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ABSTRACT

The Timiskaming Group is a late Archaean syn-tectonic lithological unit which lies
unconformably on greenstone-belt volcanic rocks and consists of an alluvial-fluvial assemblag;:
intercalated with alkalic volcanic rocks and a turbidite assemblage.  The alluvial-fluvial
assemblage is composc.d mostly of clast-supported conglomerates with interbedded cross-bedded
arenites and lenses of argillite whereas the turbidite assemblage comprises interbedded graywackes
and shales associated with minor matrix-supported conglomerates. Derailed study of these
sedimentary rocks included measurements of K, U and Th contents using a Y-ray spectrometer,
point counting of sandstones and conglomerates, and major, minor, and rare-earth element (REE)
analysis.

Petrographic and geochemical studies have idenrified two disti;1Ct rurbidite units: a
curbidite north and a turbidite south of the Larder Lake - Cadillac Fault (LLCF). The fine-
grained sedimentary rocks of the alluvial-fluvial assemblage and rurbidite north unit have similar
mineralogical and chemical compositions such as high SiO;, U, Th and rol REE. The turbidite
south unit has high Fe;Oy,.,» MgO, TiO,, Cr and Ni.

Petrographic and geochemical examinations of clasts from the alluvial-fluvial assemblage
indicate that the clasts are mostly igneous rocks with minor sedimentary rocks. Four major types
of igneous clasts are recognized: calc-alkaline porphyries, trachytes, trondhjemites and tholeiiric
basales. Cale-alkaline porphyry clasts are related to diorite/quarcz diorite intrusions that occur
north of the LLCF. Trachytes and associated porphyry intrusions were derived from
Timiskaming atkalic rocks. Trondhjemite clasts are similar to the marginal phases of the Round

Lake batholith whereas the tholeiitic basales are similar to underlying greenstone belt volcanic



rocks. The increase in tholeiitic basalt and porphyry clasts associated with the decrease of
andesite clasts up the stratigraphic section suggest the alluvial-fluvial assemblage was mostly
derived from a dissccted arc.

Results indicate that the curbidite souch unic is the oldest unit of che Timiskaming Group
and the age of sedimentation is bracketed berween 2685 Ma and 2700 Ma. Tt was derived from
an undissected arc terrane uplifted during accretion. Sources for the turbidite south unic
estimated from chemical compositions of shales are 12% rhyolite, 18% komatiite and 70%
andesite, This secting is in contrast with the proposed setting for the alluvial-fluvial assemblage
and turbidite norch unit. They are inferred to have been derived from a dissected island arc after
accretion, but before the unroofing of K-rich intrusions, which are presently extensively exposed.
A source comprising 60% calc-alkaline porphyries, 20% trachytes and 20% tholeiitic basalts is
estimated for the turbidite nosth unir from the chemical composition of shales. The different
tectonic settings for the north and south units is consistent with the LLCF representing a suture
sone. The distribution of trachyte clasts in che alluvial-fluvial assemblage only close o the LLCF
suggests that displacement along the faule may have created conduits for alkaline magmas.

Similar lithology of conglomerates north and south of the LLCF suggests that the alluvial-fluvial
assemblage was deposited in a pull-apare basin after juxtaposition of two tectonic blocks along the
fault berween 2685 and 2677 Ma. The turbidite north unit may be of similar age or younger.
The proximity of the source rocks suggest thac only limited strike-slip movement occurred during

and after deposition of the alluvial-fluvial assemblage.



SOMMAIRE

Le groupe du Timiskaming de la région de Kirkland Lake es t en discordance avec les
roches volcaniques de la ceinture de roches vertes sous-jacente et comprend une unicé
alluvionnaire-fluviatile intercalée avec des roches volcaniques alcalines et une unité turbiditique.
L'unité alluvionnaire-fluviatile est composée de conglomérats interdigités avec des grés &
stratifications entre-croisés et des lentilles d'argilite tandis que I'unité turbiditique comprend des
wackes et des shales interdigités avec des conglomérats mineurs. Une étude déraillée de ces roches
sédimentaires comprenaic I'analyse de K, U et Th & I'aide de la spectrométrie & rayons gamma, la
pétrographie et le comprage de points des grés et des conglomérats, et I'analyse des éléments
majeurs, mineurs et de terre rare.  Les observarions pétrographiques et chimiques ont
identifices deux séquences de turbidite distincres: une unité turbiditique au nord et une au sud de
la faille Larder Lake - Cadillac (FLLC). Les roches sédimentaires 4 grains fins des unités
alluvionnaire-fuviatile et turbidite nord ont des compositions similaires et les deux sont
caractérisées par des concentrations élevées de SiO,, U, Th et éléments de terre rare. L'unité de
turbidite sud a de hautes weneurs en Fe,Oyy,y MgO, TiO,, Cr er Ni.

Nos observations pétrographiques et géochimiques sur les galets de I'unicé alluvionnaire-
Auviatile indiquent que fa plupart des galets proviennent de roches ignées avec une faible
contribution des roches sédimentaires. Quatre types majeurs de galets de roches ignées furent
idencifids: porphyres calco-alealins, roches volcaniques alealines, trondhjémites et roches
volcaniques choldiitiques. Les galees de porphyre calco-alealin sonc relids aux intrusions de
diorite/diorite quartzeuze qui sont présents au nord de la FLLC. Les roches volcaniques alcalines

et les intrusions porphyritiques associés proviennent des roches alcalines du Timiskaming. Les

(11



galets de trondhjémite ressemblent 4 la phase marginale du batholite de Round Lake tandis que
les roches volcaniques tholdiitiques sont semblables aux roches volcaniques de la ceinture de
roches vertes sous-jacente. L'augmentation des galets de roches volcaniques tholéiitiques et de
porphyres avec la diminution de galets d'andésite en montant la section stratigraphique suggérent
que |'unicé alluvionnaire-fluviacile provient surrout d'un arc disséqué.

Les résultats indiquent que I'unité de turbidite sud est I'unicé la plus vicille du groupe de
Timiskaming (2685 4 2700 Ma) et qu'elle provient d'un arc non-disséqué qui fur soulevé
pendant l'accrétion d'arcs. La source de I'unité sud est estimée & 12% thyolite, 18% komatiite et
70% anddsite d'aprés les compositions chimiques du shale. Cet environnement est wres différent
de celui proposé pour les unités alluvionnaire-fluviadile et tuibidite nord.  Ceux-ci proviendraient
plutsc d'un arc insulaire disséqué aprés I'accrétion, mais avant I'¢rosion d'intrusions riche en K
qui sont présentement exposés & travers la région. Une source comprenant 60% porphyres calco-
alcalins, 20% erachytes et 20% basaltes tholéiitiques est indiquée pour I'unité de turbidite nord
d'aprés les compositions chimiques du shale. Les différents environments de déposition pour les
unités nord et sud sont en accord avec I'hypothise que la FLLC représente une zone de collage,
La distribution des galets alcalins dans I'unité alluvionnaire-fluviatile prés de la FLLC seulement
suggére que le déplacement de la faille aurait pu créer des conduits pour le magma alealin,  Des
conglomérats semblables au nord et au sud de la FLLC suggtrent que I*unité¢ alluvionnaire-
fluviatile a été déposée dans un basin de transtension (pull-apart) aprés la juxaaposition de deux
blocs tectoniques le long de la FLLC entre 2685 Ma et 2677 Ma; 'unité de turbidite nord est de
la méme dge ou un peu plus jeune. La proximicé des sources indique que le déerochement

pendant et aprés la déposition de 'unité alluvionnaire-fluviatile fut mincur.
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GENERAL INTRODUCTION

The late Archaean Timiskaming Group of the Kirkland Lake area lies unconformably over
greenstone-belt volcanic rocks and is spatially associated with a large-scale deformation zone, the
Larder Lake - Cadillac Fault. Various tectonic setrings have been proposed for the deposition of the
Timiskaming Group (e.g., Hyde, 1980; Dimroth ct al., 1983; Hodgson and Hamilton, 1989 Card,
1990; Feng and Kerrich, 1990; Mueller and Donaldson, 1992). Detailed geochemical dara on the
shales, sandstones and conglomerate clasts should provide the constraints for the origin; this study
presencs the results of petrological and geochemical investigations of the different sedimencary facies
comprising the Timiskaming Group.

The results of this study are presented in two papers. The first paper describes the
petrography and geochemistry of the sandstones and shales of the alluvial-fluvial and turbidite
assemblages. The resules are discussed in terms of provenance, geological secting and timing of the
Timiskaming Group as well as the implications on the geological development of the southern Abitibi
belt in the late Archaean.

The second paper reports che petrography and geochemistry of igneous clasts from the
alluvial-fluvial assemblage of the Timiskaming Group. Probable source rocks for these clasts are
identified and occurrences on both sides of the LLCF are examined. Results arc used to constrain
the geological development of the area in the late Archaean. Proposals are made on the timing of

sedimentation and tectono-sedimencary setting for the denosition of the alluvial-fluvial assemblage.
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ABSTRACT

Sedimentary rocks of the Timiskaming Group have been classified into a conglomerate-
sandstone unit (CSU) and a turbidite unic (TU). Turbidite sequences north and souch of the Larder
Lake-Cadillac Fault (LLCF) are significantly different. The turbidite south unic (TSU) has elevated
concentrations of F&;Os0 MgO, TiO,, Cr and Ni, whereas the turbidite north unic (TNU) has
compositions similar to arenites of the CSU and has high SiC;, U, Th and total REE.

The source of the TSU is estimated from chemical modelling and clast populations to be
12% rhyolice, 18% komatiite and 70% calc-alkaline andesite, mostly derived from an undissected
voleanic arc terrane. It is proposed that the TSU formed in a foreland basin during uplifc of calc-
alkaline volcanic rocks and obduction of oceanic crust in response to deformation related to accretion.
Sources for the CSU and the TNU were very similar, comprising 60% calc-alkaline porphyries, 20%
alkaline crachytes and 20% tholeiitic basalts. The TNU was either contemporaneous with or
postdated the CSU, and their depositions probably followed juxtaposition of two tectonic blocks
along the LLCF. The source terrane for the CSU and TNU was a dissected arc which had exposed
subvolcanic cale-alkaline intrusions. The sedimentation of CSU and TNU, however, predated the
unroofing of K-rich incrusions, which are presently extensively exposed.

* Abundant andesiric rocks in the TSU and the decrease in their abundances in the TNU and

CSU indicates that andesites were once extensively exposed, but most were removed by erosion in

late Archaean cime.



INTRODUCTION

The Timiskaming Group, the youngest Archaean lithological unit in the Superior Province,
is composed of sedimentary rocks with or without interlayered alkalic volcanic rocks. It is defined
as a unit that unconformably overlies greenstone-belt metavoleanic rocks (e.g., Shegelski, 1980; David
and Lajoic, 1989; Mueller ec al,, 1991). The presenc study pereains to the Kirkland Lake area in the
Abiribi greenstone belr, the type locality for Timiskaming rocks (Hewit, 1963; Fig. 1).

I is well recognized that the Timiskaming Group is a syn-tectonic assemblage chat recorded
information relevant to the late Archaean cratonization of the Superior Province, but the depositional
setting for the rocks has been in debate. Proposed geological settings for the Timiskaming Group
include sedimentation during the final stages of island arc volcanism before accretion (e.g., Dimroch
er al., 1983), a molasse-type deposit related to large scale oblique thrusting along the Larder Lake -
Cadillac Fault (LLCF){e.g., Hodgson and Hamilton, 1989) = a pull-apart basin formed by strike-
slip movement of the LLCF (e.g., Thurston and Chivers, 1990; Card, 1990). In addition, the
relationships of the different facies of the Timiskaming Group are also in debate. Many workers
considered the different units ;s different facies formed in a single sedimentary basin (e.g., Hewite,
1963; Hyde, 1980) that were later juxtaposed by thruses (Hamilton and Hodgson, 1984). Jensen
(1985a, 1985b) proposed that the sedimentary rocks south of the LLCF belonged to the greenstone-
bele volcanic sequence, Larder Lake Group, based mainly on their distribution. Corfu et al, (1991)
and Jackson and Fyon {(1991) suggested that the curbidite unic (TU; Hearst Assemblage) was formed
earlier than the conglomerate - sandstone unit (CSU; Timiskaming Assemblage).

This paper presents pecrological and geochemical data for conglomerates, sandstones and
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siltstones from the Timiskaming Group and discusses the relationship of the different units, and the

provenance and geological setting of the Timiskaming Group.

ANALYTICAL METHODS

Over 50 outcrops of the sedimentary rocks in the area were examined in the summer of 1991
and 1992, in collaboration with Wulf Mueller of Université du Québec & Chicoutimi. Supplemental
samples were collected at the Core Library of the Ministry of Northern Development of Mines in
Swastika. Older sedimentary rocks intercalated with Keewatin volcanic rocks were also collected for
comparison. Over 80 thin sections (22 CSU, 51 TU, 5 CSU cdlasts and 5 older sediments) of
sandstones and matrix of conglomerates were examined, and 20 representative thin sections, covering
most of the stratigraphic section of the Timiskaming Group, were selected for modal analysis, which
involved mineral identification of > 1000 points in each thin section (Table 1). Grid size selected
for point counting of these sections was at least twice the size of the average grain (- 5 mm). Due
to the low metamorphic grade of the Timiskaming Group (up to the lowermost greenschist; Jolly,
1980) minor amounts of fine-grained metamorphic chlorite, biotite, actinolite and epidote are easily
distinguished from detrital minerals.

A portable y-ray spectrometer, the GR256 model made by Exploranium Ltd., was used in
the field for semiquantitative determination of K, U and Th concentrarions for volumes of rock equal
to a half sphere with a diameter of approximately 0.8 m (Table 2). Conglomerates contain clasts
generally less than 10 cm and their measurements provide average radio-clement concentrations of

the clasts and matrix. Comparison of the results by y-ray spectrometry and conventional analytical
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Table 1. Modal compositions of sandstones, conglomerate matrices and sandstone clasts
from CSU conglomerates.

Sample’1) Type*2) Unit*3) Qtz PIr4ChI*S) Bt*5) Ep*S)

1x
3y
19a
37a
39l
43b
58a
2la
23b
83c
58b
56b
30c
30g
40a
38b
if
19
KJ
Jp
37d

Qtz=quartz; Pl=plagioclase; Chi=chlorlte; Bt=blotite; Ep=epldote; Zr=zircon; Ap=apatite;
Op=opaque minerals (mostly hematite, magnetite and pyrite); LF=lithic fragments (mostly felslc

SS
SS

000002833888 3882822

csu
Ccsu
Csu
Csu
Csu
Csu
csu
TNU
TNU
TNU
TNU
TNU
TSU
TSU
TSU
{ler
Csu
Csu
Csu
Ccsu
Csu

10,1
10.8
R
7.8
8.0
27.0
12.1
249
120
10.9
8.6
21.0
2.7
2.1
1.9
8.4
12.2
1.6
9.4
1.1
8.7

12.7
124
32.0

9.8
10.8
24.6
13.6

8.6

9.5

74

4.8
17.5
244
15.8
13.6
25.7
23.0
499
49.7
415
§2.7

15.3
6.6
20.9
20
249
02
17.1
0.5
03
0.}
49
20.0
25.0
4.8
23.1
16.7
02
150
16.2

0.2

0.9

Tr

Tr

Tr

8.9
42
49.1

2.1
Tr
62

Op LF*6)Carb

6.5
1.0
5.8
1.2
1.1
1.4
4.6
0.5
2.3
1.1
13.3
3.5
1.5
3.8
0.8
4.5
10.8
4.7
22
4.5
7.7

30.5
33.4
0.6
15,3
51.5
25.8
269
3.8
2.0
1.5
o4
16,7
6.5
26
29
49
28.7
72
10.0
274
6.5

20.0
23.5
133
18.3
3.4
204
16.8
19.1
214
18.9
200
0.2
4.4
9.2
10.9
0.2
1.6
3.0
52
0.6
1.7

Matilx
Sericlte Other
Tr -
8.5 3.5
1.1 239
03 449
Te -
Tr -
9.0 -
09 114
33 458
241 358
282 238
114 6.6
- 309
- 370
- 155
04 2946
- 23
- 209

and maflc volcanie rocks, chert, plagioclase-bearing porphyry and tonallte-frondhjemite); Carb=
carbonate (mostly calcite); Matrix=sericite(mostly aggregates of very fine sericlte of diagenetic or
metamorphic orlgin) and other (mostly a mixture of fine quartz, plagloclase, chlorite and carbonate).

(0 Indicates < 0.1%; (-) Indicates that grains were not observed.

*1) The numerlca! nurbaers correspond to the location numbers shown In Fig. 1,
*2) Rock type: Cl=clasts of sandstone in conglomerate; CM=conglomerate matrix; $S=sandstone.

*3) Units: CSU=conglomerate-sandstone unit; TNU=turbidite north unit;

TSU=turbidite south unit; LLG=Larder Lake Group.
*4) Staining tests show an essentlal absence of K-feldspar grains and feldspars are
therefore classified as plagioclase.
*5) Coarse chlorite, biotite and epidote grains are considered to be epiclastic components derlved
from mafic volcanic rocks and porphyrles. Fine metamorphic chierite, actinolite and epldote are

minor and do not figure in the modal analysis.

*6) Aggragates of fine-grained chiorite, albite, carbonate and quariz are considered tfo be
altered lithic fragments or ferro-magnesian minerals and they are counted as lithic fragments,



Table 2. Average and standard deviation of radloelement contents
determined by gamma-ray spectrometry.

csu TNU TSV
Avg. St.Dev. n Avg. St.Dev. n Avg. St Dev.

CG Kwi% 0.9 0.5 9 - - - 0.6 04
eUppm 27 23 9 - - - 0.5 0.1
ethppm 5.1 1.9 Q - - - 0.3 0.2

SS  Kwh% 1.5 0.6 12 1.8 0.3 6 1.3 01
eUppm 1.9 08 12 2.3 0.5 6 0.7 o
etThppm 43 0.9 12 5.5 1.6 6 1.9 0.5

SH Kwt% 1.4 0.5 3 2.3 0.3 n 1.5 0.4
eUppm 1.8 0.4 3 2.7 1.0 N 1.0 0.5
etThppm 45 0.9 3 7.6 a0 n 1.4 0.7

CG=conglomerate; SS=sandstone; SH=shale and arglliite.
() refers to number of measurements for each rock-type of each unit.
Unit abbreviations as In Table 1,

(4 3¢ ¢ I SIS TN T N N s
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techniques by Charbonneau et al. (1981) show that the results by the two methods are comparable.
Values are expressed as K, eU and cTh, because measurements for U and Th are made on *Bi and
28T respectively, and assume radioactive equilibrium. Measurements for K are made directly on “K.
The detection limit for K is 0.1%; for eU and ¢Th it is 0.1 ppm. Analytical methods are described
in Killeen (1979).

Medium-grained sandstones to fine-grained siltstones which do not show any apparent
cvidence of deformation or hydrothermal alteration were selected for chemical analyses. Major and
minor elements were derermined by X-ray fluorescence spectrometry (XRF) for 32 samples wich
precision of + 1% for major elements and + 10% for minor elements (Table 3). Rare-carth element
(REE) concentrations of samples with an average grain size less than 0.06 mm were determined by

inscrumental neutron activation analysis (INAA) with precision of + 5% (Table 4).

PETROGRAPHY

Sedimentary rocks in the area show two lichological units: 2 conglomerate-sandstone unit and
2 turbidite unit. The CSU represents non-graded clast-supported conglomerates, cross - bedded
sandstones and argillites.'which are interpreted as alluvial-fluvial sequences (Hyde, 1980; Mueller and
Donaldson, 1992). This unic is intercalated with trachytic volcanic and volcaniclastic rocks. The
TU includes interbedded sandstones and shales and graded conglomerates and are interpreted as
tesedimented turbidice sequences (Hyde, 1980). This unit is exposed mostly in the castern part of

the study area, boch north and south of the LLCF (Fig. 1).
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Table 4. Trace and rare-earth element compositions of siifstones of the TNU, TSU and CSU,

23a 34a 58b 50a 530 44b 24a 40b 49c 48a ly 43¢ 3y

Unit INU TNU TNU TNU TNU TNU TNU TSU TSU TsU Csu Csu CsU
Lla(ppm) 49.4 336 339 323 282 267 277 62 143 123 276 257 289
Ce 940 660 688 603 546 536 558 1589 266 257 540 473 547
Nd 360 300 326 262 255 251 261 89 104 130 214 200 286
Sm 590 520 630 464 445 421 462 220 185 279 380 337 43]
Eu 144 132 172 130 123 108 130 084 056 102 099 094 139
b 050 0.49 044 055 049 045 047 035 024 049 042 041 054
Dy 047 305 340 282 237 245 230 210 118 245 210 188 271
Ho 053 057 043 061 042 046 048 039 032 051 047 039 052
Yb 122 151 1.54 164 120 1.38 133 115 056 167 127 117 162
Lu 021 026 024 024 018 020 019 017 010 026 019 018 022
Sc 13.2 212 21.5 187 147 193 196 245 234 265 112 125 160
Cs 130 25 21 19 35 10 24 08 20 <03 45 13 19
Hf 45 32 - 28 33 33 a3 - 34 26 - 36 32
Ta 0.88 049 037 054 081 049 038 043 228 072 075 080 09
Th 129 72 64 80 64 46 48 12 32 19 82 62 57

u 400 200 179 214 1.89 121 121 033 086 083 295 18 113
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Conglomerate-sandstone unit (CSU)

The CSU is mosdy confined north of the LLCF, but two occurrences havc_bccn observed
souch of the fault on the southwest shore of Larder Lake and east of Kenogami Lake by Hyde (1978;
Fig. 1). A third occurrence (#52 in Fig. 1) was found during this study west of the town of Lardcr
Lake.

The conglomerates are non-graded, clast-supported and are characterized by the common
occurrences of red hematitic jasper and alkalic volcanic clasts. Point counting of clases for 13
conglomerate beds (over 1800 points in toral) indicates thac chere are 3 major clast types (Fig. 2A):
alkalic voleanic rocks, mafic volcanic rocks and felsic porphyries. Minor clast types, generally less
than 10% in a given outcrop, include tonalite-trondhjemite, spessartite lamprophyre, felsic volcanic
rocks, chere (including hematitic jasper), vein quartz, epiclastic and volcaniclastic sedimentary rocks,
ulcramafic voleanic rocks, magnetite-rich banded iron formation and fuchsite-carbonate rocks.
Diversity and proportion of clasts are in accord with the resules of Hyde (1980) and Mueller and
Donaldson (1992).

The sandstones are cross-bedded and are sometimes interbedded with lenses of argillite. They
are medium- to coarse-grained, greenish gray litharenites following the classification of Pettijohn et
al. (1973; Fig, 3B), and are similar in composition to the matrix of the conglomerates. Modal
compositions of these rocks are highly variable, in parc due to the grain size of the samples as pointed
out by Hyde (1978); the coarser-grained arenites plot closer to the lithic fragmenc apex (Fig. 3B).
However, samples ;how a constant ratio of quarcz/plagioclase, 0.87 + 0.12 (all uncerainties are 1 g),
except for #19a (0.03). This sample has low quartz content, 1.1 vol.%, and is associated with a clast-

supported monomictic conglomerate in which almost all clasts are plagioclase-bearing volcanic rocks.
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Figure 2. A) Average clast populations of 13 conglomerate beds of the CSU at locations 1, 2, 3, 15
and 39 in Figure 1. "Porphyry" includes felsic porphyry and spessartite lamprophyre; "Mafic Vole."
include andesitic, tholeiitic and komatiitic volcanic rocks; "Alkalic volc."” include alkalic volcanic and
volcaniclastic rocks; "Sediment” include chere and epiclastic sedimentary rocks; "Tonalite" include
tonalice and trondhjemite. B) Average clast populations of 5 representative conglomerate beds of the
TSU at locations 30, 40 and 47 in Figure 1. "UM volc." include komatiitic volcanic rocks; "Mafic

vole." include calc-alkaline andesites and basales; "Felsic volc." include rhyolites and dacites.
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Figure 3. Classification of sandstones following Pettijohn et al. (1973). A) Wackes (macrix berween
15% and 75%) from the turbidite unit are classified into two sub-units: TNU and TSU. B) Arenites
{(matrix < 15%) from the conglomerate-sandscone unit. Sandstone clasts range from arenites to

wackes. Lithic fragments include coarse chlorite and biotite grains as they were derived from mafic

volcanic rocks and porphyries.
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Sandstone clasts from conglomerates of the CSU have variable mineralogy and texture. In
general, they are mostly quarez-rich and range from arkosic to licharenites and feldspachic graywackes
following the classification of Pettijohn et al. (1973; Fig. 3A and B). The arenite clasts are
mineralogically similar to plagioclase-rich arenites of the CSU (i.c., #19a; Table 1). Both have low
ratios of quarez/plagioclase and high amounts of detrical chlorite (15 to 21 vol.%). Graywacke clasts
contain abundant plagioclase (~ 50 vol.%) and quarez (- 10 vol.%) and minor carbonates (~ 4 vol.%;
Table 1). Chlorite and biotite grains are rare, These clasts are not similar to any other rocks

examined in thin section in this scudy.

Turbiditic unic (TU)

Interbedded sandstones and shales north of the LLCF are light brown and quarez-rich,
whereas similar rocks south of the fault are greenish gray and quartz-poor. The alternating sandstone
and shale beds are commonly arranged in Bouma sequences, considered to represent proximal
turbidites (Hyde, 1980).

Conglomerates in the TU south of the LLCF are monomictic to polymictic, and they are
mostly graded, matrix-supported and are characterized by the presence of spinifex-textured ultramafic
clasts. Clast types are highly variable from one conglomerate bed to another, but detailed examination
of 5 conglomerate beds indicates that the predominant clasts are felsic volcanic rocks, mafic volcanic
rocks and ultramafic volcanic rocks (Fig. 2B). Minor clasts include quartz porphyry, gabbro, gray
chert, quarz-magnetite banded iron formation, spessartite lamprophyre, feldspar porphyry and
epiclastic sedimentary rocks. Conglomerates are rare in the turbidites north of the LLCF and they

are very different from conglomerates in the curbidites south of the LLCF. Instead they are similar
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to those of the CSU.

Significant differences are noted between turbidites north and south of the LLCF. Turbidites
north of the LLCF (TNU) contain quare-rich feldspathic graywackes, whereas turbidites south of
the LLCF (TSU) contain quarcz-poor lithic graywackes (Fig. 3A). The latter has low quarez (< 3
vol.96) and carbonate (< 11 vol.%), and high chlorite (> 5 vol.%) and biotite (> 4 vol.%; Table 1).
Furthermore, the TSU graywackes do not contain any sericite in their matrix, but it constitutes up
to 75% of the matrix in the TNU. Sedimentary rocks intercalated with komariites and choleiitic
basalts south of the LLCF are also different from the TSU. These rocks commonly coneain higher
quartz (~10 vol.%) and epidote (-3 vol.%]) and essentially no carbonate or biotite (Table 1).

In general, the TNU graywackes are similar to the CSU arenites, including high ratios of
quarez/plagioclase (1.20 to 2.90) and high carbonate contencs (16.5 + 6.1 vol.% for CSU, 19.5 + 1.2
vol.% for TNU). Most of the carbonate grains appear to be the product of alteration processes, such
as preferential replacement of plagioclase and hydrothermal alteration of volcanic source rocks, buc
some grains appear to have been derived from quartz-carbonate veins (fragments of these have been
observed in thin sections). The main difference berween these two unics is the amounc of lithic
fragments: the TNU contains lesser amounts of lichic fragments (6.0 & 7.9 vol.%) than the CSU

(38.9 + 18.5 vol.%).

GEOCHEMISTRY

Major and trace element chemistry also show a distinction between the TSU and the other

two units, TNU and CSU. Graywackes and shales from the latter units are similar and they contain
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lower MgO+Fe,O3000, Crs Ti/Zr, and Ni and higher SiO,, large ion lichophile elements (LILE) and

REE than those of the TSU (Fig 4, 5, 6 and 7). The differences of major clements reflect different
amounts of quarz, chlorite and biotite grains in the sandstones. All three units, however, show a
negative correlation between SiO; and MgO+Fe,0;,,, with a correlation coefficient of -0.76 (Fig. 5).

The CSU rocks have low Cr (70 1o 186 ppm} and low Ti/Zr ratios (32 to 66), whereas the
TSU rocks have high Cr (289 to 608 ppm) and elevated Ti/Zs ratios (51 to 167; Fig. 6) due to high
TiO, and low Zr (Table 3). The dara for all three units show a positive trend with a correlation
coefficient of 0.59. Nickel is correlated with Cr and is high in the TSU rocks (187 to 306 ppm)
and low in the CSU and TNU rocks (< 131 ppm). The contents of LILE of CSU and TNU are
higher than those from the TSU (Table 2). The conglomerates of CSU have clevated eU (2.6 £ 2.2
ppm) and ¢Th (4.9 + 1.9 ppm; Fig, 4A). Sandstones and siltstones from the CSU also have high
concencrations of eU (- 1.9 ppm) and ¢Th (- 4.3 ppm; Fig. 4B and C). The TSU conglomerates show
generally low values of eU (0.5 + 0.1 ppm) and ¢Th (0.3 + 0.2 ppm; Fig. 4A). Graywackes and
shales of turbiditic sequences, however, display a wide range of ¢U and ¢Th. The TSU is
characterized by generally low eU (- 0.8 ppm) and eTh (- 1.6 ppm)} whereas the TNU rocks have
relatively high eU (~ 2.5 ppm), ¢Th (- 6.5 ppm; Fig. 4B and C) and K (- 2.0 %). Higher K contents
of the TNU are attributed to the large amounts of sericite (Table 2).

Abundances of REE also confirm the similarity berween CSU and TNU and dissimilarity
beeween the TSU and the former two unics (Fig, 7). Shales from the TNU show highly fractionated
REE patterns with high La/Yby ratios (13.6 to 27.9), a slight negative Eu anomaly (Eu/Eu’ = 0.32
to 0.92; Eu’ = 2/3 Sm + 1/3 Tb), and high ctotal REE contents (112.72 to 188.67 ppm; Table 4).

The REE patterns for the CSU are fractionated with elevated La/Yb,y, ratios (12.3 to 15.1), variable
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Figure 4. Uranium and Th concentrations of CSU, TNU and TSU conglomerates (a), sandstones

(b) and siltstones (c) obtained by in-situ ¥-ray spectrometry measurements.



A 100 T

X g
&
X
eThppm 107
. [ ]
. 1
0.1 ° " '
0.1 1.0 10.0
el ppm
B 10.0 7 o
Q
X ><>< KR %
< X x © X
®
L
ethppm 1.0 1
0.1 ! i
0.1 1.0 10.0
el ppm
C 100.0 '|
o]
100 ¢t o
s} oG Xo
eTh ppm X ©
. L °
1.0t
0.1 = '
0.1 1.0 10.0
eU ppm
X CSU © TNU ® TSU




20

Figure 5. SiO, versus (MgO+Fe;03) diagram. Note that the TSU rocks are distinet from the TNU,

and that TSU has high (MgO+Fe,O;) and low SiO,.
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Figure 6. Chromium versus Ti/Zr ratios. Note that the TSU is characterized by high Cr and Ti/Zr

ratios.
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Figure 7. Chondrite-normalized REE patterns for siltstones of the TNU (A), CSU (B) and TSU

(C). Values of C1 chondrite from Anders and Grevesse (1989).
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Eu anomalies (Eu/Eu’ = 0.84 to 1.01) and high total REE contents (99.07 to 117.28 ppm). The

REE patterns for the TSU shales are quite different from the patterns observed for the CSU and
TNU., They are less fractionated (La/Yby = 3.8 to 17.6), and show variable Eu anomalies (Eu/Eu’
= 0.94 to 1.14) and low total REE contents (35.71 to 57.23 ppm). Our results are similar to the
values of siltstc;ncs at outcrop #1 and shales at outcrop #59 in Fig. 1 reported by Feng and Kerrich
(1990).

Sandstone clasts within the CSU have high SiO; (> 57 wt.%) reflecting their high quarz
contents and variable MgO +Fe,05,,,(3.14 to 8.54 wt.%) which are lower than sandstones of the
CSU ac comparable SiO, (Fig. 5). They also show variable Ti/Zr (37 to 70} and Cr (34 to 195 ppm;
Fig. 6).

Sandstone within the Larder Lake Group has Cr and Ni contents similar to those of the TSU

(Table 3), but higher SiO;, and Zr, and lower Ti/Zr ratio (40) than those for the TSU.
DISCUSSION

The chemical composition of clastic sedimentary rocks is controlled by source rock
compositions, weathering, sedimentary sorting, and post-depositional alteration. The following
paragraphs examine the effects of post-depositional alteration and weachering on compositions of the
studied Timiskaming samples.

Most of the sedimentary rocks of the Timiskaming Group exhibit greenschist facies
metamorphism (Jolly, 1980). Rocks adjacent to intrusions may grade up to amphibolite facies

whereas the central part of the Timiskaming Group (between Victoria Lake and LLCF; Fig, 1) only
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exhibits sub prehnite-pumpellyite facies (Jolly, 1980; this study). Some major elements, especially
LILE, are mobile during low-grade metamorphism (e.g., Merriman et al., 1986), buc REE and high
field scrength elements (HFSE) are generally least susceptible to remobilization (e.g., Cullers ex al.,
1974; Condie and Martell, 1983) and therefore their concentrations should reflect those of their
source rocks.

Submarine hydrothermal alceration of sediments may increase Na,O and MgO contents by
forming albite and chlorite {e.g., Nesbite and Young, 1989). Na/K and Mg/K ratios are mostly low
(< 10} and do not show any evidence of submarine alteration, such as low contenrts of mobile trace
elements (i.e., Rb and Ba). High Na/K (177) and Mg/K (307) ratios of one sample, 49b, are
ateributed to low KO (0.02 %), and not due to an increase in Na,O (3.69 %) and MgO (3.93 %).
It is, therefore, concluded that none of che samples have undergone pervasive seawater alceration.

Alteration of feldspars to clay minerals is the dominant process during weathering, The
Chemical Index of Alteration, (CI_A; (AL, O5/ALO;+Ca0+Na,0+K,0)x100), was introduced by
Nesbite and Young (1982) as a measure of the degree of weathering of the source rocks. Only CIA
values for samples with low carbonate contents were calculated, because CaO in the CIA is the
amount of CaO incorporated in the silicate fraction of the rock. The CIA values of shale samples
from the TNU and TSU vary from 68 to 77, which fall wichin typical shales (70 to 75; Nesbitc and
Young, 1982). The high CIA values are consistent with common occurrences of sericite (CIA = 75)
and chlorite (CIA - 100) in the shales. Similar values berween fine-grained sedimentary rocks of the
CSU (68 +5: n=2),the TNU(72+3;in=06)and the TSU (75 £ 2i n = 2) indicate chac chese
units were formed from moderately to highly weathered rocks and that they were deposited in similar

climatic environments.
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Comparison of compositions of rocks of similar grain sizes indicates that the different
compositions are not due to sorting. Sedimentary rocks of the TNU and TSU form similar trends
lying berween the weathering trends of granitic (A) and basaltic (B) sources; the TSU appearing to
have 2 more mafic source (Fig. 8). Shales of the TU are depleted in alkalies {i.c., Na,O, K;0)
suggesting moderate to high chemical weathering while sandstones indicate lower degrees of
weathering (more plagioclase). Diagenesis does not appear to have been accompanied by significant
changes in the composition of the sedimentary rocks since samples within each unit do not exhibic
chloritization or sericitization trends (Fig, 8), We conclude therefore that the compositions of the

studied rocks, except for mobile elements, should reflect those of their sources.

Provenance

High LILE are expected for the CSU sedimentary rocks as they coneain clasts of alkalic
volcanic rocks which have clevated LILE (U = 3.9 + 2.6 ppm; Th= 22.5 £ 7.0 ppm; Ujike, 1985).
High LILE along with similar mineralogy and chemical compositions of the TNU and CSU indicare
that the two units had alkaline volcanic rocks as a source. The overall low U and Th concentrations
of the TSU precludes the possibility that the unit formed from a similar source as the CSU and the
TNU.

Source-rock types for the units are evaluated by examining clast types of associated
conglomerates. Clasts from the CSU conglomerates are mostly mafic and alkalic voleanic rocks, and
felsic porphyries (Fig. 2). The TSU conglomerates have contrasting major clast types: ultramafic,
mafic and felsic volcanic rocks (Fig. 2).

Source rocks may be further estimated from chemical compositions of shales. Although



26

Figure 8. Ternary diagram ALO;-(Ca0+N2,0+K;0)~(FeO,,+MgO) showing weathering trends of
granitic source {arrow with A) and basaltic source (arrow with B) according to Nesbitr and Young
(1989). Ka = kaolinite; Ill = illice; Chl = chlorite; Bt = biotite; Kf = feldspar; Hb = hornblende; Ms

= tuscovite; Sm = smectite. Shale samples are circled with stippled line.
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chemical compositions of sandstones and shales are similar, shales are more suitable for the
provenance studies because of their chemical homogencity and post-depositional impermeability.
High Cr, Ni and MgO of TSU shales suggest a large influx of ultramafic rocks as suggested by Feng
and Kerrich (1990). The occurrence of spinifex-textured ultramafic volcanic rocks as clasts in the
conglomerates of TSU support this view. The Cr/Th ratios (120 to 460) of TSU are significantly
higher than TNU (12 to 18) and CSU (10 to 31) and are similar to those of late Archaean basalts
(400; Condie, 1993), which again confirms a large contribution of mafic volcanic rocks to the TSU,
The elevated Fe;Oyy content (> 10 wr.%) of some TSU rocks may also suggest the influx of
banded-iron formation which has also been observed in clasts.

Five relatively immobile trace elemenes (Cr, Ni, Th, Ti, and Zr) are sclected for the
calculation of sources. Three rock types, abundant as clasts in associated conglomerates, are assumed
to be the sources for turbidites: trachyte, Mg-rich tholeiitic basale and calc-alkaline quarez
monzodiorite for the TNU and komatiite, andesite and rhyolite for the TSU (Table 5 and 6).
Compositions of sources (excepe for komatiite and rhyolice) are taken from chemical analysis of
conglomerace clasts of the CSU and TSU. Trace element compositions are taken from published
data from the souchern Abitibi greenstone belt that have major element compositions similar to the
analyzed clasts. Komatiice and rhyolite compositions were taken from Condie (1981) and Jensen and
Langford (1985) for komatiite, and Goodwin (1979) and Taylor and McLennan (1985) for rhyolite,
as chemically representative of these two rock types. Contributions of each source to the TNU and
TSU shales were then calculated using mass balance equations and assuming no losses of clements
during weathering/transportation. There is no known mecanisms to remove these elements during

sedimentary processes and therefore this assumption is reasonable.
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Results of model calculations suggest that the TNU was derived from 20% trachyrtic voleanic
rocks, 20% tholeiitic basalts and 60% calc-alkaline quarez monzodiorites (Table 5). Discrepancies of
crace element contents between calculated and observed values are less than 10%. Source rocks for
the TSU are estimaced at 12% rhyolites, 18% komatiites and 70% calc-alkaline andesites (Table 6).
The difference becween calculated and observed trace element concentrations is less than 15%. The
higher discrepancy for the lacter is probably due to the poor constraints of compositions of the source
thyolites and komatiites. The results are in general agreement with observed clast populations of
TSU conglomerates (67% mafic volc;anic. 23% ultramafic voleanic and 10% felsic voleanic; Fig. 2b)
and CSU conglomerates (55% felsic porphyry, 26% alkalic voleanic and 19% mafic voleanic; Fig.
2a). The results are also in accord with the two-component mixing model of Feng and Kerrich
(1990).

Calculared source-rock proportions for the TNU and TSU are also consistent with trace and
REE data. The La-Th-Sc and Th-Sc-Zr/10 diagrams in Fig. 9 display the compositional trends of
the different units and indicate thac the end-member sources could have produced the observed
compositions of TNU and TSU shales. Flat chondrite-normalized REE patcerns for TSU shales are
similar to the patterns of mafic-ulcramafic volcanic rocks, and support thac these were the major
sources (Fig. 7). The highly fractionated REE patterns of the TNU shales are similar to those of
calc-alkaline and alkaline rocks of the area, and support the interprecation that these were major
source components (Fig. 7). Relatively elevated HREE values may indicate the presence of heavy
minerals in the shales. REE contents calculaced from the modeled sources give patterns that are
similar to those of the shales from the turbidite units (Fig. 10). The agreement berween the

caleulated and observed values furcher confirm the proposed sources for the sedimentary rocks.



Table 5. Modelling results for TNU shales.

End-members

Trachyte Porphyry Basalc Model Observed’
Cr (ppm) 39 97 261 118 110
Ni 18 70 175 81 76
Th 23 6.0 0.5 8.3 7.6
Ti 4500 1920 7440 3540 3420
Zt 246 101 88 .127 132
Contribucions  0.20 0.60 0.20 1.00
Ref. a, b b b, ¢

#-average of 7 samples
References: a-Ujike, 1985; b-Legault and Hatrori, in prep.;
c-Goodwin, 1979.



Table 6. Modelling results for TSU shales.

End-members

Komatiite Andesite Rhyolite

Cr (ppm) 2000 136 13

Ni 1000 81 12

Th 0.09 0.7 6.8

Ti 2700 5580 1680

Zr 35 72 210
Contribucions  0.18 0.70 0.12
Ref. a, b ¢ d e, f

#-average of 3 samples

References: a-Condie, 1981; b-Jensen and Langford, 1985;
c-Ujike and Goodwin, 1987; d-Legault and Hacrori, in prep.;
* e-Goodwin, 1979; f-Taylor and McLennan, 1985.

Model
457
238
1.32
4594
82

1.00

Observed”
521

232

1.41

4980

73
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Figure 10. Chondrite-normalized REE patterns for modelled concentrations of TSU (A) and TNU

(B) shales. C1 Chondrite values from Anders and Grevesse (1989). Observed patterns are stippled.
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Redefinition of turbidice south of Larder Lake - Cadillac Fault

The TSU has generally been considered to be identical to the TNU(Hewitr, 1963; Hyde,
1980), buc it is evident thac the TSU is significandly different from the TNU and CSU. Such
different sources for the two turbidite unics m#y suggest that the TSU does not belong to the
Timiskaming Group. Jensen (19853, 1985b) proposed that the TSU is parc of the Keewarin volcanic
sequence, Larder Lake Group. We discounc his proposal. First, the TSU overlies already deformed
Larder Lake Group (Hewitt, 1949; this study). Second, the main source for the TSU is andesitic
volcanic rocks whereas the Larder Lake Group is predominantly komatiitic volcanic rocks. Third,
intercalated sedimentary rocks of the Larder Lake Group are petrographically and chemically
dissimilar to the TSU (Table 1 and 3).

Spatial proximity of the TSU to the Pontiac Subprovince and similar sedimentary facies and
mafic volcanic rock association has lead to the proposal that the TSU may be equivalent to the
turbidites of the Pontiac Subprovince (Dimroth et al., 1982). The Pontiac turbidites, which occur
-15 km to the east, are highly deformed and metamorphosed to upper amphibolite grade (Dimroth
et al., 1983). Sedimentary rocks are mature, high in quarez (> 90 vol.%), SiO, (- 64 wt.%) and Zr
(- 150 ppm) and low in lithic fragments (mostly chert and quarezite), MgO (- 3.5 we.%) and Cr (- 225
ppm)(Lajoie and Ludden, 1984: Camiré et al., 1993). The compositions and mineralogy are very
different from the TSU and they were not derived from a similar source. We conclude therefore that

the TSU is part of the Timiskaming Group and the tectonic setting for the sedimentation of the

TSU was different from char for the CSU and TNU.
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Geological setring
The LLCF deformation zone formed during a north-south compressional regime due to
oblique accretion in the late Archacan (e.g., Card, 1990). The LLCF may be 2 zone dividing two
rectonic blocks: northern Blake River block and southern Round Lake block (Ludden er al., 1986;
Kerrich and Feng, 1992). It is generally accepted that the Timiskaming Group sedimentary rocks
formed during this accretion process, but no consensus has been reached on the depositional setting.
Proposed models include volcaniclastic sedimentation associated with uplift of calc-alkalic volcanic
rocks along the LLCF before accretion (e.g. Dimroth et al., 1983), fault scarp sedimentation during
accretion (e.g., Hodgson and Hamilton, 1989) or a pull-apart basin after accrerion (e.g.. Card, 1990).
The occurrences of abundant andesitic volcanic fragments, inclusion-free monocrystalline
quartz grains and subhedral to euhedral, albite-twinned plagioclase grains suggest that graywackes
from the TSU had an undissected arc provenance. Inclusion-free monocrystalline quarez is likely o
represent phenocrysts of intermediate to felsic volcanic rocks. Sub to euhedral, albite-twinned
plagioclase also suggests volcanic sources. Andesite clasts show "arc signatures” {e.g., Arculus and
Powell, 1986) with low HFSE (TiO, = 0.7 t0 0.9 we.%, Zr = 99 to 134 ppm, Nb < 10 ppm). The
inferred source-rock compositions and the lower abundances of quarez in the TSU rocks indicate a
larger contribucion from mafic-ultramafic volcanic rocks than the TNU and CSU.
The calc-alkaline and alkaline volcanic and subvolcanic rocks as sources for arenites of the
CSU suggest they were also formed in arc setting. Quarez to plagioclase rarios of the arenites near
1 are similar to those in modern basins along the Circum-Pacific bel, such as western U,S.A., south-
western Japan, Alaska and New Zealand (Dickinson, 1982). An arc setting is also in accord with

the presence of intercalated shoshonitic volcanic rocks which are commonly found in mature arcs in
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Phanerozoic terranes (Morrison, 1980).

Graywackes of TNU have similar compositions to the arenites of the CSU which suggest
similar gcologid;l settings for the two. The mineralogical immaturity of the two, low quartz and high
plagioclase, may reflect rapid erosion and short transportation for the sedimentary rocks. If the
sources are similar, slightly higher ratios of quarez to plagioclase for the TNU than those of CSU may
indicate that it was deposited further away from the source than the CSU.

Although it is recognized that the overall Archacan plare tecronic mechanism was differenc
from that of today (e.g., Nisbet, 1984), late Archacan features may be satisfactorily explained by a
variant of modern plate tectonics (Capdevila et al., 1982). The tectonic discrimination diagrams
empirically developed from post-Archacan sedimentary rocks, such as those proposed by Dickinson
and Suczek (1979), Dickinson et al. {1983}, Bhatia (1983) and Bhatia and Crook (1986), may assist
in differentiating various Archaean sedimentary rocks and provide an insight of the source rock types
and depositional environments.

Tectonic setings inferred from petrographic and chemical dara of the TSU, TNU and CSU
are consistent with the interpretations described above. The graywackes of the TSU plot in the
undissected arc sub-field, suggesting derivation from near-surface arc volcanic rocks (Dickinson et al.,
1983; Fig. 11). Chemically the TSU is similar to sedimentary rocks deposited in an island arc secting
(Fig. 9).

Sandstones of the CSU and TNU show chemical compositions similar to sediments deposited
in a continental arc setting (Fig. 9) which is consistent with che inference of a thicker crust during
alkaline voleanism of the Timiskaming Group (Capdevila et al., 1982). Petrographic data of the

CSU indicates that this unit formed in a cransitional volcanic arc terrane where subvolcanic intrusions
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Figure 11. Abundances of framework minerals of sandstones from Kirldand Lake area; Qm =
monocrystalline quartz grains; F = feldspar grains; Lt = lithic fragments. Ficlds are from Dickinson
and Suczek (1979) MA = Magmatic Arc provenance; CB = Continental Block provenance; RO =

Recycled Orogen provenance.
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were exposed (Fig. 11).

The graywackes of the TNU ploc mostly within the transitional sub-field of the petrographic
discrimination diagram (Fig. 11), indicative of sediments derived from dissected source rocks in an
unstable terrane (Dickinson et al., 1983).

Phanerozoic sedimentary rocks from a given tectonic setting commonly show a wide range
of compositional variations and the range of compositions from one tectonic setting overlap with
those of different tectonic settings (e.g., Dickinson et al., 1983; Bhatia and Crook, 1986). It is
apparent, however, that the tectonic sectings for the TSU and the CSU/TNU are differenc.
Additional constraints are required to differenciate whether they formed in continental or oceanic arc

sectings.

Timing

Since alkalic volcanic rocks and coeval intrusions represent the youngest magmatism in the
southern Abitibi belr (Corfu et al., 1991), the lack of an alkalic rock component in the TSU
indicates its deposition before initiation of alkaline volcanism. It suggests that the TSU is the oldest
unit of the Timiskaming Group. A maximum age is provided by the age of Keewatin volcanic rocks
in the area (2700 Ma; Corfu et al, 1989) since the TSU overlies previously deformed ultramafic
volcanic rocks (Hewitt, 1949). The minimum age is the maximum age of the CSU which is believed
. to have formed 2688 to 2677 Ma (Corfu et al, 1991).

The age of TSU corresponds to the cycle 3 (2700 - 2687 Ma) of the four basin-forming
events within the Abitibi greenstone belt proposed by Mueller and Donaldson (1992), bue the TSU

is not mineralogically and chemically similar to other sedimentary rocks of this cycle as described by
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Feng and Kerrich (1990). It would appear chac chis is due to the large influx of ultramafic volcanic
rocks into the TSU. The contribution of ultramafic rocks is minor in other cycle 3 sedimentary
rocks except for parts of the Dome Formation in Timmins (Feng and Kerrich, 1990).

The CSU was deposited after unroofing of calc-alkaline porphyries and during alkaline
volcanism. Volcanic agglomerate of the Timiskaming Group, about 3 km north of Larder Lake, has
been dated atr 2677 + 2 Ma (Corfu et al,, 1991). The absence of K-rich holocrystalline clasts in the
CSU conglomerates indicate that sedimentation ceased before unroofing of syenitic intrusions, which
were co-magmatic wich Timiskaming voleanic rocks and dated ac ~2680 Ma (Corfu et al., 1989). An
age of 2677 to 2688 Ma for the deposition of the CSU (Corfu et al., 1991) is consistent with the
above observations.

Similar sources inferred for the TNU and CSU suggest that the two are contemporancous.
Slightly higher quartz/plagioclase ratios of the TNU graywackes than the CSU arenites suggest a
distal source for the former, and a proximal source for the latter. Elevated abundances of lithic
fragments in the rocks of the CSU are also consistent with a proximal source. If the two units were
formed in the same basin, they were later structurally juxtaposed as suggested by Hamilton and
Hodgson (1984). Alternatively, the TNU may have been deposited shortly after the formation of
the CSU from similar sources. This is consistent with the observacion that the TNU generally occurs
south of the CSU, which youngs to the south. Also Thomson (1941) and Hewite (1963) reported
that the turbidite unic north of Larder Lake appears to conformably overlie the volcanic agglomerate
of 2677 Ma (Corfu et al, 1991), which implies that the TNU may be younger than 2677 Ma.

To examine whether the TSU was 2 minor source for the CSU, sandstone clasts from CSU

conglomerates were examined in detail. The clasts, however, are not similar to the graywackes of the
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TSU. Sandstone clasts from the CSU are plagioclase- and quarez-rich arenites and graywackes,

compared to lithic graywackes of the TSU. Chemical compositions of the clasts also differ from the
TSU. Arenite clasts, however, are similar both chemically and mineralogically to plagioclase-rich
arenites of the CSU. Graywacke clasts do not show any resemblance to -cxposcd sedimentary rocks
of the area. Their ratio of quartz to feldspar is much lower than that of the sandstones of the TNU
and CSU. The resules suggest thar arenite clasts may be intrabasinal while the graywacke clasts may
have come from sedimentary rocks that are now eroded or alternatively, they may have been derived
from minor volcaniclastic sedimentary rocks that are present in the greenstone volcanic rocks of the

area.

Geological development of the area

The results of the present study indicate that the TSU formed as a result of erosion of an
undissected volcanic arc terrane, because most clasts are of volcanic origin with liccle contribution of
subvolcanic component. Chemical compositions of the abundant calc-alkaline volcanic clasts suggest
that they were derived from an uplifted arc. The presence of an ultramafic component was attributed
to sedimentation in proximicy to an active rifr by Feng and Kerrich (1990). This interpretation is
however noc consistenc with the abundance of calc-alkalic clasts. We propose that the high
ultramafic component is due t obduction of oceanic crust before or during sedimentation, probably
by a mechanism similar to the ophiolitic suites along modern convergent plate margins (Moores,
1982). The most likely depositional site for the TSU is inferred to be a fore-land basin during
oblique accretion and uplifc of calc-alkaline volcanic rocks. The temporal relationship of

sedimentacion of the TSU with arc accretion is consistent with the incerpretation that cycle 3 basins
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connected arc terranes (Mueller and Donaldson, 1992).

The CSU has carbonarized ultramafic clasts, carbonatized porphyry clasts and decrital
carbonate grains, which were in part derived from carbonate veins. This evidence may indicate that
the activity of LLCF was initiated before sedimentarion of the CSU, providing the conduirt for CO,-
rich hydrothermal fluids.

The CSU may have formed during arc volcanism before accretion (Dimroch et al., 1983),
in a pull-apart basin along the LLCF (e.g., Thurston and Chivers, 1990; Card, 1990) or as a fault-
scatp deposit that accumulated during oblique thrusting along the LLCF (e.g., Hodgson and
Hamilton, 1989). The presence of CSU occurrences norch and south of the LLCF indicates that
sedimentation of this unit appears to have taken place after juxtaposition and is therefore not
consistent with the model proposed by Dimroth et al. (1983). The findings of this study are
consistent with the latter two interpretations. Contemporancous alkaline volcanism may favour a
pull-apare basin since it can provide a crustal-scale dilation zone for magma to ascend.

The lack of dlasts similar to the TSU in the CSU indicates that the TSU was not eroded
during sedimentation of the CSU. The CSU may therefore have been deposited directly on the
TSU. Subsequent vertical movement along the LLCF (south-side up; Hodgson and Hamilton, 1989;
Jackson and Succliffe, 1990) may have caused preferential erosion of the rocks south of the faule, so
that only occurrences of TSU and CSU in faule-bounded blocks are preserved south of the LLCF
(Corfu et al., 1991). Contacts berween the CSU and TSU are faulted, which prevents examination
of their original relacionship. Alternacively, the TSU may not have been present in the area during
CSU sedimentation, but was later juxtaposed due to strike slip movement along the LLCF. The

occurrence of the CSU north and south of the LLCF only in the area appears to discount the latcer
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interpretation.

Late Archacan upper crust

This study indicates that calc-alkaline voleanic rocks and associated subvolcanic intrusions
were the major sources for the sedimentary rocks of the Timiskaming Group and were prominently
exposed rock-types in the area. The erosion of these rocks has led to the exposure of tholeiitic basalts
and intrusions which are presently exposed.

Andesite is estimated to represent 16% of presently exposed late Archacan volcanic rocks and
5% of the upper continental crust in late Archaean time (Condie, 1993). Low abundances of
andesite are consistent with other estimates on the aerial exposure of Archaean rock-types (e.g., Taylor
and McClennan, 1985; Ayres and Thurston, 1985). Although erosion was considered for the
calculations of the upper condinental crust (Condie, 1993), the proportion of volcanic rock-types
exposed at present were assumed to be identical in the eroded volcanic rocks. This study suggests
that the proportion of currently exposed rocks is biased towards basalts because they were below the
erosional level and therefore the inferred composition of late Archaean upper continental crust

appears to underestimate the amount of andesite.
SUMMARY

Two distinct turbidite units are recognized in the Kirkland Lake area. The TSU consists of

quarez-poor lithic graywackes and shales with minor conglomerates which were derived from a source

of rhyolite (12%), komatiite (18%) and andesite {(70%). The TNU is composed of interbedded
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quarez-rich feldspathic graywackes and sheles, with rare occurrences of conglomerates, and was derived
from trachyte (20%), tholeiitic basalt (20%) and calc-alkaline quartz monzodiorite (G0%). The rocks
in che latter unit are similar to arenites and siltscones of the CSU. The TNU and CSU were
derived from similar sources.

The TSU, the oldest unit of the Timiskaming Group sedimentary succession, was likely
deposited in a fore-land basin during uplifc of calc-allaline volcanic rocks and obduction of
ulcramafic rocks associated with accretion. Deposition of this unit took place prior to the
.juxtaposition of tectonic blocks along the LLCF. The CSU was deposited during alkaline volcanism
and after the unroofing of calc-alkaline porphyry intrusions. It was likely deposited after
juxtaiaosition of the two tectonic blocks along the LLCF. The TNU is inferred to have formed ac
the same time as the CSU, or shordly thereafter. Deposition of the two, however, terminated before
the unroofing of K-rich intrusive rocks, which are now predominant in the area. Andesitic volcanic
rocks indicated as a major source for the TSU suggest that these rocks were more extensively exposed

but removed by erosion.
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ABSTRACT

The alluvial-fluvial assemblage of the Timiskaming Group was examined north and south
of the Larder Lake-Cadillac Fault (LLCF). The clasts within conglomerates are mostly of igneous
origin with a small proportion of sedimentary origin. Four main- types of igneous clasts were
recognized: calc-alkaline porphyry, alkaline volcanic rocks, trondhjemite and tholeiitic volcanic
rocks. Calc-alkaline porphyry clasts were not comagmatic with the late porphyry incrusions
presently exposed in the area. They are comagnatic with early diorite intrusions north of the
LLCF and genctically related to the underlying calc-alkalic volcanic rocks of the Blake River
Group. Alkaline volcanic and associated sub-volcanic clasts were derived from Timiskaming
Group alkalic rocks. Trondhjemite clasts appear to have been derived from che marginal phases
of the Round Lake batholith whereas the tholeiitic volcanic rocks are from the underlying
greenstone belt volcanic rocks.

Initial sedimentation of the alluvial-Auvial assemblage postdated unroofing of calc-alkaline
porphyrics (2685 Ma) and predated unroofing of exposed syenites and feldspar porphyries (2677
Ma). The distribution of alkaline clasts only in proximity to the LLCF suggest that akaline
magmatism was confined along the fault. This is consistent with the hypothesis that dilation
associated with strike-slip movement along the LLCF provided a conduit for alkaline magmatism.
The cale-alkaline porphyry clasts are chemically and mineralogically similar to intrusions of
Phancrozoic arcs. Their genetic relationship with the Blake River Group, which is considered 1o
be the product of island-arc volcanism, suggests the main source was an island-arc terrane.
Abundance of andesitic clasts decreases and clasts of porphyry and tholeiitic basalt increase up the

stratigraphic section. This suggests progressive dissection of an arc terrane. Presence of the
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alluvial-fluvial assemblage on both sides of the LLCF indicates that the Round Lake and Blake

River tecronic blocks were juxtaposed before sedimenration. Proximal sources of clasts on both
sides of the LLCF appears to favor a pull-apart basin for deposition of the alluvial-fluvial

assemblage, with a small amount of strike-slip movement during and after sedimentation,

INTRODUCTION

Late Archaean orogenic sedimentary successions in the Superior Province of the Canadian
Shield lie unconformably over greenstone-belt metavolcanic rocks and are referred to as
Timiskaming-type rocks (c.g., Shegelski, 1980; Mueller et al,, 1991; Rice and Donaldson, 1992).
The type locality of the Timiskaming Group is in the Kirkland Lake area (Hewitr, 1963; Fig. 1)
where it consists of an alluvial-fluvial assemblage intercalated with trachytic volcanic rocks, and a
turbidite assemblage.

Various tectono-sedimentary settings have been proposed for the Timiskaming Group,
including volcaniclastic sedimentation elated to the final stges of island arc volcanism before
accretion (e.g, Hyde, 1980; Dimroth et al., 1983), a fault-scarp deposit along an oblique thrust
of the Larder Lake-Cadillac Fault (LLCF; e.g., Hodgson and Hamilton, 1989) and a pull-aparc
basin along the LLCF after juxtaposition of arc terranes (c.g., Thurston and Chivers, 1990; Card,
1990). Previous work on the sedimentary rocks include stratigraphic (Hewite, 1963),
sedimentological (Hyde, 1980; Mueller et al, 1992) and geochemical (Feng and Kerrich, 1990a)
studies. No derailed petrological or geochemical work has been carried out on the clasts.

Conglomerate clasts reflect rocks exposed during sedimentation, and provide relevant



“sare32w0[3U0D PaUTIEXD 1310 EDIpUI SIID Prjos Bununod
wiod pue Suidures Merawojduod jo suonesoy dorimo ussardas siquiny Jpos onQ - SO tfakydzod zazenb poodpig - gg Uikydied
211enb YsYPooD) - J5) {HIOI SWED[OA DN[E[E-0[ED) - ) (P01 JIUL0A JIIJOY, - { ‘H{I0I JIUES[0A IINEWOY - Y "IPq JU0ISUIANY

1qUIQY SY) UTYIM e PUEPUIDY JO UOnEIO[ 135U (0861) apAy] wioy payipows ed1e e puepiny] Yy jo dew LBojoary amndyy

53



yrey  defupe)  exeT-IBpIE)

SIAISILAUL PUE $Y00J JUEOA UNBMIDY
un anos auping ¥/ /)
1un Yyuou 3uPIUNL RNNY

abejquasse [eiany-jelanily o5
53304 JUBI|OA J[[EAY
SUOISALNU| Jjjex(e-2(ed pue JNENY
NVIHIUVY

dnoJg 1j2qoY m

JI0ZCY3L0Ud

dno.ug
Butwaessiuy g

—

.._:___ __=_=.____.:__.__::.__ 11|
AT DN




54

information on the tecronic evolution of Phanerozoic and Proterozoic terranes (e.g., Seiders and
Blome, 1988; Girard, 1992). With emphasis on provenance, this paper presents data on the
petrology and geochemistry of igneous clasts from conglomerates of the Timiskaming Group in
the Kirkland Lake area, and discusses the tectonic setting of the Timiskaming Group and the

evolution of the southern Abitibi greenstone belt in the late Archaean.

GENERAL GEOLOGY

‘The general geology of the Kirkland Lake area has been described by Jensen and Langford
(1985), Jackson and Fyon (1991), Greenstone-belts consist of volcanic rocks and associated
intrusions ranging from komaiitic (Larder Lake Group) and tholeiiric (Kinojevis Group) to cale-
alkalic (Blake River and Skead Groups; Fig. 1) and minor sedimentary rocks, including chere,
banded iron formation and volcaniclastic rocks. Similar ages for the Larder Lake (2705 +3/-2
Ma), Blake River (2701 + 2 Ma) and Skead Groups (2701 +3/-2 Ma) indicate that these
greenstone bele volcanic rocks are broadly coeval (Corfu et al,, 1989). The bulk of deformation
and metamorphism of these rocks appears to have spanned 2680 to 2700 Ma, and was possibly
due to north-south compression during oblique terrane accretion {e.g,, Card, 1990).

The Timiskaming Group is composed of alluviz'-fluvial and turbidite assemblages. The
former is an east-trending, moderately south-dipping (30 to 60°) sequence, mostly north of the
Larder Lake-Cadillac Fault {LLCF), but with a few occurrences south of the fault. The alluvial-
fluvial assemblage is in angular unconformiry with underlying greenstone belt voleanic rocks

(Thomson, 1946). The assemblage consists mainly of clast-supported conglomerates interbedded
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with cross-bedded sandstones and lenses of argillite. Conglomerates of this assemblage are the
focus of this study.

Alkalic volcanic rocks intcrcglatcd with the sedimentary rocks consist mostly of trachyte
(felsic, mafic and leucitic), and are inferred to represent the final stages of arc magmatism (Cooke
and Moorhouse, 1969; Ujike, 1985). These rocks are associated with comagmatic syenite
intrusions (2680 Ma; Corfu et al., 1989). They were later intruded by feldspar + quartz
porphyries (2677 Ma; Corfu et al., 1991) and lamprophyre dykes (2674 Ma; Wyman and
Kerrich, 1989).

The meramorphic grade of the greenstone volcanic rocks in the area ranges from prehnite-
pumpellyite 1o greenschist facies, except for rocks adjacent to intrusions (Jolly, 1980). Most
Timiskaming Group rocks have undergone lower greenschist metamorphism, although some areas

are at only sub prehnite-pumpellyite metamorphic grade (Jolly, 1980).

ANALYTICAL METHODS

Field investigations were carried out during the summers of 1991 and 1992.
Deformation of conglomerate beds is intense only in the vicinity of the LLCF and other splay
structures. In general, the conglomerates show no evidence of alteration, cxcept in arcas adjacent
to gold deposits. Sixteen conglomerate outcrops were examined, of which 13 undeformed beds
were point-counted with a 1 m? squarc grid divided into 10 em x 10 cm squares in order o
provide volumetric abundances of clast types (Table 1). A grid size equal to abour twice the size

of the average clast was chosen in order to climinate counting of 2 same clast twice. Carc was
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raken to point count areas devoid of large clasts (> 10 em). Srandard deviation of results is
estimated as S, = [PA(1-Pu)Y/n)"?, where P, is the fraction of points falling on clast A and n is the
t.otal number of points in the analysis. Point-counting locations were selected as being
representative of conglomerates of the alluvial-fluvial assemblage and they were chosen to cover
most of the stratigraphic section. Approximately 90 clasts were sampled for further petrographic
examination. These samples were selected to cover a wide range of clast mineralogy, texture and
color within the different types of igneous clasts.

Loss on ignition (LOI) was determined by heating - 1g of sample at 1050°C for onc hour.
Major and minor elements wcrﬁ analyzed by X-ray fluorescence spectrometer (XRF) for 54
igneous clasts with precision of + 1% for major elements and + 10% for minor elements (Table
2). Rare-earth elements (REE) of selected clasts were determined by inductively coupled plasma
atomnic emission spectrometry (ICP-AES) and by instrumental neutron activation analysis (INAA)
with precision of + 5%.

Mineral compositions were determined using 2 Cambridge Microscan 5 clectron
microprobe (Table 3). The operating conditions were 20 keV accelerating potential, 9.0 nA
specimen current and 100 s live counting time. Standards for amphiboles are tephroite (Mn),
wugeupipe (Cl) and Kakanui hornblende (Si, Al, Ti, Fe, Mg, K, Ca and Na) and those for
plagioclases are albite (Si, Al, Na), anorthite (Ca) and Kakanui hornblende (K, Fe). Raw X-ray
spectra were converted to wt.% using the computer program EDDI of Pringle (1989). An
average of 3 crystals were probed on each section and up to 3 measurements were made on cach

crystal.
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Table 3. Average microprobe analyses of amphlboles of igneous clasts. Somple number refers to
outcrop locatlon on Fig. 1. (n) refers to the number of maasurements on each thin section,
Formula was calculated on the basis of 24 O followlng the recommended procedure
of Leake (1978). Ferric and ferrous lron were calculated by stoichlometry,

Sample # 3vc 3%e 39 20 2f 29 2d 2
n Q 9 8 9 9 Q 9 9
Closttype HPPhK HPPhK HPPhK HPPIK HPPIK H S S
sio2 44.52 43.46 41.40 44.64 44,01 49.88 44,13 42.56
TIO2 1.86 0.93 1.1 1,39 1.84 1.21 1.44 220
Al203 9.46 10.16 13.77 10.84 10.15 527 10.84 11.47
Cr203 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00
FeQ* 13.69 17.92 17.76 12.77 13.76 8.9 11.15 12.25
MnO - 018 0.18 0.05 0.10 0.16 0.18 0.12 0.07
MgO 13,73 10.98 9.39 14,41 13.48 17.79 16.94 14.55
Ca0 10.94 10.64 10,82 11.14 11.19 11.29 11.02° 1094
Na20 1.95 2.69 2.42 220 226 1.61 2.00 219
K20 0.37 117 1.23 0.70 0.78 0.61 0.66 0.82
H20 2.00 2.00 1.99 2.05 2.02 2.06 205 2.02
Cl 0.08 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Total 98,76  100.23 99.94 10024 99.65 98.85 99.34 90.07
siav) 6.63 6.55 6.25 6.53 6.52 7.21 6.47 6.31
AlV) 1,37 1.45 1.75 1.47 1.48 0.79 1.53 1.69
T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AV 0.29 0.35 0.70 0.40 0.30 0.1 0.34 0.32
Ti 0.21 0N 0.13 0.15 0.21 0.13 0.16 0.25
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 3.05 247 21 3,14 2.98 3.83 3.48 3.22
Fe +2 1.46 2,06 207 1,31 1.52 092 1.02 1.22
M1.2.3 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Fe +2 0.25 0.19 0.17 0.25 0.19 .15 0.35 0.30
Mn 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.01
Ca 1.73 1.72 1.75 1.74 1.78 1.75 1.64 1.69
Na 0.00 0.07 0.07 0.00 0.01 0.07 0.00 0.00
M4 slte 2.00 2.00 2.00 2.00 2.00 2,00 2.00 2.00
Ca 0.02 0.00 0.00 o.M 0.00 0.00 Q.09 0.05
Na 0.56 072 0.64 0.62 0.63 0.38 0.57 0.63
K 0.07 0.22 0.24 0.13 0.156 0.11 0.12 0.16
Asite 0.65 0.94 0.88 0.76 0.78 0.49 0.78 0.83

HPP hK - Hornblende-plagloclase porphyry with K20 > 2 wt,%; HPP Ik - Hornblende-plagloclase
porphyry with K20 < 2 wt.%; H - Coarse-grained holocrystaline; S - Spessartite.
* - Total iron expressed as FeQ
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CONGLOMERATES

Conglomerate units vary in thickness from one pebble layer to 15 m. They are massive,
non-graded, and clast-supported, with sub-rounded to rounded clasts averaging 5 ¢m in size.
Volcanic rocks and felsic porphyries dominare the clasts. Volcanic clasts generally decrease while
porphyry clasts increase up the stratigraphic section (Table 1). The matrix of the conglomerate is
composed mainly of quartz, plagioclase, carbonates, Fe-oxides, and chlorite, which gives it a
greenish tinge.

Conglomerates and sandstones north and south of the LLCF are comparable.
Conglomerates south of the LLCF only show basal sections near the unconformity. Trachyte
clasts are present (> 18 %; Table 1) in thesc sections but are absenc in basal sections north of the
LLCF. Sandstones and marrices of conglomerates south of the LLCF are similar to those north
of the fault (Legault and Hattori, in press), although the former contain higher amounts of lithic
fragments and lower carbonate contents.

Clasts are classified into five groups: volcanic rocks (trachytic, felsic, mafic, and ultramafic
volcanic rocks, and tuf), porphyritic rocks (hornblende-feldspar porphyry, quartz-feldspar
porphyry, feldspar porphyry, spessartite lamprophyre), coarse-grained holocrystalline rocks,
sedimentary rocks (sandstone, chert), and monominerallic rocks (vein quartz + minor carbonate,
magneticite). The proportion of clast types varies greatly depending on the location (Table 1)

and the underlying rocks (Fig. 2).
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Figure 2. Schematic cross-section of outcrop 3 cast of Kenogami Lake (Fig. 1}. Note the

decrease of alkalic volcanic clasts up the stratigraphic section.
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IGNEOUS CLASTS

Porphyry clasts
Two types of porphyries are recognized: calc-alkaline and alkaline (Fig. 3). Calc-alkaline

porphyries are hornblende-plagioclase porphyry and quarwz-plagioclase porphyry. Spessartice
lamprophyre and calc-alkaline porphyry clasts display linear compositional trends on Larsen
diagrams, suggesting that they are comagmatic. Pervasively carbonatized porphyry clasts are
common, containing veinlets (up to 0.5 cm) of quartz-carbonate and epidote-quartz-carbonate,
which do not extend beyond the rims of the clasts, inciicating that the veins were emplaced in the
source rocks.

Hornblende-plagioclase porphyry (HPP):

Clasts of this composition range from light to dark reddish brown. Phenocrysts are
subhedral plagioclase (0.5 o 3.0 mm) and cuhedral hornblende (0.5 to 1.5 mm), with minor
apatite, zircon, and quartz. Plagioclase is lightly to moderately saussuritized, and some grains
exhibit zoning. Hornblende is edenitic hornblende to ferroan pargasite (Fig. 4) and is mostly
pseudomorphed by a mixture of chlorite, hematite, magnetite, quartz, and calcite.

Chemical compositions of these porphyry clasts plot mostly in the monzonite - quartz
monzonite field (Fig. 5). The chemical analyses show a wide range of SiO; (56 - 68 wt.%), high
N2,0/K,O (1.58 to 12.1 in wt. ratio; Table 2) and fractionated REE (La/Yby = 18.5 to 35.8)

with total REE less than 250 ppm.
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Figure 3. Total alkali versus §iO2 plot delincating alkaline and sub-alkaline ficlds by Irvine and
" Baragar (1971). Fields for sycnite and porphyry series of exposed incrusions are also shown
(Keerich and Watson, 1984; Hicks and Hactori, 1988; Ontario Geological Survey, 1986; our

unpubl. data).
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Figure 4. Classification of calcic amphiboles (Leake, 1978). E - edenite; EH - edenitic
hornblende; PH - pargasitic hornblende; FPH - ferroan pargasitic hornblende; FP - ferroan
pargasite; P - pargasite. Stippled area shows compositional range of amphiboles from incrusions

of the porphyry series (n = 40; G. Levesque, written comm., 1993).
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Quartz-plagioclase porphyry (QPP):

This porphyry is further classified into two types: reddish type (QPP1) and white
leucocratic type (QPP2). Both have anhedral to subhedral, moderately saussuritized plagioclase
phenocrysts, similar mafic assemblages (including chlorite, magnetite, hematite) and compositions
(Si0, > 65 wt.%; Na,O/K;0 > 2.29 in wt. ratio; La/Yby > 10.0; Table 2). However, QPP2
clasts contain coarse {up to 7 mm), embayed, rounded quartz phenocrysts, higher CaO and lower
Fe;O030p MgO, Cr and Ni. Chemical compositions plot in the granite - quarez monzonite -

tonalite field (Fig. 5).

Lamprophyre
These clasts are light to dark brown, and are a minor constituent. They conuain
abundant euhedral crystals (-0.75 mm) of hornblende (edenitic to pargasitic; Fig. 4) in a macrix of
plagioclase, hematite, chlorite, quartz, and apatite. The clasts are spessartite, following the
classification of Rock (1987). These are different from exposed lamprophyre dykes in the area
which are mostly biotite-rich minertes and clinopyroxene-rich vogesites (Levesque et al., 1991).
Analyses of the spessartites show SiO; varying from 52 to 60 wt.%, fractionated REE
(La/Yby = 17.5 to 29.6) and a high Na,O/K;0 (2.08 0 3.93 in wt. ratio; Table 2). They plot

in the calc-alkaline lamprophyre field of Rock (1987).

K-feldspar porphyry (KP):
These clasts are mostly dark reddish-brown and contain subhedral to euhedral, zoned K-

feldspar (< 3.0 em). The K-feldspar contains numerous inclusions (hemaite, quarrz, chlorite,
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Figure 5. Classification of porphyry clasts using R,R,-diagram by De La Roche et al. (1980).

MG - monzogabbro; M - monzonite; QM - quartz monzonite.
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calcite) which gives it a light pink color. Ferromagnesian minerals are replaced by a mixcure of
chlorite, magnerite, hematice, calcite, and quartz. These clasts show highly fractionated REE
(La/Yby, = 24.4 to 35.7) with elevated total REE (> 350 ppm) and low Na,O/K;0 (0.34 o 0.41

in wt. ratio; Table 2). They plot in the nepheline syenite field (Fig. 5).

Coarse-erained hol lline ¢

These clasts are massive to foliated and are well rounded. They are mostly trondhjemite
and prol:;ably represent the "granite clasts” referred to by earlier workers (Wilson 1956, Hewit,
1963). Plagioclase and quartz are predominant, with accessory hornblende, chlorite, hematite,
magnetite, cpi(-iotc. apatite, and zircon. Relic hornblende (edenite; Fig. 4), was observed in one
sample, and it is usually pscudomorphed by a mixture of chlorite, hematite, magnetite, calcite and
epidote. Foliated clasts are devoid of hornblende and foliation is mostly defined by chlorite.
Plagioclase (An,347; 1.0 - 3.0 mm) is anhedral, and moderately saussuritized, Quarez (0.30 - 0.75
mm) is anhedral, monocrystalline to polycrysalline, and has straight to undulose extinction.
Foliated and massive trondhjemite clases are chemically similar and are characterized by low Zr
(30 to 71 ppm) and Rb (14 to 44 ppm), low total REE (13 to 83 ppm) and high SiO, (67 10 72

wt.%:; Table 2).

Volcanic clasts
Dark green tholeiitic basalt is the most abundant volcanic clast (La/Yby = 3.1 - 5.9).
Light green andesite clasts occur mostly in the basal section norch of the LLCF, and their

composition and texture are similar to andesite clasts found in conglomerates associated with
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curbidites south of the LLCF (La/Yby = 10.3 - 16.5). Felsic and ultramafic volcanic clasts are
minor. Some of the latter show spinifex texture, and some are highly altered to fuchsite-
carbonate rocks, suggesting that carbonate alteration took place in the source rocks. Trachyte
clasts are the predominant clasts in conglomerates in erosional contact with trachyte volcanic
rocks (Fig. 2). Trachyte clasts are absent in basal conglomerates north of the LLCF, but they are
present in basal conglomerates south of the fault. Two occurrences were examined within 500 m
south of the LLCF and four basal conglomerates more than 1.5 km north of the LLCF were also
studied (Fig. 1). The presence of trachyte clasts in basal conglomerates appears to be related 1o

the proximity of these sections to the LLCF.

DISCUSSION

Weathering does not appear to have altered the composition of the igneous clasts. Only
chin (¢ 5 mm) weathering rims, consisting mostly of sericite, quarrz and chlorite, were observed
on clasts, and they were removed prior to chemical analysis.

Values of LOI are generally less than 5 %, except for the volcanic clasts. Trachyrtic clasts
have compositions comparable to intercalated trachyrtic rocks. Some trachyte clasts have lower
LOI values than exposed trachytic volcanic racks, suggesting thar the clasts are less altered than

presently exposed source rocks, as previously pointed out by Cooke and Moorhouse {1969).
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SOURCE ROCKS

Classification of clasts

The clasts are grouped into 2 types: greenstone-derived and others. Greenstone-derived
clasts are holocrystalline trondhjemitic rocks, felsic, mafic and ultramafic voleanic rocks, cherr,
magnetitite and banded iron-formation (magnetite + chert). These are common in underlying
greenstone-bele rocks, Clasts classified as "others” include porphyritic, tuffaccous, and trachytic
clasts. Some of these were apparently derived from other units of the Timiskaming Group.
Trachyte clasts at outcrop 3 in Fig. 1 are idencical in appearance and composition to the
underlying trachytic volcanic rocks, confirming their derivation from the volcanic rocks of the
Timiskaming Group (Table 2). Chemical compositions of the tuff clasts are similar to the

trachyte, suggesting derivation from the Timiskaming Group (Table 2).

Cale-atkaline porphyry clast source

Porphyry intrusions abundantly exposed in the area were belicved to be the source of the
porphyry clasts, based on their texture (e.g., Hewitr, 1963; Hodgson, 1986). Sedimentological
work inferring a proximal source (Hyde, 1980; Mucller and Donaldson, 1992), is in agrecment
with this interpretation. The mineralogy and compositions are, however, different between
porphyry clasts and porphyry intrusions exposed in the area, as described below.

Thomson (1948) recognized five types of intrusions that post-dated deformation of the
greenstone belt. They include carly diorite/quarcz diorite and granodiorite porphyry (referred to

as quartz porphyry by Thomson (1948)), and laze lamprophyre, sycnite and feldspar/quartz-
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feldspar porphyry. Dioritic intrusions are intruded by feldspar porphyries (Thomson, 1948) and
U-Pb ages of granodiorite porphyries (2685 + 3 Ma) and feldspar porphyries (2677 +3/-2 Ma;
Corfu et al., 1991) suppore this interpretation.

Cooke and Moorhouse (1969) classified the late incrusions and volcanic rocks into two
series: syenite and porphyry series. Trachytic volcanic rocks and syenitic intrusions form the
syenite series whereas quartz-feldspar porphyry and feldspar porphyry form the porphyry series.
Larsen diagrams show that the first two types of igneous rocks, granodiorite porphyries and
diorites/quartz diorites north of the LLCF, are comagmatic (Fig. 6), and that they are not related
to feldspar porphyries.

The calc-alkaline porphyry clasts are not comagmatic with the exposed intrusions of the
porphyry series. First, the two porphyries have different mineralogy. The only primary
ferromagnesian phcnocrys'r in the clasts is hornblende, whereas exposed intrusions, along with
hornblende, also contain biotite. Porphyry intrusions without bietite phenocrysts are very rare
(Levesque et al,, 1991).

Second, intrusions of the porphyry series are commonly high in large ion lithophile
clements (LILE; K,O = 3.46 + 0.86 wt.%, Ba = 2240 + 776 ppm, Rb = 99 + 31 ppm; n=92; all
uncertainties are | 6)(Kerrich and Watson, 1984; Hicks and Hattori, 1988; Ontario Geological
Survey, 1986; our unpubl. data). However, clasts contain lower LILE (K,O = 145 + 0.78 wt.%,
Ba = 713 + 459 ppm and Rb = 39 + 22 ppm; n=24; Fig. 7). Major element concentracions and
their trends are also different between the two as illustrated on Larsen diagrams (Fig. 8). REE of
calc-alkaline porphyry clasts (La/Yby = 18.0 to 35.8) are generally more fractionated than those

for porphyry intrusions of the area (La/Yby ~ 15; Kerrich and Wartson, 1984; G. Levesque, written
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Figure 6. Sclccrc& Larsen diagrams showing the similar trends for quartz porphyries (+),
diorite/quarcz diorite intrusions (closed squares) and calc-alkaline porphyry clasts (open squares).
Dara of quarez porphyries and diorites/quartz diorites from Jensen and Langford (1985), Ontario
Geological Survey (1986) and our unpubl. dara. Values correspond to the correlation coefhicient
of regression lines for the combined data of diorites/quartz diorites and calc-alkaline porphyry

clasts,



<30 20 -0 O 10 20 30

1/3 §i102+K20-FeO-MgO-Cal wi.%

85 1 ar
[}

R | a2

3 & ¥

o o)

45 +
35 - / = ; - -
.40 20 -10 0 10 20 30

2

3 3

2 %

5 3
Q =

[+

e

a0

32 33

3 t

o) 0

3 s

0.0 ‘ . +
30 20 -0 O i0 20 30

1/3 5102+K20-FeO-MgO-CaO wh.%




73

Figure 7. Primitive mantle normalized spidergram for average cale-alkaline porphyry clasts.
Normalizing values from Sun and McDonough (1989). Averages for porphyry intrusions (n=5;

solid line) and syenite intrusions (n=3; stippled line} are also shown (our unpubl. data).
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Figure 8. Selected Larsen diagrams showing the different trends for calc-alkaline porphyry clasts
(solid squares) and intrusions of the porphyry series (open squares). Dat for intrusions are from
Kerrich and Watson (1984), Hicks and Hattori (1988), Onrario Geological Survey (1986) and
our unpublished data, Values correspond to the correlation coefficient of regression lines for each

daca set.comm., 1993).
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Third, amphiboles from the clasts are more Al-rich (Al" = 1.53 & 0.17; Al* = 0.37 £ 0.16;

n=44) than those of the intrusions (Al* = 1.23 1 0.27; AlY = 0.33 + 0.13; n=40; G. Levesque,
written comm., 1993), although both are calcic, varying from edenite to pargasite with similar Fe
and Mg contents (Fig. 4). Pressure has been proposed as being the dominant factor in
accounting for the observed differences in Al contents of calcic amphiboles in calc-alkalic plutonic
rocks (i.c., Hammarstrom and Zen, 1986). However, porphyry clasts appear to have been
derived from sub-volcanic intrusions, and since the lace feldspar porphyries are also sub-volcanic
intrusions, the difference in Al contents of the respective amphiboles does not appear to be
related to the depth of emplacement. Amphiboles crysrallizing from more siliceous melts contain
higher SiO, (lower Al(Cawthorne, 1976). Melts for the porphyry incrusions therefore contained
higher SiO, at given Fe and Mg acrivities.

Fourth, the porphyry intrusions (2677 Ma; Corfu et al., 1991) are younger that the
syenite incrusions (2680 + 1 Ma; Corfu et al., 1989), and no coarse-grained holocrystalline
syenite clasts were observed, The lack of such clasts suggest that these intrusions were not

exposed during sedimentation.

Possible source of the clasts

The QPP2 clasts are min;:ralogically and chemically similar to white leucocratic
granodiorite porphyry intrusions such as the Goodfish and Bidgood quartz porphyries (Fig. 1). A
predominance of angular QPP2 clasts in basal conglomerates of an outcrop located just south of
the Goodfish granodiorite porphyry is consistent with their derivation from the intrusion, Other

similar leucocratic granodiorite porphyries that intrude greenstone bele cale-alkalic volcanic rocks
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north and south of the LLCF have also been noted (Jensen and Langford, 1985).

Source rocks that are texturally and mineralogically similar to the HPP, QPP1 and
spessartite clasts have not been observed in exposed rocks of the area. However these clasts may
be related to the diorite/quartz diorite intrusions. The diorites and quartz diorites are composed
of equigranular plagioclase, hornblende + quartz and have only been observed north of che LLCF.
The diorites/quartz diorites and the calc-alkaline porphyry clasts show linear wrends that are
parallel for most major and trace elements on Larsen diagrams (Fig. 6). Regression lines for
combined data of the two are significant at a confidence level of 99.9%, suggesting thac the two
sets of data are from the same population. The ;:lasts appear to represent a hypabyssal
component of the dioritic intrusions that has been removed by erosion and preserved only as
clasts.

Diorite/quartz diorite and granodiorite porphyry intrusions are widespread north of the
LLCF whereas south of the LLCF, diorite/quartz diorite intrusions are absent and granodiorite
porphyries arc scarce. This suggests that most of the porphyry clasts were derived from the
north. Alternatively, diorites/quartz diorites may have been present south of the LLCF, bur were
removed by crosion. However, this seems unlikely because granodiorite porphyries of similar age
arc still cxposed south of the LLCF and coarse-grained holocrystalline clasts of diorite were not

observed.

Alkaline porphyry clast source
The clasts are chemically similar to syenite intrusions of the area, which are coarse-grained

holocrystalline and mostly equigranular. The clasts have elevated K,0 (7.94 to 8.14 wt.%), Ba
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(3 748 to 6 309 ppm) and Y (37 to 50 ppm) and low Na,O (2.76 to 3.26 wt.%) and Cr (< 14

ppm; Table 2). Similar to the syenitic intrusions, these clasts show highly fractionated (La/Yby =
244 10 35.7) and clevated REE (397 to 648 ppm). It appears that the clasts represent the

erosion of high level syenitic intrusions.

Coarse-grained holocrystalline clast source

The holocrystalline clasts have low Zr, Rb and Yb (Table 2). Such values are atypical of
most Archaean trondhjemite-tonalite intrusions (Fig. 9) although trondhjemite-tonalite intrusions
are abundant within greenstone belts. In the southern Abiribi greenstone belt, syn-volcanic
tonalice intrusions (c.g., Flavrian and Bourlamaque plutons) have much higher Zr and Yb aca
given SiO, than the clasts (Fig. 9) and therefore do not appear to have been the source.

Two batholiths close to the Kirkland Lake area are the Lac Abitibi (-~ 60 km) and Round
Lake batholiths (- 15 km). They have foliated trondhjemite-tonalite phases near their border
(Lafleur, 1986; Smith and Sutcliffe, 1988). Foliated phases of the Lac Abitibi batholith have
hornblende as the dominant mafic mineral. This is in conerast with foliated clasts which have no
hornblende or relic hornblende. The foliation in the clasts is mostly defined by chlorite, and the
texture and mineral assemblages associated with chlorite grains indicate that they did not form as
an alteration product of hornblende after erosion. The trondhjemite-tonalite phases of the Lac
Abitibi batholith are generally higher in Zr, Rb and Yb than the clasts (Fig. 9), and therefore it is
unlikely to be the source for the clasts.

Trondhjemire-tonalite phases of the Round Lake batholith (2697-2698 Ma; Mortensen,

1993) are texturally and mineralogically similar to the holocrystalline clasts. Although the clasts
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tend to be lower in Zr compared to the border phases of the Round Lake batholith, there is some
overlap, and Rb and Yb values are similar (Fig. 9). Other trace element compositions (Cr < 40
ppm; Ni < 30 ppm; V < 30 ppm) arc also similar and plots of the data from the intrusion and
the clasts on Larsen diagrams indicate that they are comagmatic (Fig. 10). The source for the
holocrystalline clasts is, therefore, most likely the marginal phase of the Round Lake batholith.
The presence of clasts derived from the Round Lake batholith indicates that the intrusion was

uplificd and eroded before or during sedimentation of the alluvial-fluvial assemblage.

Mafic and intermediate volcanic rock clast source

Mafic and intermediate volcanic rock clasts constitute about 20% of the conglomerate
clasts (Table 1). Mafic volcanic clasts are mostly tholeiitic basalts while intermediate clasts are
calc-alkaline andcsi.tcs (Table 2). These volcanic clasts show high LILE and low high field
strength clements (HFSE), suggesting that they were derived from an arc (e.g., Arculus and
Powell, 1986). Rocks with similar compesitions occur in greenstone belts, both north and south

of the LLCF.

IMPLICATIONS FOR LATE ARCHAEAN DEVELOPMENT

The type of source rocks identified for the alluvial-fluvial assemblage of the Timiskaming
Group in the Kirkland Lake area suggests that the sources were mostly contained in an arc terrain
which was uplifted and dissected. Calc-alkaline porphyry clasts of the alluvial-fluvial assemblage

show arc signatures in their compositions (high LILE/HFSE; Fig. 7)(Pearce et al., 1984). The
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Figure 10, Selected Larsen diagrams showing the different trends for holocrystalline clasts (solid
squares), border phase of the Round Lake batholith (open squares) and central phases of the
Round Lake batholith (open triangles). Data for Round Lake batholith from Fcﬁg and Kerrich

(1992). Values correspond to the correlation cocfficient of regression lines for combined dara.
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compositional trend of the calc-alkaline porphyry clasts (monzonite to granite; Fig. 5) are
commonly observed in Phanerozoic arc terranes such as in western North and South America
(Lameyre and Bowden, 1982). Spessartite lamprophyre dykes also occur in arc environments
(e.g., Suzuki and Shiraki, 1980; Rock et al., 1988).

Calc-alkaline porphyry clasts are comagmatic with granodiorite porphyry and
diorite/quartz diorite intrusions, but they also have similar trends on Larsen diagrams wich calc-
alkalic volcanic rocks of the area (i.c., Blake River Group). Although intrusive contacts have been
reported for the granodiorite porphyry and diorites/quarez diorites into the Blake River Group
(i.e., Jensen and Langford, 1985), these intrusions may be cogenetic with the calc-alkaline
voleanic rocks. However these rocks are not associated with the younger alkalic intrusive and
volcanic rocks.

Amphibole compositions of the calc-alkaline porphyry clasts (Al" = 1.53), however, arc
typical of Phanerozoic island-arc rocks such as those in circum-Pacific areas (Jakes and White,
1972), whereas amphiboles ‘of the syenite and porphyry series (Al = 1.23; G. Levesque, pers.
comm., 1993) are similar to those of rocks from continental arcs (e.g., Dodge et al., 19G8; Reid
and Hamilton, 1987). This is consistent with the Blake River Group having formed in an
island-arc setting (Fowler and Jensen, 1989) whereas volcanic rocks of the Timiskaming Group
formed in a thickenned crust (Capdevila et al., 1982). It appears therefore that the magma for
the calc-alkaline porphyry clasts intruded in an island-arc. The difference between carly and late
potphyry intrusions may be viewed as a change from island-arc magmatism ro "contincntal-arc”.
This change may be related to an increase in crust thickness, due to accretion,

Alkaline clasts were not observed in basal conglomerates of the alluvial-fluvial assemblage
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north of the LLCF, suggesting cither alkaline magmatism was not widespread but racher confined
along the LLCF or alkalinc magmatism started after the onset of sedimentation. The current
distribution of trachytic volcanic rocks and the presence of trachyte clasts in basal conglomerates
close to and south of the LLCF indicates a spatial relationship berween alkaline magmatism and
the LLCF. No coarse-grained holocrystalline alkalic clasts are observed throughout the
stratigraphic section thercfore syenitic intrusions (-2680 Ma) were not exposed during
sedimentation. The presence of alkalic porphyry clasts with similar compoesitions 1o the syenite
intrusions and volcanic rocks, however, indicates that subvolcanic intrusions (possibly feeders for
the voleanic rocks) were exposed in the area.

The presence of andesite clasts at the base of the alluvial-fluvial assemblage and in the
older turbidite assemblage south of the LLCF indicates that erosion of andesitic volcanic rocks
took place during Timiskaming time. An increase in tholeiitic volcanic clasts combined with the
decrease in andesite clasts throughout the alluvial-fluvial assemblage indicate a change in the
lithology of the exposed rocks. The change is actributed to the degree of dissection of an arc.
The essential absence of andesite clasts in the upper sections of the alluvial-fluvial assemblage
shows that such rocks were removed by erosion. This may explain the absence of calc-alkaline

volcanic rocks immediately north of the alluvial-fluvial assemblage (Fig. 1).

Timing of sedimentation
Quartz-feldspar porphyry clasts collected by Corfu et al. (1991) have yielded ages of 2682
- 2685 Ma. These ages overlap the age of the Bidgood granodiorite porphyry (2685 + 3 Ma;

Corfu et al., 1991), which is comagmatic with the diorite intrusions. The Dufault pluton which
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is 75 km ENE of Kirkland Lake, is akin to the diorite intrusions in mineralogy (Rive et al.,

1989) and chemistry (Feng and Kerrich, 1992) and has an age of 2690 + 2 Ma (Mortensen,
1993), similar to agc§ of quartz porphyries of the Timmins area (2688 - 2691 Ma; Corfu et al.,
1989) and felsic porphyries of the Val d'Or area (2685 - 2694 Ma; Wong et al., 1989; Zweng
and Mortensen, 1989). Such porphyry intrusions may have been exposed during sedimentation
and later removed by erosion. Cale-alkaline porphyry clasts may be the only indication that
porphyry intrusions of that time period were also common in this area.

The presence of QPP2 clasts in basal conglomerates also indicates that the quartz
porphyries were exposed during alluvial-fluvial sedimentation and that depasition started after
2685 Ma. An age of 2677 £ 2 Ma for a crachytic agglomerare (Corfu et al., 1991) may provide

a minimum age of sedimentation, because it overlies alluvial-fluvial sedimentary rocks.

Nature of the LLCF

The LLCF has been interpreted as a suture zone between two tectonic blocks: the Round
Lake (south) and the Blake River (north)(e.g., Ludden et al., 1986; Kerrich and Feng, 1992).
The similarity in compositions of sandstones and clast populations of conglomerates of the
alluvial-fluvial assemblage north and south of the LLCF indicates that these rocks had similar
sources and were probably deposited at the same time. Therefore sedimentation of the alluvial-
fluvial assemblage appears to have started after juxtaposition of the Round Lake and Blake River
blocks. The presence of trachyte clasts only in conglomerates near the LLCF indicates that
alkaline magmatism was areally restricted to the vicinity of the faulr, and that movement along

the LLCF may have created conduits for post-accretion magmatism.
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Tectonic setting

The alluvial-fluvial assemblage may have formed during arc volcanism before major
deformation (c.g., Hyde, 1980; Dimroth et al., 1983), in a pull-apart basin along the LLCF (e.g.,
Thurston and Chivers, 1990; Card, 1990) or as a fault-scarp deposic that accumulated during
oblique thrusting along the LLCF (e.g., Hodgson and Hamilton, 1989). |

The models of Hyde (1980) and Dimroth et al. (1983) are not consistent with the
distribution on both sides of the LLCF. It also appears to discount deposition in a fault-scarp
basin. Minor occurrences of the alluvial-fluvial assemblage south of the LLCF may be attribured
to post-Timiskaming uplift of the south side along the fault {e.g., Hamilton and Hodgson, 1989;
Jackson and Sutcliffe, 1990). Such movements would have caused rocks of the alluvial-fluvial
assemblage on the south side of the LLCF to be mostly removed by erosion while preserving the
same rocks on the north-side.

The presence of clasts derived from both north and south of the LLCF appears to favor a
pull-apart basin model because fault scarp sediments in foorwall troughs would contain clasts
derived from only one side of the faulc (e.g., Girard, 1992). The recognition of the Round Lake
batholith and diorite/quarz diorice intrusions as source rocks for the alluvial-fluvial assemblage
dicaes that clasts were derived from both sides of the LLCF. The presence of chert {including
jasper) and magneitite also supports derivation of detritus from the south since magnetite
banded-iron formations have only been observed in the Round Lake block (e.g., Jensen and
Langford, 1985). Deposition of the alluvial-fAluvial assemblage in a pull-apart basin is also
consistent with recent sedimentological and volcanological studies on the alluvial-fluvial

assemblage (Mucller et al,, 1992).
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Our results favor sedimentation in a pull-apart basin after juxtaposition of tectonic blocks,
although horizontal movements along the LLCF during and after sedimentation appear to have
been small. This is consistent with structural observations on the LLCF by Wilkinson and
Cruden (1992) which indicate that any large-scale transcurrent movement must have occurred
prior to deposition of the alluvial-fluvial assemblage. On the basis of the present study, the
sources for the igneous clasts are all within 15 km of their depositional site, and so no exotic
source is required, eliminating the need for large strike-slip displacements of the two sides during

*

and/or after deposition of the Timiskaming Group.
CONCLUSIONS

1. Conglomerates and sandstones north and south of the LLCF are similar, indicaring that
sedimentation started after juxtaposition of tectonic blocks along the LLCF.

2. Coarse-grained holocrystalline clasts are trondhjemitic. Trace element contents, mineralogy
and texture of clasts suggest their derivation from the marginal phase of the Round Lake
bacholich.

3. Andesitic clasts are common in basal conglomerates, bur their abundances decrease up the
stratigraphic section; tholeiiic basalt and porphyry clasts are predominant in upper sections. This
change of clast popularions suggests an increase in dissection of an arc during sedimentation.

4. Alkalic clasts were derived from Timiskaming trachytic volcanic rocks and associated
hypabyssal phases. The presence of these clasts only in proximity to the LLCF indicates that

alkaline magmarism was not widespread, and that the displacement along the faule may have
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created conduits for alkaline magmatism.
'S, Calc-alkalinc porphyry clasts, the predominant clas;: in most outcrops, were not derived from
the late feldspar porphyry intrusions which are now abundant in the area. The porphyry clasts
arc related to carly diorites/quarez diorites and granodiorite porphyries, and calc-alkaline volcanic
rocks of the Blake River Group. The predominance of these clasts suggests their derivation from
a dissected island arc. Ages of early and late porphyry intrusions bracket sedimentation of the
alluvial-fuvial assemblage berween 2677 - 2685 Ma.
6. The occurrence of both the alluvial-fluvial assemblage and inferred source rocks on both sides
of the LLCF suggests deposition in a puli—apart basin. However, proximity of the clasts to their
sources indicates that only minor strike-slip movement occurred during and/or after

sedimentation.
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Appendix I: Carbon and oxygen isotopic compositions of

carbonate-bearing igneous clasts

SUMMARY

Carbonates in 17 igneous clasts from the alluvial-fluvial assemblage and curbidite souch
unit and 1 lamprophyre were analyzed for C and O isotopes. Carbonates are mostly calcite
with minor dolomite and anl-ccrit'c. Values for 8°C and 8'®*O for carbonates from clasts of
the alluvial-fluvial assemblage show a remarkable similariry and are indistinguishable from
values for carbonates associated with the lamprophyre intrusion. Values for carbonates in
clasts from the turbidite south unit are more enriched in *O, but depleted in *C compared
to carbonates in clasts from the alluvial-fluvial assemblage. All isotope compositions, however,

fall wichin the range of disseminated and vesicle-filling carbonates of the Blake River Group.
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ANALYTICAL METHODS

Samples of clasts were collected during the summers of 1991 and 1992. QOver 90 thin
sections were made, and 18 of these samples showed different degrees of carbonatization (see
Appendix 1a for sample descriptions). These samples were stained to distinguish calcice,
ankerite and dolomite using Alizaric Red S and potassium ferricyanide.

Isotope compositions for carbonates were determined on CO, released from whole-
rock powders or hand-picked vein fillings, afcer reaction with 100% H,PO; at 25°C (McCrea,
1950). For samples containing c.nlcitc and dolomite/ankerite, extractions of CO, were timed
at 2 h to obtain CO, only from calcite. The isotopic compositions of CO, were determined
by the triple-collector VG-SIRA mass spectrometer at the University of Ouawa. Isotopic
ratios are reported in the standard 8 notation, relative to PDB for carbon and o SMOW for

oxygen (Table 1).
OCCURRENCE OF CARBONATES

Staining of samples indicate that the main carbonate present in veins and alceration is
ferroan calcite. Dolomite and ankerite are minor constituents. This is in contrast with
carbonate minerals found along the LLCF where ferro-dolomite and siderite are the
predominant carbonaces (W. Zhan, unpub. data; Kerrich et al., 1987).

Host rocks vary in their lithologies. They range from mafic and trachytic volcanic
rocks to tuffs, plagioclase + quartz porphyries and trondhjemires (see Appendix 1a).

Occurrences of carbonates are of 3 types: 1) vesicle-filling carbonates; 2) carbonates associated
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Table 1. Oxygen and carbon isotope data from alluvial-fluvial assemblage ond
turbldite unit clasts. See Appendix 1a for description of occurrence of carbonates.

Sample Clast type* delta 180 delfa 13C
SMOwW PDB
per mil permil

1j FP 10.7 -2.8
1k QFP 10.9 -2.7
n MV 10.4 2.1
Is FP 10.4 -2.0
w MV 10.6 -3.0
2c FP 10.0 -2.1
2 S 9.8 -1.8
3k H 1.7 2.7
Kle) QFP 10.9 -2.5
v T 10.3 -1.9
3% T 10.3 -1.9
m H 10.8 2.7
1c KFP 10.9 2.3
15g FP 10.3 2.4
151 KFP 10.5 -1.9
30d FP 122 -3.6
30ep S 10.6 -4.2
47b M# 10.2 24

* FP - Feldspar porphyry; QFP - Quartz-feldspar porphyry;
S - Spessartite; MV - Mafic volcanic; H - Holocrystalline;

T - Tutf; KFP - K-feldspar porphyry.

# M - Minatte dyke
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with alteration of plagioclase and mafic minerals; and 3) carbonates in veinlets. Carbonates of
the third occurrence generally occur together with quartz in the veins and in some cases
epidote. Sulfide and oxide mincrals in the veins are rare and are restricted to pyrite and
hematite.

Two types of alteration associated with carbonate-bearing veins are recognized: quarcz
+ cpidote + sericite + albite and quarez + sericite + chlorite + albite (see Appendix 1a}. These
assemblages imply that the carbonate veining took place under the conditions equivalent to
prehnite-pumpellyite to middle greenschist facies metamorphic grade. Estimated temperatures
of formation for the epidote-bearing assemblage are from ~350°C, based on the stabilicy of
cpidote (Liou, 1973). The absence of biotite as a metamorphic mineral provides a maximum
temperature for the formation of the epidote-bearing assemblages. The appearance of biotite
is considered to be ~450°C (Nitsch, 1971). Minimum temperatures of formation for the
quartz + sericite + chlorite assemblage is ~300°C at which clay minerals are no longer stable
(Hower et al., 1976). Maximum temperatures for this assemblage may be constrained by the

absence of epidote which forms ac -350 °C.

ISOTOPIC COMPOSITIONS

Values for §'*O and 8"C for calcite arc very consistent within the clasts of the
alluvial-fluvial assemblage (8'*O = +10.6 £ 0.4 %o; S13C = -2.3 + 0.4 %o; n=17; all
uncertainties expressed as + 1 6)(Table 1). These values are indistinguishable from calcite
associated with a lamprophyre intrusion (8'%0 = +10.2 % §13C = -2.4 %q; sample 47b).

Two clasts from conglomerates of the turbidite unit south of the LLCF have calcite-bearing
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veins and their compositions are slightly different from calcite from alluvial-fluvial assemblage

(330 = +11.4 + 0.8 %o; 3'°C = -3.9 £ 0.3 %a; n=2).

DISCUSSION

The consistency of the 8'®0 and §*C values of veins indicates that all calcite may
have been precipitated from fluids of similar origin. This consistency is remarkable
considering the values are from clasts of various source rocks.

The high values of 8'*O (> +10.0 %) of calcite from the clasts indicate that calcite
may have undergone isotopic exchange with present day surface waters (§'%0 - -15 %0). 8"O
for calcite in equilibrium with the surface waters at low temperatures (25°C) gives a value of -
+13 %o. In surface waters, 8°C is mostly controlled by 8*Cyic;., because of the neutral to
slightly alkaline nature of the water. The arca is underlain by igneous rocks, especially
alkaline rocks. 8"Cycgs. in the water is ~ 0 %o because it is likely buffered by atmospheric
CO,, -7 %o. Ac 25°C, isotope fractionation facrors are small between calcite and HCOy (- +3
%) and cherefore isotopic re-equilibrium of calcite with present-day surface water (- 0 %c)
would have expected values of ~ +3 %o, which are much higher than what is observed (- -3 %),
It appears that the calcite from the clasts has not undergone extensive isotopic re-equilibrium
with present-day surface waters.

The low 8'*0 values compared to Archean greenstone belt limestone (870 = +21 to
+24 %g; Veizer er al., 1989) suggest that they are not a low temperature product. Therefore,
carbonates have retained the original isotopic ratios of the fluids and a hydrothermal origin for

these fluids is consistent with alteration envelopes.
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Values reported here are compared with resules for dolomites from Au deposits located
in the Kirkland Lake - Larder Lake area. Isotopic fractionation factors berween caleite and
dolomite are small (Bottinga, 1968) and therefore, the difference between the calcice and
dolomite data is negligible. Compared to the data reported by Kerrich et al. (1987), calcites
from the clasts of the alluvial-fluvial assemblage are lower in "*O and higher in 13C than ferro-
dolomites from the Au deposits (Fig. 1). Clasts from the turbidite unit have carbonates with
similar values to those associated with the mineralization.

Isotope data from the clasts fall wichin the field of calcite from metavolcanic rocks c')F
the calc-alkalic Blake River Group (Kerrich, 1990) located just north of the LLCF (Fig. 1).
Calcite from tholeiitic basalts of the Malartic Group (~100 km ENE of Kirkland Lake) have
similar isotopic compositions (Kerrich, 1990). They are also distinct from disseminated
carbonates in sedimentary rocks of the Kewagama and Cadillac groups (Fig. 1), - 90 km E of
Kirkland Lake, which are believed to be of similar age as the Timiskaming Group (Davis,

1991).
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Figure 1. Isotopic compositions of calcite from clasts of the alluvial-fluvial (solid criangles)
and turbidite south (solid squares) assemblages. Open circles = values for carbonates
associated with gold mineralization along the LLCF (W. Zhan, L;npub!. data; Kerrich ec al.,
1987). Fields are for the Blake River Group (thick solid line), Kewagama Group (thin solid
line), and Cadillac Group (thin dashed line)(Kerrich, 1990); Archean limestone (thick dashed

line)(Veizer et al., 1989).
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APPENDIX 1A: Occurrence of carbonate minerals in clasts.

Clasts are from alluvial-fluvial conglomerates unless otherwise specified. The small
size of th.c alteration minerals in the envelopes (< 0.5 mm) around carbonate veins prevents
optical identificacion of all minerals. Therefore only those identified with cermainty are

indicated.

1c - K-feldspar porphyry. Calcite along cracks of orthoclase phenocrysts.

1j - Hornblende-plagioclase porphyry. Calcite is associated with alteration of plagioclase
phenocrysts.

1k - Quartz-plagioclase porphyry. Quartz-calcite veinlets (- 1mm) and calcite in recrystallized
groundmass. Alteration envelope - quarrz, sericite and chlorite.

1m - Trondhjemite. Quartz-calcite veinlets (- 0.5 mm) and calcite associated with chlorite and
iron-oxides. Alteration envelope - quartz, sericite and chlorire.

1n - Mafic volcanic rock. Calcite and dolomite in recrystallized groundmass.

1s - Hornblende-plagioclase porphyry. Calcite veinlets (- 1 mm) and calcite associated with
chlorite and iron-oxides. Alteration envelope - quarrz, albite and sericite.

lw - Mafic volcanic rock. Quartz-dolomite-calcite veinlets (- 0.5 mm) and calcite and
dolomite in recrystallized groundmass.

2¢ - Hornblende-plagioclase porphyry. Epidote-quartz-calcite veinlets (- 1 mm). Alteration
envelope - epidote and quartz.

2i - Spessartite. Calcite veinlers (- 0.5 mm) and calcie associated with altered hornblende
phenocrysts. Alteration envelope - quarrz, epidote and albite.

3k - Trondhjemite. Calcite veinlets (- 2 mm). Alteration envelope - quartz, sericite and
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chlorire.
30 - Quartz-plagioclase porphyry. Calcite veinlets (- 5 mm). Alteration envelope - quartz and
sericite.
3v - Crystal tuff. Calcite and dolomite in cavities.
3x - Crystal tuff. Calcite in cavities and associated with altcrcd- plagioclase phenocrysts.
15g - Hornblende-plagioclase porphyry. Calcite veinlets (- 1 mm) and associared with chlorite
and iron-oxides. Alteration envelope - quartz, sericite and chlorite,
15! - K-feldspar porphyry. Calcite along cracks in orthoclase phenocrysts.
304 - Feldspar porphyry from conglomerate of the turbidice assemblage south of LLCF.
Calcire veinlets (- 2 mm), calcite in recrystallized groundmass and associated with altered
plagioclase phenocrysts. Alteration envelope - quartz, epidote and sericite.
30cp - Spessartite from conglomcm;c of the turbidite assemblage south of LLCF. Calcite
veinlets (- 1 mm) and calcite associated with altered hornblende phenocrysts. Alteration
envelope - quarez, epidote and sericite.
47b - Minette incrusion. Calcite and specular hematite found ac contace with turbidite

assemblage. Alteration envelope - quartz, sericite and albite.



Appendix ll: Field observations, gamma ray
spectrometry and magnetic susceptibility
measurements, and collected samples

The following notes are accompanied by schematic diagrams to facilitate
locations of outcrops. On these diagrams, north is towards the top of the page.
Major roads and power lines (dark lines) are shown as well as railway tracks
(stippled lines). For general location of samples refer to geological map
accompanying "Late Archaean geological development recorded in the
Timiskaming Group sedimentary rocks, Kirkland Lake area, Abitibi greenstone
belt, Canada". Point counting of clasts at outcrops 91-1, 91-2, 91-3 and 92-39 is
shown in “Igneous activity recorded in the conglomerate clasts of the Late
Archaean Timiskaming Group, Kirkland Lake area, Abitibi greenstone belt".
Clast proportions in this appendix refer to conglomerates that were not point
counted (i.e. estimated).
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Classification scheme for
Timiskaming conglomerate clasts
of the Kirkland l.ake area

Volcanic rock: Trachytic (TVR)
Felsic (FVR)
Mafic (MVR)
Ultramafic (UMVR)
Tuff (VT)

Hologrystalline rock: (HR)

rphyritic rock: Hornblende-feldspar (HFP)
. Quartz-feldspar (QFP)
Feldspar (FP)
Spessartite lamprophyre (SL)

Sedimentary_rock: Chert including jasper (CH)
Sandstone (SS)

Banded iron-formation (BIF)

Monomineralic rock: Vein quartz (VQ)
Magnetitite (MT)

Abbreviations:

MS - Magnetic susceptibility. Measurements of magnetic susceptibility
and radio-element concentrations were made on flat surfaces in the field.

K - potassium

el - equivalent uranium

eTh - equivalent thorium



Outcrop 91-1 (Chaput-Hughes outcrop on Hwy. 66)

Clast-supported conglomerate with thin interbeds of sandstone
Largest clast: Holocrystalline (12 x 25 cm)
Remarks: Average clast size is about 5 cm. Clasts are rounded to well-
rounded, poorly sorted and elongated clasts have a random orientation.
Sandstone beds have an orientation of 095/47 S. They vary in thickness
from 15 to 40 cm and are massive.
Matrix: 20%; greenish color, minor quartz and feldspar
Collected samples 91-1b HFP

91-1c FP

91-1d VT

91-1e VT

91-1f HR

91-1g MVR

91-1x MVR

Clast-supported conglomerate with small lenses of sandstone
Largest clast: Quartz-feldspar porphyry (13 x 22 cm)
Remarks: Clasts have an average size of 5 cm. They are rounded to
well-rounded, fairly well sorted, and the elongated clasts have a random
orientation. Sandstone beds have an orientation of 093/52 S. The
lenses of sandstone are about 20 cm thick and are massive.
Matrix: 16%; greenish color; minor quartz and feldspar
Collected samples 91-1h TVR

91-1i UMVR

91-1j SL

91-1k QFP

91-11 HFP

91-1m HR

91-1n MVR
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91-10 HR
g91-1a TVR

Matrix-supported conglomerate with small lenses of sandstone in contact
with sandstone bed with small lenses of conglomerate
Largest clast: Quartz-feldspar porphyry (12 x23 cm)
Remarks: The clasts have an average size of 5 to 7 cm. They are
subrounded to well rounded, fairly well sorted and elongated clasts
appear to be parallel to the bedding. Lenses of sandstone are 10 to 30
cm thick while the lenses of conglomerate are 2 to 10 cm thick.
Sandstone bed displays cross-bedding indicating that top is toward
south. The contact between conglomerate and sandstone beds is
paralle! to both lenses of conglomerate and sandstone and was
measured as 082/66 S. -
Matrix: 20%; greenish color, minor quartz and feldspar
Collected samples 91-1p HR

91-1q SS

91-1r HFP

81-1s HFP

91-1t HR

91-1u TVR

Interbedding of sandstone and conglomerate beds. Two argillite lenses
are also present as well as a feldspar porphyry intrusion.

Largest clast: Quartz-feldspar porphyry (6 x 13 cm)

Remarks: The clasts have an average size of 1to 2 cm. They are
subrounded to well rounded and are poorly sorted.

Matrix: 77%

Clast-supported conglomerate

Largest clast: Quartz-feldspar porphyry (10 x 12 cm)

Remarks: The clasts have an average size of 3to 4 cm. They are
rounded to well rounded and are poorly sorted

Matrix: 24%

Clast-supported conglomerate near altered zone

Remarks: Sandstone beds contains a few pebbles and the thicker beds
are cross-stratified indicating top towards south. One of these thick teds
of the sandstone beds also contains two narrow (15 and 25 cm) beds of
argillite. Contact between sandstone and conglomerate is gradual.
Conglomerate contains a few lenses of sandstone which are

parallel to the conglomerate-sandstone contact, 087/56 S. Within the
conglomerate, there is a wide (25 m) alteration zone which weathers a
yellowish brown color and contains numerous crosscutting carbonate
veins. This zone is highly deformed with foliation developed at 050.
Matrix: 32%

2.8 wt.% K, 2.0 ppm eU, 8.1 ppm eTh; MS = 9.0 x 103 Sl units (porphyry
intrusion)
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1.1 wi.% K, 0.9 ppm eU, 6.0 ppm eTh; MS = 9.0 x 103 Sl units
(sandstone}
0.8 wt.% K, 1.6 ppm eU, 4.6 ppm eTh; MS = 1 to 10 x 10-3 Sl units
(argillite}
1.0 wt.% K, 0.7 ppm eU, 4.7 ppm eTh (conglomerate)
Collected samples 91-1v Feldspar porphyry intrusion

91-iw MVR

92-1x Sandstone bed

92-1y Argillite bed

Outcrop 91-2 (near Macassa Mine #3 Shaft)

Macassa Mine
No.3 Shaft

Clast-supported conglomerate
Largest clast: Quartz porphyry (30 cm x 45 cm)
Remarks: The clasts have an average size of 8 to 10 cm. They are subangular
to well rounded and are poorly sorted. The conglomerate appears massive as
no lenses of greywacke were observed.
Matrix: 17%: dark green color, minor quartz and feldspar
Collected samples 91-2a CH
g1-2b MT
91-2¢c FP
91-2d SL
91-2e HFP
91-2f HFP
91-2g HR
91-2h HFP
91-2i SL
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Outcrop 91-3 (End of Hwy. 568 at railway track)

Clast-supported conglomerate underfain by tuff breccia and trachytic
volcanic rock .
Largest clast: Mafic volcanic rock (8 x 10 cm)

Remarks: The clasts have an average size of 3 to 5 cm. They are
subangular to rounded and are poorly sorted. Elongated clasts have a
random orientation. Spotty trachytic volcanic clasts are very similar to the
underlying unit, suggesting their derivation from this unit. Contact '
between the conglomerate and the volcanic rocks is irregular and trends
050/78 NW. Thin sandstone lense (about 30 cm thick) is found at about
20 cm above the contact but only on westemn side of track. Lense is
subparallel to contact.

4.2 wt.% K, 2.2 ppm eU, 33.4 ppm eTh; MS = 0.4 x 10-3 Sl units (tuff
breccia)

1.7 wt.% K, 0.7 ppm eU, 3.9 ppm eTh; MS = 0.4 x 10-3 Sl units
(sandstone)
0.9 wt.% K, 2.3 ppm eU, 8.3 ppm eTh (conglomerate ~10 m from breccia)
Matrix: 25%; dark green color
Collected samples 91-3a TVR

91-3b TVR

91-3c CH

91-3d TVR

Clast-supported conglomerate with a thin lense of sandstone
Largest clast: Sandstone (15 x 28 cm)
Clasts: 35% PR
(estimated) 30% TVR
10% VT
10% HR
10% MVR
Tr UMVR
Tr CH
Tr S8
Remarks: The clasts have an average size of 5 to 7 cm. They are well
rounded and poorly sorted. Sandstone lens is 30 cm thick and has an
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orientation of 035/77 NW, which is contrary to Hewitt's measurements in
the area of south dipping beds. Clasts appear to be more altered here
than at previous outcrop.

Matrix: 20%

Collected samples 91-3g HFP
91-3h TVR
91-3i MVR
91-3j] SS
91-3k HR
91-31 FVR
91-3m MVR
91-3n QFP
91-30 QFP

Clast-supported conglomerate
Largest clast: Hornblende-feldspar porphyry (20 x 30 cm)
Remarks: The clasts have an average size of 5to 7 cm. They are
rounded to well rounded, poorly sorted and elongated clasts appear to
be randomly oriented. An conglomerate clast was observed and
photographed.
Matrix: 26%
Collected samples 91-3p SS

91-3q QFP

91-3r HFP

91-3s HR

91-3t QFP

91-3u TVR

Clast-supported conglomerate with lenses of sandstone in contact with a
sandstone bed.
Largest clast: Holocrystalline (17 x 17 cm)
Remarks: The clasts have an average size of 3to 5 cm. They are
rounded to well rounded, fairly well sorted and elongated clasts are
parallel to bedding. Sandstone lenses are more common towards the
contact with the sandstone bed. Lenses are 20 to 30 cm thick and have a
general orientation of 050/80 NW. Cross-bedding is found in the
sandstone bed indicating top to the south. Contact between
conglomerate and sandstone beds has a strike of 055. About 30 cm in
the congiomerate from the contact, there appears to be a minor fault. It is
only a few cm wide and contains euhedral quartz needles indicative of
hydrothermal precipitation . The conglomerate near the fault is foiiated.
Matrix: 23%
Collected samples 91-3v VT
' 91-3w HR

91-3x VT

92-3y Sandstone bed

92-3z QFP



Outcrop 91-14 (near Blanche River KL0724)

Blanche . ) s e
River

1}
92-16 92-44
Ny L

@ ) Swastika =
1 km

91-14

Vigrass Lake

Matrix-supported conglomerate

Remarks: Pervasively altered and crosscutting quartz-carbonate veins (<1 cm
wide). Some jasper clasts (< 1%). Helocrystalline rock clasts (1 to 2%). Matrix
is about 70% of the conglomerate. Quartz-carbonate veins with or without pyrite
(15-20%). Clasts larger than 5 ém are too altered to be identified with certainty.
Depth of examined core: 8 to 74.5 feet

Outcrop 91-15 (near Chaput-Hughes Kirkland Minerals No. 2 Shaft
KL1959)

91415

Kirkland Hilltop

Minerals ‘/ Drive
No.2 shalt -

Chaput-

Hughes
Clast-supported conglomerate
Largest clast: trachytic volcanic rock (> 15cm)
Remarks: Clasts appear to be mostly subangular to well rounded, and poorly
sorted. Average size clasts varied from 2 {0 5 ¢m in diameter. Samples are not
weathered for the most part.
Matrix: green color (23%)
Depth of examined core: 543' - 737
Collected samples 91-15a Feldspar porphyry dyke (538')

91-15b MVR (550')
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91-15¢ FHP (570"
91-15d FHP (567"
91-15¢ VT (581"

91-15f TVR (584")
91-15g VT (585")

91-15h TVR (622))
91-15i HFP (635')
91-15] MVR (636')
91-15k HFP (637')
91-15| FP (680')

91-15m TVR (6819

Qutcrop 92-16 (south shore of Blanche River; see 91-14)

i) Green spotted trachyte
Highly altered, containing numerous xenoliths
Similar to trachyte at 91-3

1.7 wt.% K, 2.6 ppm eU, 8.2 ppm eTh; MS = 0.3 x 103 Sl units

i} Same as i)
0.9 wt.% K, 1.9 ppm eU, 7.7 ppm eTh; MS = 30 x 10-3 Sl units

iif) Feldspar porphyry
Highly sheared, containing numerous xenoliths
4.5 wt.% K, 3.0 ppm eU, 11.4 ppm &Th; MS = 0.4 x 10-3 Sl units
Collected sample 91-16a

iv) Argiliite (shale)
Thin bedded
1.9 wt.% K, 1.8 ppm eU, 5.7 ppm eTh; MS = 0.3 x 103 Si units

V) Syenite
Highly altered and foliated
Located on Larder Lake - Cadillac Fault (LLCF)
1.5 wt.% K, 1.5 ppm eU, 5.0 ppm eTh; MS = 1.2 x 10-3 Sl units
Collected sample 91-16b

Outcrop 92-17 (along road to Macassa #3 shaft; south of 91-2)

Feldspar porphyry

Unaltered; containing common xenoliths

2.5 wt.% K, 2.5 ppm eU, 6.1 ppm eTh; MS = 4.5 x 10-3 Sl units
2.4 wt.% K, 2.0 ppm eU, 6.6 ppm eTh (different location)
Collected sample 92-17a
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Outcrop 92-18 (at power line on east side of road to Cheminis)

Cheminis

Argillite of Cobait Group
Dark green

Fractures 050-230
Collected sample 92-18a

Outcrop 92-19 (NW of Cheminis; see 92-18)

i)

i)

Matrix-supported conglomerate (~70% matrix)
0.8 wt.% K, 1.9 ppm eU, 4.9 ppm eTh; MS = 37.0 x 10-3 Sl units
0.5 wt.% K, 1.5 ppm eU, 4.8 ppm eTh (different location)
Clast-supported conglomerate (~30% matrix)
Largest clast: Plagioclase-bearing mafic volcanic rock (20 x 38 ¢m)
Clasts: 680% MVR
(estimated) 20% FVR
20% SS
Tr HFP
Remarks: Clasts have an average size of 4 cm. They are subrounded to
well rounded and are poorly sorted. Bedding is 120/40 SE. No jasper,
chert or trachyte clasts are present. Mafic volcanic clasts (plagioclase-
bearing volcanic rock) are not similar to any clasts observed in
Timiskaming conglomerates.
0.2 wt.% K, 2.0 ppm eU, 5.2 ppm eTh
Collected samples 92-19a Matrix
92-19b&c MVR
92-19d&e HFP

Outcrop 92-20 (see 92-18)

i)

Sandstone
Red coloration of sandstone is probably due to feldspar intrusion
Bedding 104/sub-vertical SE

1.5 wt.% K, 1.7 ppm eU, 5.8 ppm eTh; MS = 0.2 x 10-3 S units
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Collected sample 92-20a
ii) Feldspar porphyry
Large feldspar crystals (~5 mm)
Fractures 150/45 W
0.7 Wt.% K, 2.7 ppm eU, 7.9 ppm eTh; MS = 6 to 30 x 103 Sl units
Collected sample 92-20b

Outcrop 92-21 (see 92-18)

Sandstone

Light brown color

Thin bedded (~10 cm)

Bedding 070/sub-vertical S

2.2 wt.% K, 1.4 ppm eU, 3.2 ppm eTh; MS = 0.2 x 10-3 S| units
Collected sample 92-21a

Outcrop 92-22 (see 92-18)

Sandstone

Black color

Bedding 080/sub-vertical S

0.9 wt.% K, 0.8 ppm eU, 4.4 ppm eTh; MS variable
Collected samples 92-22a (MS = 0.4 x 103 Si units)

92-22b (MS = 30 x 10-3 Sl units)

Outcrop 92-23 (north of Virginiatown at power line)

Power lina

Barber Lake
(86 )
92-24

i) Turbidites (east of road)
Light brown color
Thin bedded (2 to 20 cm)
Bedding 105/90
2.6 wt.% K, 2.3 ppm eU, 9.7 ppm eTh (sandstone and shale)
2.8 wt.% K, 2.3 ppm eU, 11.4 ppm €Th {mostly shale)
2.9 wt.% K, 2.7 ppm eU, 13.6 ppm eTh (sandstone and shale)

4
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2.2 wt.% K, 1.4 ppm eU, 8.5 ppm eTh (mostly sandstone)
2.4 wt.% K, 2.1 ppm eU, 9.8 ppm eTh (sandstone and shale)
MS = 0.2 x 10-3 SI units
Collected samples 92-23a Shale
92-23b Sandstone

Tuff breccia {west of road)

Large white phenocrysts in matrix and clasts similar to matrix

Clasts are angular and fuchsite-bearing ultramafic clasts are present
Sheared 035/sub-vertical N .

Folded turbidites at base of outcrop but contact was not observed

2.0 wt.% K, 2.4 ppm eU, 7.7 ppm eTh, MS = 0.2 x 103 Sl units

Outcrop 92-24 (see 92-23)

Turbidites (mostly sandstone)

Thin bedded

Bedding 075/90

Foliation 100/90

2.7 wt.% K, 0.7 ppm eU, 5.7 ppm eTh; MS = 0.3 x 10-3 Sl units
Collected sample 892-24a Shale

Outcrop 92-25 (east of Bear Lake)

Larder Lake
Station

Larder Lake

Turbidites

Light brown color
Thin bedded
Bedding 075/90

1.5 wt.% K, 1.9 ppm eU, 5.6 ppm eTh; MS = 0.3 x 10-3 Sl units



Coliected sample 92-25a sandstone

ii) Clast-supported conglomerate
Seperated by fault trending 330
Similar to conglomerates at Chaput-Hughes {i.e. outcrop 91-1)

1.4 wt.% K, 2.7 ppm eU, 6.8 ppm eTh; MS = 2.0 x 10-3 Sl units
Outcrop 92-26 (see 92-25)

Turbidites (mostly shale)

Altered

Thin bedded

Iron-rich layers contain abundant hematite

Bedding 075/sub-vertical S

2.2 wt.% K, 0.8 ppm eU, 2.1 ppm eTh; MS = 0.5 x 10°3 S! units
Collected sample 92-26a Shale

Outcrop 92-27 (see 92-25)

Turbidites (mostly sandstone)

Folded

Bedding 030/sub-vertical S

0.9 wt.% K, 1.3 ppm eU, 2.2 ppm eTh; MS = 0.6 x 103 Si units
Collected sample 92-27a Shale

Outcrop 92-28 (see 92-25)

Turbidites

Altered and folded

Containing folded quartz veins

iron-rich bed (~20 cm) with abundant magnetite

Bedding 070/sub-vertical S

1.7 wt.% K, 1.6 ppm eU, 1.2 ppm eTh; MS = 0.6 x 10-3 Si units
Collected sample 92-28a Shale

Outcrop 92-29 (south of Larder Lake Station; see 92-25)

Argillite

Very thinly faminated (<1 cm)

fron-rich lamellae with abundant magnetite

Quartz veining

Euhedral pyrite in argillite

Bedding 080/60 S

2.5 wt.% K, 1.5 ppm eU, 3.2 ppm eTh; MS = 0.2 x 103 Sl units
Collected sample 92-29a

Outcrop 92-30 (north of Larder Lake; see 92-25)



Sheared clast-supported conglomerate
Mostly ultramafic volcanic clasts with spinifex texture
No jasper clasts
Intensely quartz veined
Bedding 055/sub-vertical S
Foliation 095/sub-vertical S
1.0 wt.% K, 0.4 ppm U, 0.5 ppm eTh; MS = 80 to 120 x 103 Sl units
Collected samples 92-30a UMVR
92-30b Red aphanitic dyke

Sheared matrix-supported conglomerate

Clasts: 60% MVR
(estimated) 15% FVR
15% 85
10% CH
Tr QFP

Minor jasper was observed
Bedding 045/80S

1.3 Wt.%K, 0.7 ppm eU, 2.3 ppm eTh; MS = 0.4 x 103 Sl units
Collected sample 92-30c Sandstone

Clast-supported conglomerate

Undeformed

Clasts: 75% MVR

(estimated) 10% SL
10% HFP
Tr VQ
Tr SS

Bedding 050/sub-vertical S
Collected samples 92-30d HFP

92-30em MVR

92-30ep SL
Highly sheared conglomerate
Clasts: 80% MVR & UMVR
(estimated) 10% FVR

10% QFP

0.2 wt.% K, 0.4 ppm eU, 0.1 ppm eTh; MS = 20 to 30 x 103 Sl units
Collected sample 92-30f Conglomerate

Outcrop 92-31 (north of Kirkland Lake Airport)

Clast-supported conglomerate

Very altered

Clasts <2 cm

0.4 wt.% K, 0.4 ppm eU, 0.2 ppm eTh

Collected samples 92-31a Underlying matfic volcanic rock

92-31b&c Congliomerate
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Qutcrop 92-32 (north of Gull Lake)

King
92-32 Kirkland Mud . .
(]

Clast-supported conglomerate
Clasts: 25% MVR
(estimated) 25% HFP

20% QFP

5% CH

5% TVR

2% HR

Tr UMVR

Tr VQ

Tr 88
Remarks: Clasts are flattened, fairly well sorted and rounded. Average clast
size is 5 cm.
1.6 wt.% K, 1.3 ppm eU, 3.7 ppm eTh
Collected samples 92-32a QFP

92-32b VQ

Outcrop 92-33 (south of King Kirkland on railway track; see 92-32)

Argillite

White to black (rust stained)

Thinly laminated

Altered and folded

Coarser grained beds boudinaged

Bedding 070/80 S

2.7 wt.% K, 4.0 ppm &U, 7.1 ppm eTh; MS = 0.3 x 103 S| units
Collected sample 92-33a Argillite

Outcrop 92-34 (east of King Kirkland; see 92-32)

Turbidites

Thin bedded (<10 cm)
Highly sheared and altered
Bedding 070/sub-vertical S
Foliation 090/sub-vertical S

2.9 wt.% K, 1.8 ppm eU, 5.3 ppm eTh: MS = 0.2 x 103 Sl units
Collected sample 92-34a Shale



123
Outcrop 92-35 (east of 92-34; see 92-32)

i} Voicanic agglomerate .
2.6 wt.% K, 2.9 ppm eU, 8.2 ppm eTh; MS = 1.5 x 10-3 Sl units

ii) Mafic trachyte
2.0 Wt.% K, 4.1 ppm eU, 26.3 ppm eTh; MS = 50 to 75 x 103 Sl units
Collected sample 92-35a Mafic trachyte

Outcrop 92-36 (south of Perron Lake)

i) Clast-supported conglomerate
Similar to conglomerate at Chaput-Hughes (i.e. 91-1)
Bedding 062/85 S
1.7 wt.% K, 9.0 ppm eU, 5.9 ppm eTh
Collected sample 92-36e Conglomerate

ii) Pillowed basalt of Kinojevis Group
Collected sample 92-36d Basalt

iii) Hyaloclastites and associated sedimentary rocks
Unconformably overlain by Timiskaming conglomerate
1.0 wt.% K, 2.5 ppm eU, 6.7 ppm eTh (92-36a)
0.7 wt.% K, 2.1 ppm eU, 4.5 ppm eTh (92-36b)
1.3 wt.% K, 2.3 ppm eU, 6.6 ppm eTh (92-36¢)
Collected samples 92-36a,b&c Volcaniclastic sedimentary rocks

Qutcrop 92-37 (east of Gami Lake; north of Kirkland Lake)

Clast-supported conglomerate
Unconformably overlying pillow basalts
Clasts: 80% QFP
(estimated) 20% MVR
Clasts are angular to subangular
This conglomerate bed was point counted by W. Mueller
Collected samples 92-37a Conglomerate
92-37b QFP



Outcrop 92-38 (between Larder Lake and Southwest Arm)

Larder
Loke
Ilsm\

9249

Mapped as Timiskaming sedimentary rocks by Hyde (1978)
Distance in meters from Southwest Arm along E-W cut-line (see arrow above)
80 Basalt
90  Hyaloclastites
130 Conglomerate associated with hyaloclastites
140 Sandstone
150 Sandstone
155 Conglomerate
160 Minette lamprophyre dyke
South of line Quartz-feldspar porphyry
These outcrops are located north of a large NE-trending fault (see above).
Sedimentary rocks are in gradational contact with Keewatin volcanic rocks and
are therefore not of Timiskaming age.
Collected sample 92-38a Basalt
92-38b Sandstone
92-38c Conglomerate
92-38d Quartz-feldspar porphyry intrusion
92-38e Minette lamprophyre dyke

Outcrop 92-39 (intersection of Hwy. 11 and 66; east of Kenogami
Lake)

Clast-supported conglomerate
interbedded with sandstone lenses



Largest clast: Quartz-feldspar porphyry (40 x 80 cm) )
Remarks: The clasts are subrounded and very poorly sorted. Bedding is
050/80 S. Conglomerate is approximately 200 metres from underlying basalts
(So = 335/sub-vertical).
1.0wt.% K, 1.1 ppm eU, 1.4 ppm eTh (conglomerate)
1.5 wt.% K, 1.3 ppm eU, 3.3 ppm eTh (sandstone)
Collected samples 92-3%a MT

92-39b BIF

92-39¢ HFP

92-39d SS

92-39%e HFP

92-39f VT

92-39g MVR

92-3%h VT

92-39i Sandstone

92-39j HFP

92-3gk QFP

Outcrop 92-40 (west of Southwest Arm on highway 624; see 92-38)

Matrix-supported conglomerate
Interbedded with sandstone and shale
Clasts: 50% MVR
(estimated) 20% FVR
10% UMVR
5% CH
5% S8
5% HR
Tr QFP
Euhedral pyrite was observed in matrix of conglomerate and in sandstone
1.5 wt.% K, 0.5 ppm eU, 1.3 ppm eTh; MS = 0.4 x 10-3 Sl units
Collected samples 92-40a Sandstone
92-40d Sandstone
g2-40e Conglomerate
92-40f Sheared conglomerate

Outcrop 92-43 (scuth of Malone Lake; see 92-25)

Interbedded clast-supported conglomerate and sandstone
Unconformably overlying pillowed basalt
Similar conglomerate to Chaput-Hughes (i.e. outcrop 91-1) (however fuchsite-
bearing argillite ciasts are present and have not been observed in other
conglomerates)
Point counted by W. Mueller
Collected samples 92-43a QFP

92-43b MVR

92-43¢ Sandstone

92-43d Sandstone

92-43e QFP
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Outcrop 92-44 (east of outcrop 92-16v; see 91-14)

i) Interbedded matrix-supported conglomerate and sandstone
1.5 wt.% K, 0.9 ppm eU, 3.8 ppm eTh (conglomerate)
Collected sample 82-44a Conglomerate

i) Argillite
Thin lamellae
Similar to outcrops 92-29 and 92-33
1.9wt.% K, 1.2 ppm U, 3.4 ppm eTh
Collected sample 92-44b Argillite

Outcrop 92-45 (Kearns; see 92-23)

Turbidites (mostly sandstone)
Altered and foliated

1.5 wt.% K, 2.2 ppm eU, 5.5 ppm eTh; MS = 0.2 x 103 Sl units
Collected sample 82-45a Sandstone
92-45b Shale

Outcrop 92-46 (east of outcrop 92-30; see 92-25)

Argillite

Thin lamellae

Bedding 100/sub-vertical S |

0.8 K%, 0.1 ppm eU, 0.0 ppm eTh; MS = 0.3 x 103 Sl units
Collected sample 92-46a Argillite

Outcrop 92-47 (see 92-25)
i) Minette lamprophyre dyke
Carbonate and specular hemztite at its margins
Collected samples 92-47a Pink aphanitic dyke
92-47b Minette

i) Matrix-supported conglomerate

Clasts: 65% MVR & UMVR
(estimated) 30% BIF
5% HR

Sheared 000

0.2 wt.% K, 0.5 ppm eU, 0.0 ppm eTh

Collected samples 92-47¢ BIF
92-47d HR
92-47e Matrix of conglomerate
92-47f Minette



Outcrop 92-48 (south east of Southwest Arm; see 92-38)

i) Sandstone
Cross-bedded
Norih of fault (see diagram at 92-38)
1.3 wt.% K, 1.8 ppm eU, 4.5 ppm eTh; MS = 0.4 x 103 Sl units
Collected sample 92-48a

i) Sandstone (50 metres SE of i)
South of fault
1.1 wt.% K, 0.4 ppm eU, 1.2 ppm eTh; MS = 1.5 x 10-3 S| units
Collected sample 92-48b

iif) Gabbro dyke?
1.2 wt.% K, 1.1 ppm eU, 1.6 ppm eTh; MS = 1.0 x 10-3 Sl units
Collected sample 92-48c

Outcrop 92-49 (see 92-38 - drill core KL1875)

Interbedded argillite(black, shaly) and sandstone (light to medium grey,
massive) '
Carbonate veins
Collected samples 92-48b Sandstone
" 92-49¢ Argillite

Outcrop 92-50 (see 92-18 - drill core KL1361)

Interbedded dark grey sandstone and argillite
Collected samples 92-50a Argillite
92-50b Sanstone

Outcrop 92-51 (south of Larder Lake; see 92-38)

Minette lamprophyre dyke

Specular hematite and carbonate along margins

Strike 170

0.6 wt.% K, 0.7 ppm eU, 0.0 ppm eTh; MS = 160 x 10-3 Sl units
Collected sample 92-51a
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Outcrop 92-52 (~1 km west of Larder Lake - north of Hwy. 66)

Marjorie
Lake

Diamond

Lake / Power line
) 2 92-52
(66)
River Lake >

Clast-supported conglomerate

Flattening of clasts increases towards the north

Clasts of leucite-bearing trachyte and K-feldspar porphyry are present along
with jasper clasts indicating this is a Timiskaming conglomerate. This is the
third occurence of alluvial-fluvial assemblage rocks south of the LLCF (others
are west of Larder Lake and east of Kenogami Lake).

0.7 wt.% K, 1.2 ppm el,. 3.1 ppm eTh

Collected sample 92-52a Conglomerate

Outcrop 92-53 (east of Fork Lake along railway track; see 92-52)

Turbidites
Thin bedded
Bedding 085/72 S
2.4 wt.% K, 1.5 ppm eU, 5.0 ppm eTh; MS = 0.2 x 10°3 Sl units (sandstone)
2.5 wt.% K, 3.1 ppm eU, 6.1 ppm eTh; MS = 0.2 x 10-3 Sl units (shale)
Collected samples 92-53a Shale

92-53b Sandstone

Outcrop 92-54 (south of Fork Lake on LLCF; see 92-52)

i} Matrix-supported conglomerate interbedded with sandstone
Mostly mafic and ultra-matfic volcanic clasts
Highly sheared ’
1.1 Wt.% K, 0.5 ppm eU, 0.4 ppm eTh; MS = 40 x 10-3 Sl units
(conglomerate)
Collected samples 92-54a Conglomerate
92-54b Sandstone
ii) Feldspar porphyry
Foliated
Small veinlets of quartz and carbonates
1.4 wt.% K, 1.1 ppm el, 0.9 ppm eTh; MS = 3.0 x 10°3 Sl units
Collected sample 92-54c¢
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Outcrop 92-55 (east of Dobie)

i) Clast-supported conglomerate
Highly sheared (clasts elongated more than 10:1)
Jasper clasts were observed; lithology of other clasts were impossible to
identify
2.3wt.% K, 1.3 ppm eU, 2.3 ppm eTh
1.6 wt.% K, 1.1 ppm eU, 3.0 ppm eTh
Collected sample 92-55a Conglomerate

ii) Sandstone
Light green and brown bands
Foliated and crenulated
1.7 Wt.% K, 2.5 ppm eU, 3.1 ppm eTh; MS = 0.2 x 10-3 Sl units
1.9 wt.% K, 1.6 ppm eU, 4.2 ppm eTh; MS = 0.3 x 10-3 Sl units
Collected sample 92-55b&c Sandstone

Outcrop 92-56 (south-west of Kirkland Lake - trenches
perpendicular to gas line)

i) Sandstone (200 m south of gas line)
Light brown color
Minor clasts (< 5%); mostly fuchsite-carbonate, jasper and argillite
2.1 wt.% K, 3.6 ppm eU, 3.1 ppm eTh; MS = 0.2 x 10-3 Sl units
Collected sample 92-56a Sandstone

ii) Sandstone (100 m south of gas line)
Same as
2.2 Wt.% K, 3.4 ppm eU, 4.5 ppm eTh; MS = 0.2 x 10-3 Sl units
Collected sample 92-56b Sandstone

i)  Clast-supported conglomerate (at gas line)
Clasts include jasper, fuchsite-carbonate, porphyry, holocrystalline and
leucite-bearing trachyte
Collected sample 92-56¢c Conglomerate

Outcrop 92-57 (see 92-38)

Mafic/ultramafic volcanic rocks and associated sedimentary rocks
Foliated
Bedding 050

0.8 wt.% K, 1.0 ppm U, 0.9 ppm eTh; MS = 0.6 x 103 S! units (sandstone)
Collected sample 92-57a Sandstone

Outcrop 92-58 (west of King Kirkland on highway 66; see 92-32)

i} Interbedded clast-supported conglomerate and cross-bedded
sandstone (found both north and south of road)



Clasts include chert and jasper, fuchsite-carbonate, felsic volcanic rock,
mafic volcanic rock, quanz-feldspar porphyry, holocrystalline and
porphyry
Bedding 250/60 N
Clast elongation 080
3.0 wt.% K, 1.9 ppm eU, 5.3 ppm eTh; MS = 0.3 x 103 Sl units
(sandstone)
0.4 wt.% K, 2.5 ppm eU, 4.3 ppm eTh; MS = 14 x 10°3 Sl units
(conglomerate)
Collected samples 92-58a Sandstone

92-58¢c QFP

92-58d MVR

92-58e MVR

92-58f QFP

Argillite (as at outcrops 92-29, 92-33 and 92-44)

Thin lamellae

QOccurs only on south side of road

Fault (254/66N) contact with conglomerate

Bedding 130/70 S

1.6 wt.% K, 2.5 ppm eU, 4.7 ppm eTh; MS = 0.4 x 10-3 Sl units
Collected sample ©2-58b Argillite

Outcrop 92-59 (south of 92-40; see 92-38)

i)

i)

Argillite

Thin lamellae (<2 cm)
Collected sample 92-58b
Quartz porphyry intrusion
Skead Group

Collected sample 92-58¢

Outcrop 92-QP (north of Gami Lake)

Quartz porphyry
Refered to as the Goodfish porphyry
Collected sample 92-QP
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Appendix III: Major and minor element concentrations of

clasts and rocks which are not included in the manuscripts

Abbreviations for clasts: HPP - hornblende-pagioclase porphyry; QPP - quarrz-plagioclase
porphyry; MV - mafic voleanic rock; HR - holocrystalline rock; SL - spessartite lamprophyre.
Clasts from the alluvial-fluvial assemblage are highly altered and some are carbonatized. Clasts

from the turbidite assemblage south of the LLCF (i.e. outcrop 92-30 & 92-47) are fresh.

Abbreviations for rocks: Intrusion - feldspar porphyry (92-47a & 92-54c), quarcz-feldspar

porphyry (92-38d) and quartz porphyry (92-59¢ & 92-QP); Sst - sandstone.
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Appendix IV: Average microprobe analyses of amphiboles

and plagioclases which are not included in manuscripts

Amphibole compositions are calculated on the basis of 24 oxygen following the recommended
procedure of Leake (1978) and are from a feldspar porphyry intrusion (92-17a) and a spessartite
clast (92-30cp) from the turbidite assemblage south of the LLCF. Ferric and ferrous iron were
calculated by stoichiometry. Plagioclase compositions are calculated on the basis of 8 oxygen and
are from holocrysalline rock clasts (91-1m, 91-3k & 91-3s) and hornblende-plagioclase porphyry

clasts (92-39¢ & 92-39i) from the alluvial-fluvial assemblage.



Amphiboles

n
Si02 wt.%
Al203
Ti0O2
FeO"
MnO
Cr203
MgO
Ca0
K20
Na20
a
Total

Si
Al IV
T site

Al VI
Ti

Cr

Mg

Fa +2
M1,2,3

Fe +2
Mn

Ca

Na

M4 site

Ca

Na

K

A site

17a

44.88
8.16
1.28

15.00
0.26
0.02

12.83

10.92
0.78
2.08
0.00

96.22

6.78
1.22
8.00

0.23
0.15
0.00
2.89
1.73
5.00

0.17
0.03
1.77
0.03
2.00

0.58
0.15
0.73

30ep

41.92
12.18
1.57
15.28
0.17
0.00
11.78
11.20
0.88
2.18
0.00
97.17

6.31
1.69
8.00

0.46
0.18
2.64
1.71
5.00

0.21
0.02
1.77

2.00

0.03
0.64
0.17
0.84

Total iron expressed as FeO
“n* refers to the number of
measurements on each thin section

Plagioclases
im
n 8
Si02 wt.%  65.13
Al203 21.57
C20 2.84
Na20 g.56
K20 0.43
FeO* 0.12
Total 99.65
s 2.88
Al 1.12
4.00
Ca 0.13
Na 0.82
K 0.02
0.97

3k

6
63.42
22.73
4.28
8.83
0.41
0.13
99.80

2.81
1.19
4.00

0.20
0.76
0.02
0.98

Total iron expressed as FeO
*n* refers to the number of
measurements on each thin section

3s

63.88
22.29
3.75
9.07
0.53
0.09
98.61

2.83
1.16
3.99

0.18
0.78
0.03
0.99

39%e

67.33
20.07
0.69
10.66
1.56
0.15
100.46

2.95
1.04
3.99

0.03
0.g1
0.09
1.03

136
391

63.63
22.95
3.93
8.47
1.60
0.15
100.73

2.81
1.19
4.00

0.19
0.72
0.09
1.00
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Appendix V: Comparison of gamma ray spectrometry and
instrumental neutron activation analysis (INAA)

measurements

Shale and argillite samples in which both gamma ray spectromerry and INAA
measurcments were made on uranium and thorium are shown. The objecrive is to show the

validity of gamma ray spectrometry in measuring ¢U and ¢Th in the field.

Correlation coefficients were calculared based on the assumption that gamma ray
spectrometry measurements should be equal to INAA measurements. A slope of 1 and an
intercept at y of O were therefore wken to represent this relationship. Coefficients are equal to
+0.92 in both cascs indicating measurements by gamma ray spectrometry are a very good

approximation of contents of U and Th in the rock.
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