated greenstones
(4.9 ct. %, Figure 24b). The lower till consists of calcareous
(61.7 ct. %) and granitoid (23.5 ct. %) clasts, with rarer black
to grey fragile shale clasts (4.0-7.0 ct. %, Figure 24h), undif-
ferentiated greenstones (3.1 ct. %, Figure 24d), ironstone
(1.0-4.0 ct. %, Figure 24f) and sulphides (0.0-1.0 ct. %, Figure
24g).
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Figure 24: Brown till (a, b) overlies a black till (c, d) at section 14115MT405 (e), at the mouth of the Chasm Creek just before it enters the Churchill
River. Clast pictures are from the 2-4 mm size fraction; f—h are from sample 14115MT405C02 as viewed through the optical microscope.
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Dubawnt erratics

Red/purple unmetamorphosed volcanic clasts are present
at 16.4% of sampled till sites (Appendix 4), from trace amounts
up to 1.6 ct. %. Similar clast lithologies, thought to be sourced
from the Dubawnt Supergroup in Nunavut (Peterson, 2006),
have also been documented in the Great Island area (up to
5.6 ct. %, Campbell et al., 2012; Trommelen, 2015a). While
these concentrations are not high, they are indicative of the
tail-end of a continental-scale dispersal fan (Shilts et al., 1979).
Dubawnt erratics are found in tills with and without carbon-
ate detritus, which provides evidence of re-entrainment during
multiple glacial cycles.

Omar erratics

Omar erratics (Figure 6d—g) were noted in the field, or in
the sieved clasts (Appendix 4), at fourteen sites south of the
North Knife River (Figure 23). These clasts have been trans-
ported at least 1000 km west from the Belcher Islands. The
dispersal of these clasts is known to extend at least as far west-
southwest as the Missouri River (Prest et al., 2000).

These clasts may be more prevalent in the field area, but
because of the small size-fractions classified during clast-lithol-
ogy counts, and the variable matrix textures observed within
Omar erratics, they are difficult to identify if an ‘obvious’ cal-
careous concretion is not present. As such, Proterozoic grey-
wackes are probably under-mapped in concentration, as dark
fine-grained clasts of uncertain lithology were placed in the
greenstone category. Hence, Figure 21 most likely includes an
unknown proportion of Omar clasts, wherever the calcareous-
clast concentration is greater than 5%.

Multi-variate analyses

Till-clast lithology

In an attempt to identify regional-scale trends in ftill
composition across the study area, clasts were grouped into
regional classes according to lithology and presumed prov-
enance (Hudson Bay Basin, HBB; granitoid, GR; undifferenti-

Table 3: Regional and detailed lithological classes for till-sample clasts.

ated greywacke/greenstone, UGG; and unknown; Table 3). For
the regional-scale study, the till-clast lithology counts from this
study were combined with till-clast lithology counts from the
surrounding area (Campbell et al., 2012; Trommelen, 2015a).
The data was then normalized to remove the ‘unknown’ class.
Ten ftill-clast groups were designated, based first on the HBB
concentration, and second on the UGG concentration. The sta-
tistics for each group are in Table 4, and depicted visually in
Figure 25. Divisions between the different groups were made
manually using percentiles, probability distributions and natu-
ral breaks in the data as a guide. There appears to be two main
categories of samples: no carbonate (till-clast groups 1b, 4b,
5b, 6b) and calcareous (till-clast groups 2, 3, 1). Till-clast group
6 looks like a hybrid between these two main categories.

Geology has spatial patterns, and hence for statistics to
be considered useful, there must be spatial patterns in the
landscape. In other words, if there were no spatial patterning
to the different groups, the groupings would be considered
random and not useful. As expected from Figure 23, the till-
clast groups with no carbonate (5b, 1b, 4b and 6b) are clus-
tered in the northwest corner of the study area (Figure 26).
There are a few exceptions—e.g., till-clast group 5b samples
were collected near North Knife Lake and Nares Lake. Similarly,
the greenstone-rich till-clast group (4, 4b) samples overlie—or
are within 5 km of —greenstone rocks. An exception is sample
AN351813 near Nares Lake, which contains 33% quartz arenite
(Appendix 4) that is probably from a nearby unmapped bed-
rock outcrop. Likewise, granitoid and granitoid-rich till-clast
group (1, 1b, 5, 5b) samples overlie—or are within 5 km of—
granitoid rocks. Exceptions here include four surface samples
and one sub-surface sample that overlie Paleozoic carbonate
rocks between Herriot Creek and the Churchill River.

Group 2 is interesting as it is a calcareous group that
contains 15.1-22.1 count percent UGG clasts (75—-80™" percen-
tile), and is situated 10 to 85 km south of the closest known
greenstone belt. Contrastingly, group 6, which also has ele-
vated UGG concentrations (17.8—48.0 ct. %), contains less car-
bonate and is limited to <27 km south of the greenstone belt.
Given that the transport of metasedimentary rocks exposed in

Regional Granitoid Undifferentiated greenstone and Hudson Bay Basin Unknown
class greywacke
Granitoid Quartz arenite Grey, tan, black, limestone/ Quartz
Quartz pebble conglomerate dolostone Quartzite
Amphibolite Paragneiss Pink limestone
Unmetamorphosed shale
Gabbro Phyllite/Psammite Kenogami Formation
Detailed Ultramafic h ) Chert
Exotic, faceted itoids and . . Lower Portage Chute Formation .
classes Xotic, acegenEigSr:m oldsan Undifferentiated greenstone Iron formation
Sulphide Omar
Exotic, red metasediment and Volcanic Shell fragment
metavolcanics Volcaniclastic
Unmetamorphosed sediment
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Table 4: Clast-type concentration ranges for each till-clast group.

Till-clast group Color Number of samples HBB GR UGG Summary
1 dark orange 63 4.9-22.3 63.0-91.7 0-14.8 Granitoid (40-65" percentile),
low carb (60-75" percentile)
1b light orange 47 0.0 85.1-97.3 2.7-14.9 Granitoid (55—-75" percentile), no carb
2 light blue 17 26.3-61.1 16.5-59.4 15.1-22.1 Carbonate-rich (>75% percentile),
greenstone-rich (75-80%" percentile)
3 dark blue 116 23.0-93.8 6.3-71.4 0-14.8 Carbonate-rich (>75" percentile),
low greenstone (<75 percentile)
4 light green 5 0.2-4.2 13.3-76.4 22.8-86.2 Greenstone-rich (>75™ percentile),
very low carb (<60™ percentile)
4b dark green 52 0.0 0-41.6 58.4-100.0 Greenstone-rich (>90 percentile),
no carb
5 pink 35 0.1-4.3 81.2-99.5 0.4-15.4 Granitoid-rich (>50* percentile),
very low carb (<60™" percentile)
Sb dark red 127 0.0 97.4-100 0-2.6 Granitoid-rich (>75% percentile),
no carb
6 purple 15 5.6-20.4 46.4-75.0 17.1-48.0 Greenstone-granitoid, low carb
(60-75 percentile)
6b aqua 42 0.0 42.9-84.5 15.5-57.6 Greenstone-granitoid, no carb

Abbreviations: GR, granitoids; HBB, Hudson Bay Basin; UGG, undifferentiated greenstones and greywackes.
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Figure 26: The spatial distribution of till-clast groups between the Churchill River and the Caribou River, based on the varying concentrations of

three regional till-clast lithology classes depicted in Figure 25. Bedrock geology is modified after Anderson et al. (2009; 2010b) in the north, and
an unpublished MGS compilation in the south. The carbonate-clast contour line is from an ongoing MGS compilation project (Trommelen and
McMartin, 2019).

the study area is generally <30 km (Figure 22), it is possible

that these UGG clasts within group 2 are actually greywackes
sourced from the east.

Stratigraphic till-composition relationships are difficult to
discern on this figure, as most of the stratigraphic sites are situ-
ated over Paleozoic rocks and fall under group 3 (Figure 26). An
exception is the lowermost till at section 14115MT436, which
32

contains less calcareous detritus and is classified as group 1.
The stratigraphy at section 13115MT626 is similar (Figure 27),
as an upper calcareous till (group 3) overlies a less-calcareous
till (group 6). Lodged boulders at the contact between the two
tills were striated towards the west. The opposite relation-
ship is present at section 12115MT106 (Trommelen, 2015a),
which overlies greenstone-belt rocks that outcrop at site, and
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Figure 27: Till stratigraphy and lithology at section 13115MT626, along the South Knife River. The upper till is ~4 m thick and the lower is ~4.5 m.
A detailed stratigraphic log for this site can be found within Appendix 2. Abbreviations: GR, granitoid; HBB, Hudson Bay basin; UGG, undifferenti-

ated greywacke and greenstones.

is situated ~46 km west of the Paleozoic boundary. There, the
uppermost till (group 1) contains less calcareous detritus than
the underlying tills (group 2), owing to an increase in granitic
detritus (Figure 27, Figure 28).

Till-matrix geochemistry

To see if tills could be differentiated based on the matrix
geochemistry, principal component analyses (PCA) was applied.
The objective of PCA is to reduce the number of variables nec-
essary to describe the observed variation within a set of data.
The results of PCA are presented herein as bi-plots (Figure 29)
to show elemental influence on classifications. Generally, PC1
accounts for 38.6% of the variance, PC2 for 15.8%, and PC3 for
9.2%. There is good separation between Ca and Mg (negative
PC1), which is a proxy for carbonate, and the rare earth ele-
ments (REE) such as La, Nd, Ce, Pr, Tb, Gd, Sm, Dy, Er, Ho, and
Yb (positive PC1). This is confirmed on bi-plots of Ca vs. Mg,
and Ca vs. ZREE (Figure 30).

In order to assess whether the multivariate statistics are a
representation of geologic differences, PC1 is mapped spatially
(Figure 31). There is a definite spatial difference between the
negative loadings in the southeast and the positive loadings
in the west and northwest. This difference roughly follows the
zero percent calcareous pebble contour, but largely reflects the
increased ZREE concentration in the northwest, where granit-
oid rocks dominate.

Discussion
Till composition in the study area can be examined in a
number of different ways, depending on what the end goal is.

For the discussion herein, we choose to examine the variability
within the regional till composition, as a means to determine
background and threshold element concentrations. In addi-
tion, we then use this data, along with ice-flow information, to
determine glacial dispersal distances and directions.

Calcareous vs. noncalcareous till

Till composition in the study area is broadly subdivided
into noncalcareous till in the northwest and calcareous ftill in
the southeast (Figure 32). A number of different proxies for
carbonate were examined, including univariate measures like
total carbonate wt. % (PerkinElmer Optima 5300DV, Figure 15),
CaO wt. % (near-total ICP-MS, Figure 17), oxide ratios (near-
total ICP-MS, {CaO+MgO}/NaZO, Figure 16c), and calcareous
clasts (Figure 23); and multivariate statistics on the near-total
digestion ICP-MS data. Calcareous tills contain lower REE con-
centrations (Figure 30b). The spatial boundary that marks the
‘zero percent’ carbonate clasts (Figure 32) is not definitive,
but rather an artifact of sample location, till processes and
the proxy used. The equivalent ‘five percent’ till-matrix, total-
carbonate, hand-contoured, spatial boundary is also shown.
This is an update on work presented in Dredge (1988). As dis-
cussed in Gauthier et al. (2019), calcareous detritus was likely
transported northwest and west during pre-MIS 2 ice growth
phases 1 and 5 (Figure 10).

Calcareous till variability

It should be noted that the ‘calcareous’ till is not a single
till sheet, but rather a definition that simply means the ftill
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contains greater than zero percent carbonate. As depicted
in Figure 32, the concentration of carbonate clasts within till
increases closer to the Paleozoic platform (the source). The
hand-contoured dispersal pattern is not simple, however, but
instead reflects complex spatial variabilities. The ‘calcareous’
till is a hybrid till that contains a wide range of eastern- and/
or northeastern-sourced (Paleozoic/Proterozoic sedimentary)
detritus, as well as ‘locally’- and northern-sourced (Precam-
brian shield) detritus. The palimpsest till composition is a
result of the characteristics of the underlying bedrock or pre-
existing sediment (Klassen, 1997), spatio-temporally variable
inheritance and overprinting generated by multiple ice-flow
transport directions over a long time period (Stea and Finck,
2001; Trommelen et al., 2013; Gauthier et al., 2019), and the
subglacial conditions at the base of the paleo ice sheet (Trom-
melen et al., 2013; Trommelen and Ross, 2014).

Noncalcareous till source

Noncalcareous till is derived primarily, but not exclusively,
from Precambrian shield rocks of northern Manitoba and Nun-
avut. These tills may be granitoid-derived (till-clast group 5b),
mainly greenstone-derived (till-clast group 4b), or mixed (till-
clast groups 1b and 6b; Figure 25d). These tills contain elevated
2REE concentrations (Figure 30b), as well as locally-elevated
concentrations of various metals.

Buried granitoid-rich till

While calcareous till covers most of the study area (Fig-
ure 32), buried till enriched in Precambrian granitoid clasts,
relative to the overlying calcareous till, has been found at
sites 14115MT409 and 14115MT436 along the Churchill River
(Figure 20). At both sites, the lower granitoid-rich till is sepa-
rated from upper calcareous till by nonglacial units (Figure 11,
Appendix 2). The composition of both buried granitoid tills is
similar, though the lower till at site 14115MT409 contains 12%

more carbonate clasts (Appendix 4). Site 14115MT409 overlies
the Paleozoic platform, while site 14115MT436 is situated near
the Precambrian boundary and actually overlies granitoid bed-
rock striated towards 192°.

Buried shale-rich till

Till containing shale is rare in northeast Manitoba. A
grey-black till was sampled from the lower-half of section
14115MT405 (Figure 24), at the mouth of Chasm Creek just
before it enters the Churchill River (Figure 1). The till contains
4-7 ct. % shale clasts, and the till colour is likely derived from
the comminution of these clasts. Dense, black till containing
shale particles was also mapped below brown and grey ftills
at two sites along the Little Churchill River, 78 and 97 km
south-southwest of section 14115MT405, respectively (sec-
tions 18 and 20, Dredge and Nixon, 1992). Shale clasts have
also been documented at four sections in the Kaskattama high-
land (0.2-1.1 ct. % shale, 2 to 12 m depth, T. Hodder, work in
progress) and within drillcore KK1 (Hodder, 2018). Black shale
and siltstone clasts are present throughout the grey-black till
drilled at KK1 (83 to 161 m depth), and are elevated in concen-
tration (8.5 to 16.3 ct. %) between 83 and 102 m depth. The
thickness of this black till within KK1 (78 m) is intriguing, given
that it is 8 m thick at Chasm Creek, and ~3 m thick along the
Little Churchill River.

Black shale bedrock, of unknown age, was encountered
within the drillcore KK1 at 223 m depth overlying the Paleozoic
carbonate Severn Formation (Nicolas and Armstrong, 2017).
Preliminary results from a magnetotelluric geophysical survey
in the region indicate that this shale is more extensive in the
subsurface than previously suspected (Craven et al., 2017).

Elevated metals

Elevated Cu and Ni concentrations in the area between
Mack Lake and Wood Lake (Figure 18, Figure 19) were sampled
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tion. This figure includes data from the 2012 study, since samples were analyzed by the same methods at SRC (Trommelen, 2015a).

from both calcareous (till-clast group 3) and noncalcareous tills

(till-clast group 1). The reason for this patch of ‘elevated met-
als” within till is unknown.

Transport distance and direction

Regional dispersal patterns are difficult to define, given
the lack of point-source distribution, the range and abundance
36

of lithologies (Table 1), and the variability in paleo—ice-flow ori-
entation. Glacial transport distance of detritus can vary greatly,

depending on the specific site. Below are some general obser-
vations.

e Carbonate: The isolated patch of calcareous ftill in the

Great Island area (Seal River) represents the furthest
known northwest to west dispersal, with a transport dis-
tance of ~100 km (Trommelen et al., 2013).
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e Metasedimentary: Clasts were transported 20 to 30 km
towards the south (Figure 22), though the tail end of
southwestward dispersal is 100 km in the Gauer Lake—
Wishart Lake area (Trommelen, 2015g).

e Shell fragments: Marine shell fragments sourced from
pre-MIS 2 marine sediments have been transported at
least 40 km southwestward; assuming the marine sedi-
ment distribution at pre-MIS 2 times was similar to pres-
ent (site 13115MT553, Figure 23).

e Granitoids: Generally, granitoid-rich tills (till-clast groups
5b) overlie granitoid bedrock (Figure 26). Granitoid clasts
have been transported at least 50 km southeastward onto
the Paleozoic platform (Figure 20).

e Greenstones: Generally, greenstone-rich ftills (till-clast
group 4b) overlie greenstone bedrock (Figure 26). The
spatial distribution of greenstone clasts (Figure 21) from
sampled tills is complex, producing an amoeboid pattern.
Local patterns of greenstone-clast dispersal in the Great
Island—Seal River area are discussed in Trommelen et
al. (2013). Because this group includes undifferentiated
greenstone clasts, it is difficult to determine a single trans-
port distance.

e Seal River ultramafic rocks: dispersal from these rocks
have transport distances of 3.5 to 10 km, as discussed in
Trommelen (2015a).

Longer-distance transport of some clasts has also
occurred, evidenced by the presence of faceted ‘exotic’ granit-
oids (sources unknown), Dubawnt erratics from Nunavut, and
Omar erratics from the Belcher Islands. Dubawnt erratics have
been transported at least 680 km into the study area (Shilts et
al.,, 1979; Trommelen et al., 2013). Omar erratics have been
transported at least 1000 km into the study area.

The direction of glacial transport is complex, and the ‘rare’
and/or ‘old’ directions can not be discounted. There is an iso-
lated remnant patch of calcareous till in the Great Island area
(Figure 32) that was formed by very old, west or northwest-
trending glacial transport, in addition to another relict north-
eastward dispersal in the Great Island area (Trommelen et al.,
2013).

Recommendations for future exploration

Parts of the field area are draped by a variable thickness
of glaciolacustrine and/or marine clay, silt or sand, which must
be avoided during drift exploration programs. The reader is
encouraged to make use of existing surficial geology maps
(Manitoba Growth, Enterprise and Trade, 2018b), and conduct
further mapping as needed.

Far-travelled carbonate detritus can dilute and/or mask
the geochemical contribution of the local bedrock to till, which
is problematic for drift exploration. Overlying the Precambrian
Shield, the larger the calcareous component of the till, the
more tenuous is the correlation between the till composition
and the composition of the local bedrock. Similarly, overlying
the Paleozoic platform, the larger the granitoid and/or green-

stone component of the till, the more tenuous is the correla-
tion between the till composition and the composition of the
local bedrock. Total carbonate (wt. % CO,) and/or CaO (wt. %,
near-total digestion ICP-ES) concentrations within the ftill
matrix are positively correlative and should be used together
with carbonate-clast concentration to quantify this calcare-
ous component. Statistically, an increased concentration of
total rare earth elements may provide a good proxy for the
increased concentration of Precambrian detritus, and hence
less carbonate masking, in till.

Important notes related to drift exploration in this area are
as follows:

e This report has not examined the mineral potential of the
area. The reader is encouraged to examine the data herein
for any particular commodities of interest.

e The ice-flow history in this area is complex, and older ice-
flow directions should not be ignored by exploration proj-
ects.

e Bedrock outcrops are rare and limited to areas where bed-
rock was exposed along rivers/creeks or by paleo-meltwa-
ter channels. Till clast-fabric analyses are recommended
to better document the associated ice-flow orientations
of till in areas where bedrock is absent, outcrops surfaces
are rough, weathered and/or lichen-covered, or where ftill
is thick and possibly multi-layered.

e The intensity of overprinting of an old, pre-existing, cal-
careous till sheet, during younger ice-flow phases, is not
homogeneous but was spatially variable within the North
Knife River—Churchill River region. Interpretation of ftill
composition for drift exploration purposes should be un-
derstood within this context.
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