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ABSTRACT 

The lower Proterozoic (Aphebian) Moran Lake Group was 

deposited in a marine shelf environment unconformably on 

granitoid rocks of the Archean Nain province . The Moran 

Lake Group is unconformably overlain by the continental 

(Helikian) Bruce River Group. The Moran Lake Group cons.ists 

of two provisional formations viz.: the Warren Creek 

Formation which has been -informally subdivided here, into a 

Lower Member co~osed of siltstone, sandstone, and· shale, 

with occassiona~red beds and calcareous beds, and an Upper 

Member consisting of pyritic black shale, . and· siltstone, 

with minor vesicular ba~~t, arkose, and banded ironsto~ 

and the Joe Pond Formation consisting of pillowe-d and 

massive basalt. The Moran Lake Group underwent polyphase 

deformation during the · Makkovikian~Ketilidian event ~ 

1810-1790 Ma, prior ~o the depos,i.tion of 'the overlying 

Grenvillian deformation ~ 1000 Ma. 

affected by 

(_ 

Helikian Bruce River Group which was 

The geology and geochemistry of Fe-zn-cu-bearing 

sulp}lide beds in the Upper Member of the Warren Creek 

Formation indicate that basinal hea3ow was low to 

moderate during the deposition of the Low r Member of the 

Warren creek Formation~ and high during th late stages of 

Upper Member deposition. Circulation of metal chloride-

bearing !ormation brines occurred by slow seepage and 

upward advective tlow along pressure gradients and normal 
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faults in t~e lower part of tli~ Upper Member. These brines 

were • expelled, ~epositing pyritic Fe-zn-cu-rich sulphide 
( 

beds in- stable, reduced brine pools downslope from their 

discharge vents. An increase in the gepthermal gradi~nt 
,. -

near. the end of Upper Member deposition, caused uplift and 

downward penetration of seawater in shallow ephemeral 

convection cells which ultimately deposited stratabound . ,-

Zn-rich, cu-poor, disseminated sulphide mineralization in a 

porous host lithology. The ch~nge in geothermal gradient 

and character of sulphide mineralization, reflects the 

development of a stable maqma chamber below the basin, from 

which the Joe Pond Formation basalts were ultimately 

derived. The paucity of Pb and Aq and overall low base 

metal content of both the Fe-cu-zn sulphide beds and the 

Zn-rich, Cu-poor stratabound sulphide mineralization, 

indicate that the Moran Lake Group has . limited to nil 

potential for economic sedimentary exhalative Zn-Pb-Cu (Ag) 

deposit•. The mechanisms by which the mineral occurrences 

in the Warren Creek Formation were formed however, may 

re-pr•••nt incipient stages of classic 

mineralization which did not reach maturity. 

/ 

( 
j 

"'sedex" 
4 
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1.1 Purpose 

1 

CHAPTER 1 

INTRODUCTION 

Prospectors and mining compani e s have directed 

exploration efforts in the Moran Lake Group since 19 29, for 

a variety of mineral deposits including precious and base 

metals, uranium, and iron ore . The purpose of this research 

is to quantify the stratiform sedimentary exhalat i ve 

(sedex) Pb-Zn-Cu (Ag) deposit potential of the Moran Lake 

Group. The earliest explorationists working the area 

recognized a thick sequence of mineralized black shales 

north of Pocket Knife Lake. This sequence of rocks, which 

was later defined as part of the Moran Lake Group (Smyth et 

~_L_, 1975), and tentatively named the Warren Creek 

Formation (Ryan, 1984), is the main focus of the present 

study due to the similarities with other well known base 

metal producing areas such as the Sullivan mine (Hamilton. 

et al., 198 3) in Canada, the McArthur River (Murray, 19]5) 

orebody i~northern Australia, and the Rammelsberg (Hannak , 

1981) deposit in West Ge rmany. 

1. 2 Location and Access 

The study area is located in the Labrador Ce ntral 

Mineral Belt (CMB), and comprises approximately 70 square 

kilometres in the vicinity of Croteau and Pocket Knife 

• 
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Lakes (54 ° 27 'N, 610 10' W). Access to this remote area 

must be accomplished by float-equipped fixed-wing aircraft 

or helicopter from Goose Bay, 135 km to the south-southeast 

(Fig. 1.1). 

Tpe community of Happy Valley-Goose Bay has a 
) 

population of approximately 7, 300, and serves as a 

transportation, service, and military centre for coastal 

Labrador. Goose Bay is serviced by daily jet service from 

St. John's, Newfoundland. CN Marine coastal boats, 

providing inexpensive passenger ~and freight service, depart 

Lewisporte, Newfoundland for Happy Valley-Goose Bay twice a 

week from June 13 to September 12, and depart St. John's 

for Goose Bay during the summer shipping 

season. Electricity is supplied to Happy Valley-Goose Bay 

from the Churchill Falls hydroelectric generating station 

which is located 240 km west of Goose Bay and 200 km 

southwest of the study area. The powerline follows a gravel 

road to Churchill Falls. The road ends at Esker, on the 

Labrador-Quebec border and the North Shore and Labrador 

Railway, 400 km west of Goose Bay. 

l.J Previous Work 

There is a long history of exploration in the Moran 

Lake Group, however most of the effort in the immediate 

area has been of a reconnaissance nature due to a number ot 

factors, not the least of which are the remoteness of 
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the area with respect to many of the major Canadian mining 
' 

camps, the sheer immensity of the Central Mineral Belt, and 

the inherent difficulties of early ·exploration in an f\rei\ 

as far inland as this, and the outdated concession system 

of mining land distribution which was replaced in 

1974. British Newfoundland Exploration Ltd. (Brinex ) and 

Frobisher Ltd. carried out most of the exploration i n this 

study area on several mining land concessions whic h were 

periodically renewed ·but have since expir~d. The following 

paragraphs give a detailed account of that history. 

In 1929 Paul and Wilfred Croteau discovered banded -ironstones in the Seal and Pocket Knife Lakes a rea wh ile onCi"' 

a prospecting expedition for iron d e p osits similar to the 

giant iron ore deposits of western Labrador. Presumabl y 

the ir disc overies included the ironstones north of the e ast 

arm of Pocket Knife Lake, and north of Croteau La ke . Th e 

discovery of these ironstones was confirmed by later 

workers (Smyth et al., 1975; Ryan, 1984), and these an~ 

listed in the Newfoundland Department of Mines ( NOM ) 

Mineral Occurrence Data System as Files lJK/6 FeOOl , and 

Fe002. 

In 1946 Dome Exploration (Canada) Ltd. commissioned a 

prospecting field party, led by R.A. Halet, to s e arch for 

iron ore northeast o f the Seal Lake bas in. Pyritic s hale s 

we r e discovered northeast of Pocket ~ife Ltlke a nd s e veral 

pits ~ere bla~ted. Trench samples were taken and an~ly zed 
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for gold and copper with negative results. Halet (1946) 

described the .Croteau Series with a lower marine shale 

sequence (later defined as the the Moran Lake Group by 

Smyth et al .. 1975; 1978) which was disconformably overlain 

by a continental red quartzite and volcanic succession 

(later defined as the Bruce River Group by irnyth et al. , 

1975; 1978). 

In 1950 Frobisher Ltd. obtained a 22 , 000 square mile 

minera l concession to prospect the late Precambri a n rocks 

of the .S~al Lake area, and to investigate earlier report s 

of sulphide mineralization in black s hal e s e a st of Pocket 

Knife Lake . Prospecting (Evans, 1950) wa s direc t e d south of 

Seal Lake and east of Pocket Knife Lake. Showings of 

sulphide mineralization were confirmed in a belt of black 

shales described as at least one half of a mile wide, 

outc ropping from Pocket Knife Lake to Mo~n La ke. The 

mineraliz a tion was described a s consisting of pyrite and 

pyrrhotite with traces of chalcopyrite. Two pits were 

blasted north of Pocket Knife Lake, however no economic 

concentrations of copper or any other commodity were 

discovered. No stratigraphic ~evisions were made to Halet's 

definition of the Croteau S eries. 

In 1951 Frobisher Ltd. obtained a 3, 6 00 square mile 

mineral concession for three years which included the 

Crote au Lake area. A smaller 500 square mile portion of 

this concession was renewed in 1954 which include d the 
~. 
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Croteau Lake area. 

Under a joint venture agreement between Frobisher 

Ltd. and Brinex Ltd. in 1957, Brinex completed a 
', 

geochemical silt survey in the Croteau Lake area. The 

survey was located in "Block A" of the Frobisher 

concession. Several total heavy metal anomalies were 

delineated north of Croteau Lake and a limited program of 

follow-up work was carried out. This work is described in 

separate company reports by C.R. Corriveau (1958) and 

J.A. Hansuld (1958) which include the first detailed 

geology maps of the area (Brinex Maps G-F-3 and 

G-F-5). This work is the most extensive to date in the 

immediate study area, cons isting of 6,600 rn o f line 

cutting, soil geochemistry, 
\ 

reconnai s sanc e _qgo logical 
-...... 

mapping, and 4 3. 3 5 m of X-ray diamond dr il.}. i ng. Numerous 
~ ·"" 

beds of "massive sedimentary pyrite" were reported from 

argillaceous sediments north of Croteau Lake and a 1 though 

traces of chalcopyrite, nickeliferous pyrrhotite, and 

sphalerite were reported, all assays from drill core 

samples contained only trace amounts of copper, nickel, and 

zinc. 

A Brinex explornt ion pil.rty headed by s. G. Ellingwood 

was also camped in the i'trea, at Moran Lake, in 1958 to 

investigate the 

(approxiJnatel\ 5 

signific~~~~mber 

Montague Nos. 1 and 2 uranium showings 

km northeast of the study area). A 

of lead-zinc bearing veins were 

•. 
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discovered in lower Croteau Group (Fahrig, 1959) volcanics 

and argillite north of Moran Lake. These epigenetic 

showings consist of sphalerite-galena-pyrite mineralization 

in quartz-carbonate (+/- barite) veins. The best assays 

reported from various trench samples include: 56.6 9/t Ag, 

20.51\ Pb, 28.19\ Zn, and 0.04\ Cu (Piloski, 1958). 

Fahrig (1959) published a geological map of the western 

part of the Croteau Series, and re-defined the Croteau 

Series as the Croteau Group. Fahrig's Croteau Group 

consisted of a lower 
I 

succession of pyritic black shales, 

greywacke, quartzite, dolostone, and basalt, and an upper 

succession of conglomerate, sandstone, and porphyritic 

volcanics. No mention was made of a possible unconformity 

between the upper and lower successions of the Croteau 

Group. 

Brinex Ltd. commissioned a 1:20,000 geological mapping 

survey of the Pocket Knife Lake area in 1969. DeGrace 

(1969) described the unconformable relationship between the 

lower marine and upper continental successions of the 

Croteau Group. The unconformity was desc,ibed as being 

marked by a conglomerate bed at the base of the continental 

sequence. DeGrace subdivided the Croteau Group into three 

subgroups on the basis of the unconformity, and on the 

basis of a trans! tion within the continental succession 

!rom predominantly sedimentary to predominantly volcanic 

rocks. DeGrace's provisional nomenclature was not used in 
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later literature. DeGrace also described the contact 

between the basal Croteau Group and the "underlying" 

granite as an intrusive contact. 

Sander Geophysics Ltd. conducted an extensive airborne 

geophysical survey in the Ten Mile Lake, Seal Lake and 

Moran Lake areas on behalf of Brinex Ltd. in 1970 (Sander , 

1971) . Total field magnetics, gamma ray spectrometry, ,'lnd 

EM were flown over the Croteau Lake area on 1/ 4 mile l i n(> 

spncings. All anom:llies were moderate in intensity nnd no 

follow-up prospec ting wa s done in the area. 

In i974 the Ne wfoundl and Department of Mines and Energy 

(NOME) conducted a geolog ical mapping s urvey of the Croteau 

Group. Smyth ~t al. (1975; 1978) subdivided thl' Cro teau 

Group into the Aphebian Moran La ke and Helikian ArucQ River 

Groups on the basis of an observed angu 1 a r uncon fermi ty 

between the lower marine and upper co nt i nental 

successions. The Archean-Aphebian unconformity , between the 

b.1sal of the Moran Lake Group sediments and underly i ng 

granite wa s d escribed as a depositional contact. 

In 1 978 the NOME published a 1:50,000 geology map of 

the Pocket Knife L~kc rtrea ( NOM Map 78 171; Smyth a n d Ryan, 

1978 ). \ 
Ryan (1984) summarized the geology and economic 

mineralization of the Moran Lake Group in a memoir on the 

regional geology of the central part of the Central Mineral 

Belt. Ryan subdivided the Moran Lake Group into two 



provisional formations viz.: \_l}e Warren Creek Formation , 

consisting mainly of slate, mudstone 1 • and siltstone, and 

the Joe Pond Fot·matiora 1 

mafic volcanic rocks. 

consisting ~f massive and pillowed 
~-

1.4 Physiography. Glacial History, and Vegetation 

The Moran Lake Group occupies a low 1 poorly drained 

area in the northeast corner of a t~iple junction betwee n 
) 

the Moran Lake 1 Bruce River 1 and Seal LakE{ Groups. The 

triple point is formed by the juxtaposition of the Moran 

Lake and overlying Bruce River Groups against the you n ge r 

ieal Lake Group along the north-south trending Pocket Knife 

Lake Fault Zone. In contrast to the recessively weathered 

pyritic shales 1 carbonates 1 and sandstones which domina t e 

the stratigraphy of the Morah Lake Group (Fig. x: 2) I 
. I 

the 
I 

overlying Bruce River and Seal Lake Groups are well exposed 

along rugged step-like parallel ridges which reflect the 

stratigraphy of their interlayered volcanic and 

siliciclastic members (Fig. 1.3). 

In the northern part of the study area 1 within the 

varied clastic and chemical sediments of the Warren Creek 

Fo~tion, the topography is low and rollin~ with elongate 

mounds of glacial cover forming the areas of highest relief 

in the northern and western parts of the Warre n Cree k 

Formation. Elevations seldom exceed 320 m above sea 

level. The more resistant volcanics of the Joe Pond 

\ 
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Fig. 1.2 Topography of Warren Creek Formation looking west 
from south shore of Meathook Lake. 

Fig. 1.3 Topography of Bruce River Group looking south from 
north shore of Croteau Lake. 
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Formation form distinct east-west trending ridges rising to 

heights of up to 380 m above sea level. The rugged high 

relief areas directly north of Croteau Lake are underlain 

f!xclusively by Joe Pond volcanics. The study area dra i ns 

northeast to -~ Atlantic Ocean 

flows into the Kalipokol( River. 

via Warren Creek wh i c · 

The thick glacial mantle which obscures most of the ~ 

Warren Creek Formation was deposited in two periods of 

Pleistocene glaciation ·(Fulton et al., 1970). The ice 

direction in the early episode was northeast, and was 

followed 

Klassen, 

by an east-northeast advance 
I~ ( 

].98 6') . The '\:ilacial cover over 

(Thompson -and 

the Moran Lake 

Group thickens to the north and west and largely conceals 

the bedrock in the western part of the study area. sinuous 

narrow east-west trending esker ridges, rolling ground ,. 
moraine, and broad open boulder fields form dissected bogs 

and a pervasive mantle on exposed outcrop ridges. The -."' 
stratigraphic trend of the ·.Moran La~e Group in this area is 

approximate! y parallel . to the ice direction making 

1 i thological contact determinations by boulder examinatio~ 

impractical, except where frost heave from subcrop under 

thin till sheets is recognizeable. 

Outcrop is exposed over approximately 10% of the Moran 

r .. ake Group, largely due to the incompetency of the Warren 

Creek Formation shales to weathering. The best exposures 

crop out alon·g discontinuous east-west trending ridges and 
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bald hill tops. A number of northwest to northeast-trending 

faults create some exce !lent exposures in the southern 

parts of the map area. 

Black spruce forest interspersed with an occassiona 1 

stand of hardwood covers most of the area. The timber grows 

evenly and widely spaced on the sandy till making ground 

travel quite easy, however dense alder thickets thrive on 

many hillsides, creek beds, and bogs impeding ground travel 

at times. Tundra-! ike vegetation consisting of Labrador tea 
. 

and antler moss grows on all hill tops and bogs. 

1. 5 Methods 

T9is research cons i~ts of both field and laboratory 

investigations. The field investigation took place over a 

five week period, and consisted of reconnai~sance bedrock 

mapping and outcrop sampling. Reconnaissance bedrock 
\ , 

mapping simply involves traversing across the .. 
stratigraphy, describing exposures of bedrock, and 

selecting samples for laboratory i~vestigations. The 

location of each outcrop was plotted on a 1:20,000 scale 

air photo, and lithologic and structural descriptions were 

transferred from field notes to the final geology map. 

Rock samples, of approximately 2 kilograms each, 
1 

were 

collected from all mineralized gossans (containing greater 

than 2% sulphide) within Upper Member shales of the Warren 

Creek Formation. Samples of unmineralized rock from all 
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1 i thologies were collected at random for later petrographic 

and geochemical study, and for comparison with minera l ized 

rock. of the same lithology (in particular Upper Member 

shales). 

The rock. samples were shipped to Memoria 1 Univers i t y 

for petrographic and geochemical a nalyses. Representat i ve 

su~_tes of sedimentary, volcanic, and igneous rocks from the 

area were analyzed for major, trace, and rare earth 

elements. 

These data were then combined with field structura l and 

stratigraphic relations, petrographic examinations us i ng 

both conventional microscopy and ~nning electron 

microscopy, and comparisons with published literature from 

similar geological environments to arrive at a model for 

basin evolution based on the geochemistry of sulphide-

bearing gossans in the Upper MeJTiber of the Warren Creek 

Formation, and to infer from this, the potential of the 

Moran Lake Group for economic concentrations of sediment 

hosted base-metal sulphide mineralization . 

\ 
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CHAPTER 2 

GEOL9GICAL SETTING 

) 

2.1 Regional Geology 

The Moran Lake Group (Smyth et al,, 1978) is a J t o 5 

km wide, 85 km long belt of Aphebian supracrustal strata 

which extends from Pocket Knife Lake (540 25' N, 610 20'W) 

to the Kanairiktok River (54° 55
1
N, 600 27 1 W), These rocks 

are part of the Makkovik structural prpvince of the 

Canadian Shield (Wardle et al., 1986) which has a regional 

northeast-southwest structural trend and 1 ies a long the 

northeast-southwest trending boundary of the Grenv i 11 e 

.. . 
tectonic . prov1nce to the south, and the Archean Na in 

province to the north. Wardle et al. (1986) extend the 

limit of Grenvillian deformation north of the Makkovik-Nai n 

boundary into the study area. 

The rocks of the Archean Nain province form part ot the 

North Atlantic Craton (ibid.) which extends along the 

northeast coast of Labrador to Greenland. These rocks have 

yielded Rb-Sr dates of up to 3100 Ma (Grant ~t a 1. I 198 3 ) 

in the southern part of the Nain province. 

The Aphebian Moran Lake Group is unconformably overlain 

by the Paleohelikian Bruce River Group for which a U-Pb 

zircon age of 1649 Ma has been determined (Sch~rer et al, I 

in prep.). The Bruce River Group is also part of the 

Makkovik province and was affected by Grenvillian 
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deformation ~ 1000 Ma 
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(Wardle et al . I w 1986 ). The Moran 

Lake Group underwent polyphase deformation during the 

Makkovikian-Ketilidian event (1810 to 1790 Ma (ibid.) prior 

to the deposition of the Bruce River Group. 

The Aphebian-Helikian unconformity separates two 

metallogenic provinces (Smyth et al. 1 1975) viz. : t he Moran • 

Lake Group which is characterized l}y black sha l e-hosted , 

stratiform, disseminated and mass·ive sulphide 

mineralization, and the Bruce River Group which is 

ch a racterized by epigenetic ur a nium and co p pe r 

mineralization and forms part of the Labrador Uranium Area, 

a metallogenic province first described by Beavan 

(1958). The Paleohelikian Bruce River Group is in turn 

unconformably overlain by the Neohelikian (Smyth et al., 

197 B) Seal Lake Group which is unconformably juxtaposed 

against the Moran Lake Group along the north-south trend i ng 

Pocket Knife Lake Fault Zone. 

The supracrustal rocks of the Lower Proterozo i c Lower 

A ill ik Group in the coasta l area of the CMB 1 have been 

inferred (Gower ¢tal., 1982; Rya n, 1984; Wilton and Nor~h, 

1987) to be regionally correlative with the Mora n La k e 

Group. These rocks were also affe c t e d b y 

Makkovikian-Ketilidian deformation, howeve r a numbe r o f 

outstanding structural, stratigraphic, and meta llogenic 

differences (Wilton and North, 1987; Wilton e t a l., 

1987)" suggest tha t they are not directly l a t erally 
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equivalent with the Moran Lake Group. 

The stratigraphy of the Moran Lake Group is dominated 

by a marine shelf sequence of sandstones, black pyritic 

shales and pillowed mafic flows attesting to the 

development of a stable continental marg ih on the Na in 

craton prior to the Makkovikian-Ketilidian orogeny (lBlO to 

1790 Ma.) 

2.2 Geology and stratigraphy of study area 

The stratigraphy of the Moran Lake Group is shown in 

Figure 2.1. Since the stratigraphy of the group is 

structurally thickened in the Croteau-Pocket Knife Lakes 

area (see Section 2.3), the indicated stratigraphic 

thicknesses given in Figure 2.1 represent an e stimation of 

actual thicknesses without accurate s tructural balancing to 

compensate for tectonic redi s tribution. The wide range of 

stratigraphic thicknesses listed in this section also serv e 

to illustrate the intensity of tectonism and concomitant 

thickening of the Group in this area. 

2.2.1 Map unit 1 : Arche an basement 

Massive to foliat e d, medium-grained~ beige to pink 

granitoid basement rocks, of the Ka nairiktok Vall e y 

Complex (Errnanovics and Rauds epp, 1979a) part of the Nain 
I 

Structural Province, underlie the basal ~or an Lake Group 

and crop out in the northern map are a. In the field, these 
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phaner it ic rocks consist of anhed*al to subhedral 

interlocking medium-grained . quartz and feldspar, mottled 

with fine to medium-grained interstitial muscovite and 

biotite (Fig. 2.2). Sulphides, consisting mainly of pyrite, 

occur as accessory minerals, and as secondary 

mineralization within quartz-carbonate-filled fractures. 

Accessory minerals identified by scanning electron 

microscopy include very fine-grained, subhedral to euhedral 

rutile (and anatase after rutile) and zircon, and subhedral 

to anhedral monazite and barite (Figs. 2.3 - 2.7). 

In thin section these rocks are allotriomorphic 

granular, and consist of approximately 40-45\ plagioclase, 

H>% orthoclase, 2 0-30% quartz, 5-7 t biotite, 3-5\ 

muscovite, and 2-3\ fine-grained opaque minerals. Minor 

sericite and ankerite occur as very fine rims along 

feldspar-quartz grain boundaries. 

These rocks ' vary from massive to foliated, and in 

places are gneissic. The structural fabric is defined by 

the alignment of interstitial biotite flakes, and to a 

lesser extent muscovite. Quartz and feldspar grains are 

always undulose, and serrated quartz grain boundaries 

rimmed by recrystallized fine-grained polygonal quartz are 

common. 

outcrops of the basement proximal to the 

Archean-Aphebian unconformity are very 1 imoni tic ~ In the 

field it appears as though the feldspar has altered to 
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A-2 

Fig. 2.2 Archean granitoid, scale in em. 

Fig. 2.3 Tio2 (anatase after rutile) in basement granitoid 
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Fig. 2.4 Zircon in basement granitoid. 

Fig. 2.5 Accessory monazite in basement granitoid. 
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Fig. 2.6 Accessory monazite (white) intergrown with anatase 
(light grey) in basement granitoid. 

Fig. 2.7 Accessory barite in basement granitoid. 
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clay and rusty weathering carbonate, whi c h gives the rock d 

rotten saprolitic appearance (Figs. 2.8, 2. 9) . This 

alteration increases with proximity to the Arc hea n-Aphebian 

unconformity indicating the development of a rega l i th in 

the basement rock by Aphebian weathering, prior to 

deposition of the Moran Lake Group. Thin sectio ns from 

basement trondjhemite directly below the unconformity s o uth 

o f Moon Pond indicate that regolith developme nt c aused 

50-60% replacement of albite to calcite by corrosion o f 

grain bounda~ies, and alteration by fluid percolation along 

c leavage lamellae and micro fractures. Equant, fine-grained 

s econdary pyrite and minor galena were introduce d into the 

basement regolith along with, in decreasing order of 

a bundance, fine-grained quartz, c arbonate, and 

s ericite. Subsequent recent surface weathering has oxidized 

the carbona te and sulphide minerals in the regolith to the 

distinctive rusty colour observed in the field . 

2.2.2 Map units 2 a nd 3: Warren Creek Formation 

2.2.2.1 Genera l description 

The Warren Creek Formation (Ryan, 1984) i s a 1200 to 

4600 m thick sequence of clastic and chemical 

metasedimentary rocks, and minor basalt, wh-ich was f' 
J 

d e posited in a marine shelf environment unconformably on 

the Archean basement granitoids. The apparent thickness of 
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-
Fig. 2.8 Regolith below basal Moran Lake Group. 

Fig. 2.9 Regolith in Archean basement, scale in em. 
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the warren Creek Formation is probably exaggerated by as 

much as 50% in many areas, due to structural thickening by 

east-west trending isoclinal D1 folding. D1 buckle folds in 

chert, carbonate, and siltstone interbeds in the 

heterogeneous black shale sequence, also indicate that 

structural thickening of the less viscous shales by layer 

parallel shortening (Ramberg, 1963b; Dieterich, 1969; 

Ramsay, 1976) has occurred. 

The definition of the Warren Creek Formation by Ryan 

(1984}, is an accurate provisional subdivi~ion whereby the 

pillowed mafic volcanic rocks of the upper Moran Lake 

Group, Joe Pond Formation, are distinguished in 

lithological and tectonic style from the basal Moran Lake 

Group marine sedimentary rocks. Ryan's description of the 

Warren Creek Formation is as follows: 

"On the basis of field and petrographic studies, a 

tentative four-fold subdivision of the [Warren Creek 

Formation] is proposed. In ascending stratigraphic 

order these are: (a) a basal grey feldspathic quartz 

arenite, (b) a dominantly shale (slate) arkosic 

siltstone member, (c) a brown dolostone, and (d) a 

dominantly shale (slate) - greywacke member." (Ryan, 

19 8 4 ' pg . 3 2 ) . 

These subdivisions within the Warren Creek Formation 

were alluded to by previous workers in the area including 

Smyth et al. (1975; 1978), and Halet (1946), however, 
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factors including the general paucity of outcrop, the 

highly tectonized nature of the Moran Lake Group, and lack 

of detailed exploration in the area by mining companies 

have pre.cluded more definitive control on the stratigraphy 

of the formation and interpretation of the evoluti o n of the 

lithologic sequence. Therefore, no further forma 1 

formational subdivisions, or subdivisions requiring member 

status, were proposed for the Warren Creek Formation. 

The present mapping indicates that the Warren Creek 

Formation can be subdivided into two Members v iz. : the· 

Lower Member, consisting primar i ly of larni nated s i 1 tstone, 

calcareous siltstone, and arkos i c sandstone, with a narrow 

dolostone bed proximal to the Archean-Aphebian 

unconformity: and the Upper Member c onsisting o f 

pyritiferous black shale, slate, and argilli t e, which are 

i ntimate l y i nterbedded with g rey siltstone and c he rt a nd a 

thick dolostone bed in the middle of the sequence, and and 

an arkose bed and banded ironstone bed at the top of the 

sequence. The exact location of the ironstone bed in the 

section is not known as it only crops out twi c e in the 

study area, and is obscured by the overlying Bruce River 

' Group. However it appears to be' discontinuous and ove rl i e 

the arkose bep. 

2.2.2.2 Map unit 2: Lower Membel7-
7 

The Lower Member varies in thickness from 180 to 1300 

.•. 
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m. This variation is largely due to structural thickening, 

but also due to the paleotopography of the basin. The 

member consists ma,o:inly of beige to light green, laminated, 

fine-grained siltstone and feldspathic sandstone with minor 

red to mauve varieties (Unit 2a), calcareous siltstone and 

dolostone (Unit 2b), minor shales and slate (Unit 2c), 

intercalated chert (Unit 2d), ; and feldspathic quartz 

arenite (Unit 2e) ( 
• I 

F~gs. 2.10 ' - 2.12). The stratigraphy 

strikes roughly east-northeast and dips 600 to aoO 

south. Normal graded bedding and cross bedding on a 1 to 5 

em scale are common throughout the sequence, and indicate 

that the sequence faces south. 

In thin section these rocks consist of poorly sorted, 

angular to subrounded quartz/feldspar silt and grit with 

variable amounts of fine-grained interstitial idioblastic 

carbonate rhombs, and cunorphous masses of matrix carbonate 

which may comprise 10 to 20% of the rock. Much of the finer 

silt and clay- rich .(shale) beds are altered to ultraf ine 

sericite with minor (exsolved?) iron oxide and 

fine-grained interstitial hematite. Minute hair-lfke 

stringers of recrystallized vein quartz +/- carbonate fill 

discordant fractures. 

The member seems to thin to the east where as 1 ittle as 

180 m of arkose and siltstone overlie Archean granitoids 

along Warren Creek, but to the west, the member · is up to 

1300 m thick and more varied in texture and grain size !rom 
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Fig. 2.10 Red bed in Lower Member, scale in em. 

Fig. 2.11 Lower Member silty dolostone bed, scale in em. 
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Fig. 2.12 Lower Member interbedded siltstone (light grey) 
and dolostone (dark grey, foreground). 

Fig. 2.13 Upper Member typical gossan, near Zee Lake. 
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finely laminated siltstone to arkosic arenite. The regional 

distribution of the Lower Member suggests that this is due 

in part to structural thickening on east-west trending fold 

axes, but also to the primary basin configuration of a 

sequence which onlapped to the east (i.e. the basin was 

deeper to the west and could hold more material, notably 

some of the finer silts seen to the west, while the bas in 

was much shallower to the east and only allowed the 

deposition of the coarser arkosic sediment which is seen 

directly south of the Archean basement along Warren 

Creek). A 5 to 10 m thick basal dolostone unit (Unit 2b) 

occurs in close proximity · to the Archean basement 

throughout the area, but is underlain by approximately 5 to 

2 5 m of si 1 tstone and arkose which 1 ie directly on the 

unconformity. In the Moran Lake area, approximately 2 km 
' 

northeast of the last exposure of the dolostone bed in the 
"' 

study area, the dolostone i s observed to directly overly 

the Archean basement at the CANICO Anomaly No. 8 showing 

(Perry, 1980; Ryan, 1984; D.Wilton, 1986 pers. comm.). This 

was recognized by earlier workers to represent an ontapping 

direction of the Moran Lake Group to the east (Ryan, 1984; 

Smyth et al., 1978) and the present observations on the 

thickness of the basal sandstone formation support this 

conclusion. 

I 
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Decreas~d relief and outcrop frequency help to define 

the contact between the basal siliciclastics of the Lower 

Member, and the recessively weathered, heterogeneo4s black 

shale sequence of the Upper Member. These rocks occupy the 

southern and central part of the map area. This sequence 

varies from 543 to 3350 rn in thickness, and consists 

primarily of fine-grained and finely bedded black shale, 

slate, and argillite which are intercalated with numerous 

grey silt and chert beds (Unit 3a), Massive beige to gre y 

arkose (Unit 3b), banded ironstone (Unit 3e), and vesicular 

basalt flows (Unit 3f) are locally interdigitated with 

clastic sedimentary rocks at the top of the seque n c e. The 

shales and slates are composed of varying amo unt s o f 

aphanitic clay minerals, amorphous 8ilica, and fine 

detrital quartz and may be very graphitic over rel a tively 

narrow widths ('1 em). Pyrite is a ubiquitous c onstituent 

of the shales, and as a result nearly all shale outcrop s 

are covered with a distinctive rusty gossan (Fig. 2 . 13, 

pg. 28). Stratiform massive pyrite beds (+/ - pyrrhotite , 

chalcopyrite, and sphalerite) were observed in a few 

localities reaching thicknesses of over 1 m (Fig. 2 .14), 

(Hansuld (1958) described a 6 m thick pyrite bed). 

As mentioned in section 2.2.2, the s~ratigraphy of the 

" Upper Member has always been some what problemat i c due 

., 
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Fig. 2.14 Upper Member typical massive graphitic pyrite 
bed, slab is 5 em wide. 

Fig. 2.15 Upper Member middle dolostone bed, Date Grid 
exposure. 



. i , 

32 

to limitations imposed by the thickness of glacial cover 

and lack of detailed structural analysis of the Moran - Lake 

Group. In particular, three important units have never been 

accurately fitted into a regional stratigraphic co lumn, 

viz.: banded ironstone (Unit 3e) which crops out in th e Zec 

Lake area and directly north of Mushrooom Pond, .l, thick 

dolostone unit (Unit 3c) which crops out north of Croteau 

Lake and Long Pond, and the arkose bed (Unit 3b) which 

crops out east of Heart Pond and within the core of a large 

anticline north of Mushroom Pond. The location of these 

units within the regional stratigraphic column for the 

Moran Lake Group is shown in Fi gure 2.1, pg. 17. 

2.2.2.3.1 Middle dolostone 

The dolostone unit is well exposed north of Long Pond 

where it reaches a maximum thickness of 235 m. This unit is 

also exposed, albeit rather poorly, north of Dragon 

Pond. The unit is dominated by massive brown ochrous 

polygonal weathering dolostone (Fig. 2.15, pg. Jl), with 

minor intercalated silt, ·-shale, and chert. North of Dragon 
. 

Pond the unit crops out approximately 400 m north of the 

highly sheared contact with the Joe Pond Formation. North · 

of Long Pond the unit is exposed almost intcontact with the 

Joe Pond Formation with 40 m or less of intervening shale, 

therefore it is suggested that the dolostone occurs within 

400 m of the top of the Upper Member. 
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2.2.2.3.2 Vesicular basalt 

Narrow flows of dark green, fine-grained, vesicular, 

chloritized basalt (Figs. 2.16, 2.17) are interdigitated 

with clastic sedimentary rocks near the top of t he Upper 

Member, and crop out in two areas; 90 m east of Heart Pond 

• 
at the Teuva showing, and 500 m southwest of Dragon Pond 

near the Fault Creek Showing. These rocks consist of 20-30% 

fine-grained phyric plagioclase, 15-20% aphanit i c 

groundmass plagioclase, 10-15% aphanitic rnicrolites of 

groundmass clinopyroxene, 30-35% chlorite after p l agiocl ase 

and clinopyroxene, 3-5% very fine-grained equant opaque 

minerals, and 2-3% fine-grained quartz +/ - calcite. The 

matrix plagioclase is highly altered to carbonate and 

ultrafine sericite as well as chlorite, giving the rock a 

cloudy appearance in thin section under crossed polars. 

2.2.2.3.3 Arkose bed 

The arkose bed (Unit 3b) crops out in the core of a 

mesoscopic anticline north of Mushroom Pond. Previous 

workers (Halet, 1946; Smyth et al., 1975, 1978; and Ryan, 

1984) have interpreted this to be exposed Lower Member 

sedimentary rocks which were upwarped into the core of the 

fold. ·· The present mapping indicates distinct differences 

between these rocks and the rocks of the Lower Member, 
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Fig. 2.16 Upper Member basalt flow (light grey, under 
hammer) hosted in siltstone 600 m south of Dragon Pond. 

h Fig. 2.17 Upper Member vesicular basalt, note plag. 
p enocrysts , scale in em. 
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namely that the arkose in the core of the anticline is 

slightly coarser-grained and massively bedded with 

occasional round quartz pebbles (Fig. 2. 18). Primary 

sedimentary structures are rare, and no chert or calcareous 

material were observed in the core of the anticline. This 

contrasts with the thinly bedded and frequently 

cross-stratified siltstones and sandstones of the Lower 

Member which contain numerous chert and shale interbeds and 

calcareous units. Detailed mapping in the fold area 

revealed the arkose unit on the sout~rn limb of the fold 

on the north side of a steep hill composed of J oe Pond 

Formation volcanics directly north of ·croteau Lake 

(Fig. 2.19). The line of section is shown on the geology 

map in the back pocket. Here the arkose is in contact with 

poo~ly exposed steeply dipping cherty siltstone to the 

south, and forms a mappable unit over 50 m thick. To the 

north the arkose is bounded by typical shales of the Upper 
., 

Member, via a gradational contact through a 2 m thick 

shale-lithic paraconglomerate bed (Fig. 2.20) which 

indicates that the sequence faces south. This is consistent 

with the facing direction of the southern limb of the 

anticline. These relations prove that the arkose is part of 

the Upper Member and at the top of the sequence, since the 

arkose bed, and local stratigraphy, are in conformable 

contact with the Joe Pond Formation. Vesicular basalt flows 

outcrop to the north and stratigraphically below the arkose 



Fig. 2.18 Upper Member 
pebbles, scale in em. 
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arkose bed, note 

VE-2.5X 

dark grey 

• r• 
" . ' .. ·· ... 

qtz. 

' 

Fig. 2.19 Moran Lake Group structural cross section, note 
arkose bed (stippled). 

s 
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WC-39 

Fig. 2.20 Upper Member shale lithic conglomerate, note 
elongate black shale, and light grey rounded qtz. clasts, 
scale in em. 

Fig. 2.21 Upper Member ironstone, north of Mushroom Pond. 
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bed east of Heart Pond, and attest to a more dyn.1mic 

tectonic regime during the deposition of the upper part of 

the Upper Member th~ of the monotonous typico l shale 

sequence. 

Therefore, a re-interpretation of the genQSis of 
\ 

the 

arkose bed in the core of the anticline is proposed. This 

bed was deposited during a change in depositional and 

tectonic environments during the last stages of the 

deposition of the Upper Member shale sequence. Vesicular 

basalt flows, overlain by shale-lithic conglomerate and 5 0 

m of pebbly arkose were deposited following a g radual 

change in water depth from deep to s hallow, and a c hange i n 

depositional setting , from passive shal e · and s ilt 

accumulation in a deep reducing· basin to uplift, and ra p id 

4 c 
deposition of arkose in a high energy nearshore e nvironment 

above a minor internal disconformity marked by the 

s~le-lithic conglomerate. Banded hematite-magnetite-
• 

chert ironstone indicate that conditions were oxidizing 

rather than reducing at this stage. The vesicular basalt 

f lows at the top of the Upper Member may be shallow water 

incipient equivalents of the non-vesicular Joe Pond 

Formation. Subsequent deformation ( 01 ) of the Moran La ke 

Group folded th i s sequence into a broad westerly plunging, 

east-west trending anticline. Deep erosion on the hinge of 

the anticlinP. exposed the arkose in the core of the 
'• 
fold. Deeper erosion of the west end of the anticli ne along 
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the east shore of Heart Pond exposed a window of Upper 

Formation shales which occur stratigraphically below the 

arkose. 

2. 2. 2. 3. 4 Banded iron stone 

Ironstone (Unit Je), consisting of rhythmically 

bedded jasper, specularite, hematite, magnetite, and varied 

epic,lastic impurities (Fig. 2.21, pg. 37), is exposed in 

two outcrops in the southern part of the map area. The 

ironstone always crops out in close proximity to the 

unconformity with 
() .. 

the younger Bruce River Group, and the 

Brown Lake Formation conglomerate of the basal Bruce River 

Group in this area (see section 2. 2. 4) contains numerous 

clasts and boulders of ,the ltoran Lake Group ironstone 

suggesting, at least empiricall.y, that this unit occurs 

near the top of the Moran Lake Group and not at the base as 

has been suggested by previous workers (Halet, 1946; Smyth 

et al., 1975, 1978; and Ryan, 1984). At the CANICO Anomaly 

15 showing, 3.4 km northeast of Moran. Lake, sandstones of 

the Heggart Lake Formation (Bruce River Group) 

unconformably overlie a basal iron formation conglomerate 
r 

J 

of the Moran Lake Group (Wilton, 1986, pers. comm.). 

North of~ Mushroom Pond, s to 10 m of the ironstone is 

poorly exposed on a hillside marking the contact with the 

overlying Bruce River Group. The unit is flanked to the 

north by the arkose bed described in the previous 
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section. The facing directions in the antic 1 ine in fer that 

the ironstone overlies the arkose bed, however, direct 

correlation with the stratigraphy in ·the anticline is 

precluded by the presence of a northwest trending dextral 

strike-slip fault with an . apparent displacement of soo m 

which truncates the ironstone. The stratigraphic location 

of the iron formation in the anticline · is inferred because 

it is largely covered by overburden, however, a cherty 

s i 1 tstone bed was noted in the ge~eral area. 

The ironstone is also exposed at Zee Lake northeast of 

the east arm of Pocket Knife Lake. Argillaceous sediments, 

chert, s i 1 tstone, and • fine-grained siliceous arkose are 

intercalated with the ironstone here, but s i nee the 
~ 

exposure is poor, no definite contact was observed between 

the ironstone and the host rocks . . The Zee Lake exposure 

does not yield much insight into the stratigraphic position 

of the ironstone other than that it appears to be at the 

top of the Upper Member sequence and is associated with 

chert and siliceous epiclastics similar to those of th~ 

exposure at Mushroom Pond. Though 1 imi ted by the a mount of 

available data, the ironstone appears to occur above the 

arkose bed in association with chert and siliceous 

siltstone as it does at Mushroom Pond. This would be the 

last unit to be deposited in the Upper Member and as s uch 

represents a period of relative quiescence and low rate of 

sedimentation prior to the deposition of the Joe Pond 

" 
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Formation in a sediment-starved basin. 

2.2.3 Map unit 4: Joe Pond Formation 

Light to dark green, fine-grained, massive and pi !lowed 

basalt, with minor interflow chert, and-pyr-itic chert, were 

deposited conformably over the Warren Creek Formation 

(Fig. 2.·22). The basalt sequence is 100 to 300 m thick and 

is repeated on the limbs of the Mushroom Pond 

anticline. Facing directions indicate that the north 1 imb 

of the fold, which plunges 400 to the west, is overturned 

to the south by 220. 

The rocks are granular, apharli tic, and moderate to 

we akly foliated in th f n section. Regional·· greenschist 

facies metamorphism has pervasively altered the basalt to 

chlorite and carbonate after plagioclase and clinopyroxene. 

Remnant plagioclase phenocrysts were observed in the field, 

however the y are usually obscured by regional metamorphism, 

and difficult to recognize in thin section due to the 

extent of alteration. Some thin sections of these rocks 

appear to consist entirely of fine to medium-grained 

calcite, occur ing as irregular masses, andjor idioblastic 

. inte rlocking rhombs, with minor interstitial anomalous blue 

chlorite, and exsolved 

quartz-calcite stringers 

cavities. 

opaque minerals. 

fill microfractures 

.. . 

.J 

Secondary 

and small 
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Fig. 2.22 Joe Pond pillow basalt, north shore of Croteau 
Lake. 

~ig. 2.23 Carbonatized basalt, west end of Long Pond, scale 
~n ern. 
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Th~ basalts are highly fractured and 
l 

proximity to the Aphebian-Helikian 

carbonatized in 

unconformity, 

particularly between the northeast bay of Croteau Lake and 

Long Pond, where highly fractured basalt ,is exposed 
\.~ 

directly below the basal conglomerate of the Brown Lake 
. \ 

Formation (Fig . 2 . 23, pg. 42). The basalt here is composed 

of up to 30-50% calcite as fine-grained pervasive 

replacement of mafic minera l s, and mineralization ln 

fractures with secondary quartz. This unusually intense 

carbonate alteration is not accompanied by a distinctive or 

unique strain fabric, suggesting that a regolith was 

developed in the basalt below the Brown Lake Fqrmation: 

2.2.4 Map unit 5: Bruce River Group 

Red to buff boulder conglomerate of the Brown Lake 

Formation, the middle subdivision of the Bruce River Group 

(Ryan, 1984), is in _contact with the highly altered Joe 

Pond basalt on the northeast shore of Croteau Lake, 

defining the Aphebian-Helikian unconformity. The 

conglomerate also unconformably overlies thJ black shales , 
of the Upper Member of the Warren Creek Formation in the 

map area. This polymictic conglomerate is a maximum of 100 

m thick, varies from clast to matrix supported, and 

contains unsorted angular to sub-rounded boulders and 

pebbles of ironstone, quartz arenite, arkose, and siltst one 

derived from the underlying Moran Lake Group 
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(Fig. 2.24). Basalt fragments were not observed in the 

conglomerate. 

Felsic volcanic rocks, identified as dust tuff or 

porcellanite by Ryan ( 1984) , are intercalated with the 

conglomerate in intervals up to JO m thick. The tuft ... 
contains 1 to 5 em beige and purple bands, which m"y 

represent primary beds, with disseminated o. 1 to 2 mm 

feldspathic sericitized lapilli or spherulites in a brittle 

siliceous matrix (Figs. 2.25, 2.26). 

Fine to medium-grained, red, mauve, and buff tuffaceous 

sandstone overlies the basal congl~erate and felsic 

volcanic rocks of the Brown Lake Formation. These rocks dip 

gently south and form the rocky southern shoreline ot 

Croteau Lake. These rocks are finely bedded on a scale of 1 

mm to 1 em, and are frequently cross-stratified and 

internally graded (Fig. 2.27). Selectively sericitized, 

light green to buff horizons a few mm to a few em thic k, 

are present in the sandstones. This alteration gives these 

rocks the appearance of the Brown Lake Format ion fe 1 sic 

volcanic rocks described above. 

2.2.5 Map unit 6: Gabbro 

Dark green, massive, medium-grained gabbro plugs and 

dikes (Fig. 2.28) intrude all units in the map area. The 

dikes are 20 to 80 m wide on average, but rounded plugs may 

reach 1400 m in diameter. 

r 
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Fig. 2.24 Bruce River Gp. boulder conglomerate, north shore 
Croteau Lake. 

Fig. 2.25 Bruce River Group felsic volcanic west of Heart 
Pond. 
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Fig. 2.26 Bruce River Group felsic volcanic, scale in em. 

i~g. 2.27 Bruce River Group volcaniclastic sandstone, note 
lght sericitized laminae, scale in em. 
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Fig. 2.28 Gabbro dike 500 m south of Dragon Pond. 
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The rocks are medium to coarse-grained, idiomorphic, 

granular, and are mainly composed of 25-30\ plagioclase, 

30-40% hornblende, and 10\ equant clinopyroxene. Biotite 

may occur as disseminated fine to ~edium-grained 

phenocrysts, b~t occurs most commonly as (up to 10\) 

replacement of pyroxene and amphibole. Plagioclase grain 

boundaries are slightly ~orroded by alteration to chlorite 

and sericite with minor calcite. 

The gabbros are relatively fresh looking, however 

secondary quartz-carbonate-sulphi~e mineralization occurs 

along fractures and wall rock contacts. This alteration 

significantly decreases the grain size of the rock, and has 

resulted in the alteration of plagioclase to sericite and 

calcite, and amphibole and pyroxene to chlorite a·nd 
" 

biotite, with the addition of up to 20 1to 30\ secondary 

quartz. Disseminated pyrite and chalcopyrite (2-3\) occur 

in these alteration zones but do not appear to be of any 

economic interest. 

2.3 Structural Geology 

The various strain fabrics in the Moran Lake Group are 

illustrated in Figure 2.29. TWo prominent deformational 

events are preserved in these rocks. The o1 structures are 

pervasive, while o2 structures are less obvious, and are 

more prevalent in areas of contrasting lithological 

competencies. o3-related structures are pre~erved 
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Fig. 2.29 Contoured equal area stereographic projections of 
Poles to s 0 (a), F2 (b), poles to s 1 (c), poles to jo i nts 
(d)' stretching lineations (e) for Moran Lake Group; and 
Poles to s 0 (f), Bruce River Group. 
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locally, and characterized by broad, open warping of the 

stratigraphy and earlier fabrics. o1 and o2 structures 

predate the deposition of the Bruce River Group and ,'\re 

best developed in the ductile shales of the Upper Member of 

the Warren creek Formation. 

2.3.1 !h 

Bedding (So) strikes 076° and is tilted 74 0 to the the 

south in response to o1 which isoc linally folded the Moran 

Lake Group into numerous paired syncline-anticline couples 

(Fig. 2.30). The south limbs of the synclines a nd the north 

1 imbs of the anticlines are overturned to the north by 

approximately 16°. F1 closures are rarely obs erve d due to a 

significant degree of axial planar s hearing 

approximately parallel to s 0 ('{>edding), ·..vhich is r o t a t e d 
'-· 

into parallel ism with S 1· The best example of an F1 fa ld , 

occurs north of Mushroom Pond. Here, the limbs o f a 'Nes t 

plunging anticline are defined by basalts of th e J o e Pond 

Formation which bound a central core of arkose which occur s 

near the top of the Upper Member . A slatey, axial planar o1 

cleavage (S1 ) which trends 0710 and dips 790 sou th , i s 

pervasive in the Upper Member shales, but poorly d e v e loped 

in the Lower Member siliciclastics, and in the Joe Pond 

Formation basalts. o1 stretching linea tions as 

defined by miner a 1 streaking on mica c e ous c l e avage planes 

in the Upper Member t rend 2510 a nd plunge 49 0 in the plane 
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Fig. 2.30 D1 closure in shale, trench c, Date Grid. 

Figure 2.31 n1 buckle fold in competent chert layer, scale 
in em. 
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Discordant, steeply dipping sinistral and dextral 

cross-faults at high angles to s1 and s0 , truncate o1 
.• 

structures with displacements of up to 2.5 km. Thsse 

cross-faults are prominent at 1600 and 2050. The faults. 

trend close to an observed conjugate j oint set at 1340 and 

suggesting that they a re related to the same 

deformational event. It is sugge sted that the c onjugate 

joint set and the crosscutting faults formed in response to 

0 1 , since the bisectrix of the acute angle of these 
(0 

fracture .. systems is perpendicular to S 1 , a nd parallel to 

the maximu~\ direction of crustal shortening which is fixed 

by the s 1;L1 relationship (where the s 1; L1 r e l a tionship 

defines the X-Y plane of the regional stra in . el lipsoid 

(Ramsay, 1967, 197 6 ; Hobbs et al., 1976)) 

The shales of the Upper Member of the Wa rren Creek 

Formation form a broad, central, ductile shear zone in the 

map area which is bounded by competent and rt1'eologica lly 

di s tinct siliciclas-tic rocks of the Lo wer Membe r t o the 

north, and basalt of the Joe ~nd Formation to the 
.. 

south. Shearing is most intense along the contacts with 

these competent units, and it is possible that some of 

these shear~ zones, ~n part i cular the east-we st trending 

shear which defines the basalt-shale contact north of Heart 

Pond, and the complexly sheared basalt-shale contact south 

of Dragon Pond, represent ancient growth faults along the 

• 
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contdcts of the younger J oe Pond Forma t ion. Primary 

structures in the ductile shales are often totall y masked 

by shearing which accompanied o1 layer shortening, whi l e 

primary structures within silt, chert, and dolostone 

i nt.erbeds are often preserved, since these materials 

deformed mainly by buckle shortening (Fig. 2 .31, pg. 51 ). 

2 . J . 2 !22 

02 folds (F2) deform S1 and isoclinal F1 axes. D2 folds 

vary from open assymetric folds to tight cre nulations 

(Fig. 2.32) with amplitudes general l y less than 1 m. Thege 

folds trend 1940/820 to 1870/600., and are developed best in 

the shales of the Upper Member. 

'2. J. 3 !2) 

Open warping, possibly indicative of a o3 .stress, was 

observed locally~ This deformation is not assosiated with a 

penetrative· "S" fabric and may represent pa.ssive fold i ng 

t 
which developed during the deposition or unl·oading Of the 

Bruce River Group. 

2. 3. 4 summary 

o1 and o2 strain fabrics in the the Moran Lake Group 

dP.V~loped during the Makkovikian-Kete lidian oroge ny 

£.SL. 1810-1790 Ma (Wardle et al., 198 6 ) prior t o the 

deposition of the Bruce River Group. since the se fabrics 

I 
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Fig. 2. 32 n2 crenulations in shale defined by folded n1 
slatey cleavage, Date Grid. 
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are not developed in the Bruce River Group. The structural 

fabric of the Bruce River Group was developed by 

deformation r e lated to the Grenvillian Orogeny ~a. 1000 Ma 

(Ryan, 1984; Wardle et al., 1986). The r e are no well 

developed Grenvillian structural fabrics in the Moran Lake 

Group, however a poor to moderately well developed fracture 

cleavage was observed in some outcrops of Archean 

basement, and in some of the more competent sandstones in 

the Warren Creek Formation. 

2.4 Archean-Aphebian unconfocmity 

Laminated sandstone and siltstone of the Lower Member 

of the Warren Creek Formation unconformably overly Archean 

basem~nt granitoids. The unconformity is exposed at four 

locations in the eastern map area (Fig. 2.33): 

l. Along Warren Creek, dark green-grey silty shale is in 

contact with buff, mass ?ve' limonitic granite 

(Fig. 2.34). The siltstone grades into calcareous siltstone 

and dolostone which attain a maximum thickness of 40 m. The 

· calcareous sedimentary rocks are overlain by 2 0 . rn of 
' ' , 

thickly bedded grey ~uartz arenite, which i~ in overlain by 

fissile black shale. 

2. The unconformity is well exposed al9ng the southern 

shore of Moon Pond. Leucocratic, carbonatiz e d, and 

fractured Archean granitoid material is in contact with 

2 m of rnassi ve grey quartz arenite, overlain by 5 to 10 m 
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of dark green to grey siltstone ~nd chert, and 3 to 7 rn of 

laminated brown silty dolostone and calcareous siltstone. A 

regolith is deve~oped in the underlying Archean intrusive 

which is characterized by carbonatized, limonitic 

feldspars, and rare secondary carbonate-sulphide 

mineralization in fractures. The regolith penetrates the 

basement.rock for 1m. 

3. Four hundred metres south of Meathook I;ake, 2 0 m of 

exposure gap intervene between red calcareous slate, 

siltstone, and brown dolostone, and Archean basement 

granitoids. The contact is interpreted to be a depo's i tional 

unconformity. In this area, the Archean granitoids are 

crosscut by abundant pegmatite dikes and veins which were 

never observed in the overlying Moran Lake Group. 

4. A window of Archean basement is exposed in the Warren 

Creek valley in the eastern map area. Hansuld' s ( 1958) 

geology map shows the Archean-Aphebian unconformity at this 

location, however, in 1986 it was discovered that this 

exposure of granitoid rocks was simply exhumed basement 

exposed by erosion along Warren Creek. Seventeen rn of 

exposure gap intervene between the window of granitoid 

rock, and an outcrop of finely laminated green to beige 

siltstone. The siltstone is overlain by massive, brown, 

cross-bedded silty dolostone which crops out approximately 

30 m south of the Archean window. 

- - -~--- ~~ 
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2.5 Aphebian-Helikian unconformity 

The basal Brown Lake Formation conglomerate, of the 

Bruce River Group, is in unconformable contact with the 

Upper Member of the Warren Creek Formation, and Joe Pond 

Formation. The angular nature of the unconformity was 

observed at a number of locations in the eastern map 

area. The unconformable relationship is established by: 

1. The presence of highly deformed clasts of Moran ~..tAke 

Group sedimentary rocks within the Brown Lake Format ion 

conglomerate. 

2. The angular bedding relationship between the ENE-WSW 

trending ironstone and quartz arenite in the Upper Member 

east of Zee Lake, which is in fault contact with the 

overlying northeast-southwest trending conglomerate of the 

Brown Lake Formation. In addition, the Bruce River Group 

was deposited over a large D1 anticline in the Moran Lake 

Group north of Mushroom Pond, and does not, in any way, 

reflect the geometry of this early structure within its own 

stratigraphy. 

3. The difference in average bedding attitude of the Moran 

Lake and Bruce River Groups. One can see at a glance from 

Figure 2.29 (pg. 49) the difference between the Moran Lake 

Group, which strikes 580 to aaO and dips steeply south 

below the gently tilted Bruce River Group which strikes 66° 

and dips 38° southeast. 
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2.6 summary 

The rocks of the Moran Lake Group record a marine 

"first transgression" over Archean granitoid crust under a 

dominantly tensional tectonic regime. 

The fine siltstones, sandstones and calcareous 

siliciclastics of the Lower Member of the Warren Creek 

Formation'were deposited in a nearshore, oxic environment, 
~ M 

as evidenced · by the abundance of red weathering sandstone 

beds, dolostone, and calcareous sandstone beds in this 

sequence: This sequence of rocks was deposited 

unconformably upon an Archean granitoid highland which is 

the . source area for the authigenic detritus in the Moran 

Lake Group (see Chapter 3). 

The black shales of the Upper Member of the Warren 

Creek Formation record a marine transgression over the 

Lower Member and the Archean basement. Detritus was still 

being derived from the Archean highland, but reducing 

conditions prevailed, and black carbonaceous shale and 

finely interbedded siltstone +/- calcareous siltstone, 

chert, and dolostone were deposited. Ubiquitous iron 

sulphide (pyrite) occurs in this shale sequence .:in contrast 
<· 

to dominantly iron oxide (hematite) in the Lower Member. 

Uplift, and the deposition of a shallow water sequence 

of vesicular basal\:. flows, shale .. li thic conglomerate, and 

the Arkose Bed, is preJerved at the top of the Upper Member 
41. 

of the Warren Creek Formation prior t .o the deposition of 

,! 
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the non-vesicular pillow!"!d Joe Pond Formation bas.'llts in 

deep water. 

Deformation _(Dl and uplift dur i ng the 

Makkovikian-Ketilidian Orogeny (1810-1790 Ma) post-date the 

deposition .of the sulphide-bearing horizons in the Moran 

Lake Group . These events were not associated with the 

mi~eralization (i.e. sulphide mineralization is not 

transgressive to the hosting sediments, and no signi ficant 

concentrations of sulphides were structura 11 y emplaced) . 

The basal Brown Lake Formation of the Bruce River Group 

was depositep on the uplifted Moran Lake Group in an 

alluvial fan-flood plain setting. This continental 

succession may have b e en deposited within fault-bounded 

intracontinental basins (Ryan, 1984). These rocks were 

deformed ca. 1000 Ma during the Gre nv illian Orogeny. 

( 

I 

' . 
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CHAPTER 3 

GEOCHEMISTRY 

3.1 Archean Basement 

Eight samples of Archean basement granitoid were 

submitted for whole rock chemical analysis (see Appendix 

2). Sample A-15 was collected from the regolith south of 

Moon Pond therefore the data from this sample is not used 

in the· chemical classification of the basement rocks (see 

discussion below). The normative mineral compos i tions of 

~the rocks are listed in Tabl~ 3.1. 

Texturally the rock va ies from grey-buff granodiorite 

gneiss with alternating of fine-grained biotite, 

quartz, and feldspar and fine to medium-grained 

interlocking : quartz 
I 

feldspar, to pink equigranular 

massive to grani t.e and granodiorite. The 

rocks are textured with well developed 

gneissic banding a disseminated elongate xenoblasts o f 

ribbon quartz up 

pegmatite dikes 

Meathook Lake. 

The composi 

Figure 3 .1, 

plot. Most of 

except sample 

trondjhemite 

5 mm X 20 mm. Coarse-grained pink 

observed in these . rocks south o f 

i 
of the basement rock~· are shown on 

' 

on O'Connor's (1965) noj mative f eldspar 

samples plot in the ~?ndjhemite field, 

which plots in the granf te field near the 

Each of the sampl f s . were highly · 

I 
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Table 3.1 CIPW norm compositions of Archean basement 

A-1 A-2 A-4 A-5 A-6 A-14 A-18 

Qtz 51.70 31. 32 31.67 26.43 28.33 27.84 14.53 

Corund 0.78 2. 3 7 3.45 2.05 0. 00 0.00 1 ") ., . ~ ... 
or 14.36 9.22 14.01 13.59 8. 63 8.63 8.22 

Ab 28.68 44.00 34.27 37.06 38.75 42.47 36.80 

An 1. 72 3.51 5.24 ,8. 08 6.79 11.09 12 . 33 

Diop 0.00 0.00 0.00 0.00 9.20 0.39 0.00 

Hypers 0.44 5. 63 8.00 7.18 2.98 5 . 79 18.37 

Mag 0.02 0.37 0.47 0.42 0.36 0. 41 l. 11 

Ilrn 0.00 0.76 0. 84 0.76 0.23 0.61 l. 44 

Hydrap 0.02 0. 17 0.33 0.24 0 . 07 0.17 0 . 78 

------ ------ ------ ------ ------ ------ ------

total 97.73 97.34 98.28 95.80 95.3 3 9 7 .3 9 95.35 
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An 

Fig. 3.1 Normative feldspar plot of Archean basement, or = 
orthoclase, Ab = albite, An = anorthite ~ fields a f t er O'Conno r (!965). 

FeCJ 

Archean 

Na20 eo 60 Y.O 20 

F' lg. 3.2 Archean basement 
(triangle, f rom regoli th) . ' 

sample A-18 (cross), A-15 
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albite normative, and consistently contain 15 to 2~ ~ 

normative Ab, with Na20 contents commonly more than twice 

that of K2o. Normative anorthite conte nt of these roc ks is 

generally less than 5 t; · 

The basement rock compositions are i llust rated on the 

ternary plot of FeO-Na2o-K2o (F i g. 3.2, pg. 6 3). Sampl o 

A-18, which. was collected near the Arc hean-Aphebian 

unconformity north of Lupus Lake , is particularly iron-r ich 

relative to the other sampl es, due to the fact that it 

contains 2 0-2 5% biotite. Sample A-1, which c ontains almost 

no biotite, plots along the Na 20-K20 a xis. 

Sample A-15 was collected from highly f iss i l e , 

c arbonatized saprolite directly below the basal unit o f ,the 

Moran Lake Group. The rock is slightly depleted in Al 2o 3 

relative to the unaltered granito i ds, and i s highly 

orthoclase normative with 7.26 mole % or. Normat i v e a l b i te 

is relatively decreased with respect to unaltered basement 

with 6. 35 mole % Ab. Quartz content o f the granitoid 

was no t significantly affected, but regolith development 

cause~ a significant enrichment in FeO and depletion in 

Na 2o. A 1 em pyritej gal e na-bearing carbonate ve i n was 

observed in a fracture in the regol i th at this 

location. Quantitatively, this does not represent a 

signi fi c a nt Pb di s covery, how e ver the styl e of 

mineralization is s i milar to the epi g e netic qua rtz-bar i te 

sulphide veins at the Ellingwood showing near Moran 
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Lake. These showings also occur near the Aphebian-Archean 

unconformity, and are thought · to have been formed by the 

remobilization of base metals from the Archean basement 

during the Grenville Orogeny (Wilton, 19 86). 

3.2 Warren creek Formation 

3.2.1 Upper Member 

The geochemical compositions of the Upper and Lower 

Members of, the Warren Creek Formation are similar. Since 

many more samples of T,Jpper Member rocks were analyzed, 

these rocks are described first, and the Lower Member wil l 

be compared with them · in Section 3.2.2. 

The Upper Member consists of a monotonous sequence of 

poorly sorted black shale and grey siltstone -which are 
- j 

locally intercalated with narrow beds of dolostone and 

m~ssive sulphiPe horizons. As previously described, pyrite . . . 
is a ub1qu1tous constituent of the shales and in some cases 

is associated with significant enrichments in cu, a nd 

Zn. The shale sequence can been broken down into three data 

sets viz,: typical (shale +/- graphite, pyrite, and 

siltstone), showings ( >300 ppm Zn; or >70 ppm cu; or >5% 

iron sulphides), and the Teuva showing. The typical shale 

and showings data sets are not mutually exclusive, and have 

similar . geochemical t::haracteristics, however the Teuva 

Sh~~. samples are geochemically exotic in many ways with 
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respect to the first two data sets. 

3.2.1.1 Typical shale, showings, Teu'{_a s~owing 

The typical (i.e. background) shale ~nd showings 

geochemical data (Appendix 2) were derived from rocks 

deposited in a marine shelf environment above a thick unit 

(the Lower Member) of feldspathic siltstone, arkose, 

dolostone +/- shale. These t i tani ferous se.dimentary rocks 

were undoubtedly derived in part from the .underlying 

siliciclastic Lower Member, and ultimately from the Archean 

basement 1 with the addition of a significant allogenic 

organic (carbon) component. 

The geochemistry and detrital mineralogy of the shales 

reflect the composition of the Archean basement in a number 

ways . Firstly, monazite ( C e, La, Th) PO 4 1 or 

(Ce,La,Nd~Pr)P04 } which occurs as a common _ accessory 

mineral in the basement trondjhemite, was commonly observed 

as a detrital component of the shales (Figs. J.J, 3.4). 

Aluminium (as clays) 1 zirconium (in zircon), and titanium 

(in ilmenite, rutile, anatase, pseudobrookite) would 

comprise significant detrital components in sediments 

derived from a granitoid source area (Vine and Tortelot, 
-· 

1970), and anatase and rutile were observed as authigenic 

detritus in the shale sequen'::e (Figs . 3.5 1 3.6). Anatase 

"W·as flso observed in the basement rock (see Section 2. 2 .1). 

The morphology of some tita nium-bearing minerals in the 

' -· 
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Fig. 3.3 Detrital monazite (mon) in pyritic shale, Date 
Grid, note finely bedded nature of pyrite (py) . 

~i~. 3.4 . Monazite (white) enclosed in pyrite grain, Date 
rld, possibly diagenetic pyrite formation. 
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Fig. 3.5 Detrital rutile needle (Tio2 ) in pyrrhotite-rich 
(po) shale bed, Three Ponds showing. 

Fig. 3.6 Tio2 (anatase) rim (light grey) on black detrital 
qtz. grain in centre of photograph. 
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shale samples; ameboid overgrowths on detrita l q u artz, a nd 

amorphous flames intergr?wn with paticulate det r ita l 

mineralogy, suggest that diagenetic recrystallization of 

some minerals has occurred. 

The ternary Ti02 -Al2o3-zr plot indicates similarities 

in the ratios of these components for detritus and b a sement 

rocks (Fig. J . 7 a) . There is an enrichment in zirconium and 

depletion of aluminium in the showings and typical shales 

~ data with respect to the basement. This is probably due t·o 

the winnowing out of aluminous clays from the s edime nts 

prior to lith1fication, but overall the data f or each o f 

the sets are most closely grouped midway along the Al 2o 3 -Zr 

boundary. 

Ti02 vs P205 for typical shale and Archean basement are 

-plotted on Figure J. 7b. Since Tio2 is · established as a 

detrital component of the shales which is derived from the 

basement, it was plotted against P 2o5 or monazite , (since 

no other phosphorous-b~aring phase has been recognized in 

the sedimenta.ry rocks) to establish whether the Archea n ( 

basement is the source of this mineral in the shale . The 

data group together rathe r closely, again indicating that 

detrital monazite from the basement trondjhemi te i s the 

source of P205 in the shale, and further implicating 

Archean basement rocks as the donor for the bulk che mistry 

of the shale sequence. There is a slight incre ase in T i o 2 
\ 

in some of the samples, again suggesting that some 
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of the heavier Ti-bearing minerals were concentrated by 

winnowing. 

Since base metal concentrations may be economicall y 

significant in the Moran Lake Group shales, s everal 

variation diagrams were constructed comparing base metal 

abundances with each other, and with abundances of selected 

elements typically associated with gangue minerals in sedex 

deposits. 

The shales contain a wide range of Cu ( 0-2 50 ppm ) and 

Zn (0-300 ppm). When plotted against each other, there is a 

weak positive correlation between Zn and Cu, but Zn 

contents are generally lower than cu (Fig. 3.8a). Zn vs cu 

for the showings data (Fig. 3.8b) indicates a simi lar trend 

to that of typical shale, how~ver Zn is much more a bunda nt 

(0-4700 ppm) than Cu (0-700 ppm). 

Pb concentrations are low in typical shale and 

showings, ( 2.-26 ppm and 0-70 ppm respectively) and do not 

correlate with cu or Zn (Fig. 3.9, 3.10). This is probably 

due in part to the paucity of lead in the sedimentary rocks 

and underlying basement granitoid (see discussion below). 

A small lead occurrence was discovered in the field, 

however the mineralization is unrelated to the stratiform 

sulphide beds. The occurrence consists of a 1 to 5 em wide 

discordant g a lena-be aring carbonate vein which filled an 

irregular fracture in massive whit e quartzite. The 

geochemistry of this showing was not investigated, however 
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Fig. 3.8 Zn vs Cu variation diagram for typical shales (a), 
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the · style of mineralization is reminiscent of the base 

metal-bearing veins in the Warren Creek Formation at the 

Ellingwood showing which are thought to have formed from 

the remobilization of metals from Archean basement during 

the Grenvillian Orogeny (Wilton, 1986). 

Ba is frequently enriched in sedimentary exhalative 

mineral c;}eposi ts, and may occur as a hydrothermal gangue •J 

mineral which increases in abundance laterally away from 

the core or vent area of the typical sedex deposit (Lydon, 

1983: Large, 1983), or may increase verticall'y within an 

ore zone such as in the Rammelsberg deposit (Large, 1983). 

Ba was plotted against Cu, Pb, and Zn for typical shale 

. f 
(Fig. 3.11) and showings (Flg. 3.12). In each of these 

plots Ba varies over a wide range of values (approximately 

o to lsoo ppm), without a significant correlation with base 

metal values in either data set. Hence, barium is not 

related to base metal concentration. 

Ternary plots of base metal (Pb-Zn-Cu) ratios for 

typical shale, showings, and Archean basement are similar 

(Fig.3.13). The absolute base metal content of these rocks 

is discussed in Chapter 4. In each of the three data sets, 

the samples plot on, or very close to, the Cu-Zn axis, and 

favour the Zn apex. This is not surprising since the base 

metals in the shales, especially the "ambient" 

concentration of base metals in the typical unmineralized 

• 
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shales, would be derived from the parent Archean 

trondj hemi te without intermediate concentration stages by 

convective brine circulation to produce anomalously 

enriched or depleted metal ratios. Oddly enough though, 

base metal ratios for the showings are almost identical to 

that of typical shales. Since these metals have different 

mobilities (Haak et al., 1984; Barrett and Anderson, 1982), 

and were probably deposited as sulphides from sea water 

(Lyd~, 1983) subsequent to a stage_ of concentration from 

ambient basement abundances (and abundances of the 

underlying Lower Member and hosting Upper Member), this 

relationship was not expected. A partial explanation for 

the similarity 1.n showings base metal ratios to that of 

typical shale and Archean basement is the lack of 

·-complexity due to Pb participation in the base metal 

content of these sediments. This is due to the paucity of 

lead and uranium (hence low radiogenic lead donation from 

the basement) in the Archean source area (Appendix 2). 

In addition to detrital source area, the geochemistry 

of these rocks would be affected by hydrologic and 

diagenetic conditions within the basin of deposition. These 

conditions were the subject of studies by Bonatti (1975), 

Robertson and Boyle, (1983), and to some extent Vine and 

Tortelot (1970). 

Bonatti's (1975) ternary plot of (Ni+Co+Cu)xlO v s Fe/ Mn 

distinguishes hydrogenous (slow precipita tion of metals 
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from sea water wherein the metals are derived primarily 

from terrigenous material) pelagic sediments from spreading 

centre "hydrothermal" ferromanganese sediments which 

contain anomalous enrichments of transition metals and arc 

very highly enriched in Mn and Fe. Figure 3.14 illustrates 

the fields for Upper Member typical shales, showings, the 

Teuva showing, and the established fields for hydrologic 

and hydrothermal pelagic sediments. Each of the d-:~ta sets 

from the Warren Creek Formation plot close to the Fe apex, 

indicating that they are affiliated with a hydrothermal 

enrichment trend, an.d contain alr.~ost no manganese, thus 

~hese sediments do not have any affinities with mid-ocean 

spreading centres. The typical shale d a ta are the least 

enriched in Fe, because these samples contained much l c ~s 

sulphide than the showings and Teuva samples. Howe ver, al l 

of these sa~les still plot on the Fe-rich side of Red Sea 
,.... ~ 

sediments which are metalliferous hydrothermal s ediments 

associated with an active spreading centre, and which were 

deposited in restricted, stagnant, brine pools (hence no 

Fe/Mn fractionation by quick precipitation of Fe into 

oxygenated water (ibid.)), and also no c u; zn fractionation 

since all of the sulphides in solution would be 

precipitated unde r restricted conditions). Thus, since the 

sediments of the Warren Creek Formation are intrinsically 

Mn-poor and show an e xtreme :Ce enrichment, they have a 

strong affinity with massive s ulphide d e posit s . ' 
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?" ~~0 
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Mn Deposit 

Fig. 3.14 Established fields for hydrothermal and 
hydrogenous pelagic sediments from Bonatti (1975). The 
field for showings (vertical bars) is a small field within 
the larger typical shale field. 
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Bonatti (1975) also used a very simp.le and practical 

plot of Si02 vs Al203 to distinguish hydrogenous from 

hydrothermal pelagic sediments. Figure 3.15 shows the 

fields for hydrogenous and hydrothermal ~l~gic""~ediments; 

and the fields for Upper Member typical shale, showings, 

a nd the Teuva showing. Silica is · abundant in hydothermal 

solutions and will be enriched in hydrothermal sediments 

relative to Al 2o3 which is deposited as fine detritus. The 

s i 1 ica content of data sets from the Upper Member are \,, 
I 

\ 
slightly enriched in Si02 relative to Al203, and plot 

within, and slightly more Si0;2-rich than, the field for 

hydrogenous sediments. 

Robertson and Boyle ( 1983) classify metalliferous 

marine sediments on the basis of Al versus MnjFe. Again 

hyrothermal pelagic sediments are extremely enriched in Fe 

and Mn and depleted in Al and thus, are easily 

distinguished from typical aluminous pelagic sediments 

(Fig. 3.16). The Upper Member typical shales, showings, an~ 

Teuva showing plot along the Al-Fe axis of this ternary 

diagram in the vicinity of modern Pacific (hydrogenous) 

pelagic sediments. The pyritiferous showings obviously plot 

closer to the Fe apex. 
(' 

The fields for typical shale and showings are shown on 
~.- -

ternary base metal plots, and compared with the data from 

Lydon ( 1983: Fig. J. 17-+-r-·Lydon compiled data from 
.. 

0 
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Cu 

Warren Creek Formation 

Fig. 3.17 Comparison of base metal ratios in Upper Member 
shales (horizontal bars) and showings (vertical bars), with 
established fields for sedex and volcanogenic base metal 
massive deposits worldwide, from Lydon (1983). 
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38 Proterozoic and Phanerozoic sedex Pb-Zn deposits, and 

compared their metal ratios with Archean anti Phanerozoic 

volcanogenic massive sulphide orebodies~ The ternary plots 

for sedex Pb-Zn deposits have lower ~/Pb+Zn ratios than 

the volcanogenic massive suJphides, and an even 

distribution of Zn/Pb ratios distribut~d near the Zn apex 

along the Zn-Pb axis. When the three data sets from the 
. 

Warren Creek Formation are compared with . this data, the 

Warren Creek Formation shows a ff ini ties with volcanogenic 

massive sulphide deposits, having much .righer cu;Zn+Pb 

tics than average sedex Pb-Zn deposits. The field for the 

va showing was not plotted, these. rocks plot on the Zn 

x of the diagram. 
I '-..._ 

To summarize; these plots indicate that these rocks are 

affiliated with a massive sulphide deposit iron-enrichment 

trend ( Bcna'tti, 1975) wnich is similar to that of 
~1 

volcanogenic massive . sulphide deposits (Lydon, 1983) and 

that these sediments were 1\ot deposited near a mid-ocean 

spreading centre, since these 

typically manganiferous (Scott ·et 

types 

al., 

of r deposits 

1974~ Fehn, 

Bonatti, 1975; Robertson and Boyle, 1983;). 

are· 

1986, 

Trace element abundances of typical Warren Creek 

Formation shales, showin~ and Archean basement 

trondjhemite are compared with "a~erage shale" of Vine and 

Tortelot ( 1970) in Table 3. 2. The mean composition of 

typical Warren Creek (W.C.) shale is very similar to 
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Tobie 3.2 Trace element obundonces 
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"average shale" of Vine and Tortelot with no s _ignificant 
~-

element. enrichments or depletions indicated (considering 

the wide , va~iety of geologic environments from which this 
-

averag,e was .calculated). The transition metals Cu, Zn, Ni, 

Cr~ and V are significantly enriched in the showings 

relative to . typical Upper Member sha:le, Archean basement, 

and average shale of Vine and Tortelot (1970). These metals 

are considered to be enriched in the organic fraction of 

metalliferous shale (ibid.), and graphite is abundant in 

the Upper Member shales, suggesting an organic association 

for "metal concentration. 

3 . 2.1.2 Extende~ REE plots (spider diagrams) 

Spider diagrams of Archea·n basement, typical shale, 

showings, and Teuva showing are illustrated · in Figure• 

3.18. The data are normalized to primitive mantle (o~ bulk 

Earth, from values published in Taylor and McLennan, 1981, 

and Jenner et al., 1987) . The Archean basement spidergrams 

slope steeply downward to the right, and display a strong 

fractionation of light rare earth elements ( LREE) from 

heavy rare earths {HREE) , a feature characteristic bf 

granitoid rocks (Arth, 1976). Two samples of typical Upper 

-Member shale are plotted 'with the spidergram for the North 

American Shale Composite or NASC (Gromet et al. ~ 1984). The 

shape of the Upper Member spidergrams are s i mi l ar to the 

NA~C, but have lower overall Th, Nb, Ta, and total REE. The 
'\. . 
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Fig· 3. 18 Extended REE plots for Archean, typical shale 
(wcshale), showings, and Teuva. 
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pattern of fractionated HREE from LREE is not as pronounced, 

in the Upper Member shales as it is in the detrital source 

area (Archean+ spidergrams. This is pr<?bably due to the 

sedimentary process of averaging total REE from a source 

area with highly fractionated HREE, by the enrichment of 

HREE in detrital resistate minerals (Gromet et al., 1984; 

Wronkiewicz and Condie, 1987). Basement rocks and typical 

shale have an Nd depletion which the NASC does not exhibit, .. ~ 

further elucidating their genetic link. The REE pattern for 

typical shales is slightly concave upward suggesting- that a 

moderate degree of winnowing occurred prior to 

lithification :which concentrated HREE in heavy detrital 

minerals. The positive Zr anomaly suggests that the HREE 

are contained in detrital zircon. 

Spidergrarns f6r four Upper Member massive sulphide beds 

have enriched Th, Nb, Ta, and contain 10 to l50 times as 

much REE as typical ··· shale, however the shapes of the . 

spidergrams are.sirnilar to that of the typical shales. The 
.. I .· . 

showings _have a pronounced negative S_r anomaly, lower Ba 
6 

and Rb, and lack the positive Zr anomaly present in typical 

shale suggesting that detrital zircon, and possibly Sr, Ba, 

Rb-bearing feldspars, were not concentrate~ by winnowing 

prior to lithification. 

Bonatti ( 1975) states that hydrogenous sediments have 

total REE abundances '!f.hat are commonly lC to 100 times 

greater than hydrothermal sediments. Since REE in the Upper 

....... 
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Member showings are enriched at least this .much above 

typical shale, contain negative Sr anomalies, and lack 

positive Zr ahomalies (i.e. no winnowing) they are 

interpreted to have been deposited in a low energy 

environment by hydrogenous precipitation from seawater. 

The showings spidergrams ·are similar to the NASC, but 

lack a positive Ce anomaly . Robertson (1981) and Bonatt i 

( 1975) state that hydrogen?us manganiferous sediments 

usually have pronounced positive Ce anomalies which are 
() 

caused by the precipitation of Ce into pelagic sediments as 

seawat.er ce3+ is oxidized in surface waters to insoluble 

ce4+ (ibid.). The lack of a positive Ce anomaly in the 

hydrogenous ,sulphide-rich showi.ngs of the Upper Memb~r 

probably indicates that there was not abundant dissolved 

(reduced) Ce in these waters, or that excess oxidized 

sedimentary Ce was reduced by diagenetic reactions in the ., 
! 

organic-rich sediments, and later expelled in pore waters, 

or lost by diffusion across the sediment-seawater 

interface. 

The data from the two Teuva showing samples is very 

difficult to interpret, since only subtle (fortuitous?) 

similarities exist between these, and the spider diagrams . 

for Archean basement, and showings. The difficulties arise 

from the inability to differentiate between geochemical 

-characteristics contributed to the rock by the authigenic 

detrital mineralogy (see Chapter 4.2.5), and chemistry 
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contributed, or Lemoved, by the mineralizing f~uids (this 

problem is obviated with~typical shgles and' showings, since 

_the gange in the showings is ba?ically typical shale). 

Therefore, the spidergrams for the Teu·.ta showing will be 

compared with each of the three data sets, and the 

interpretation will be minimal. 

The shape of the Teuva spidergrams are similar to that 

of Archean basement rocks however, there are significant 

negative Rb and BW anomalies in the Teuva samples, and the 

total REE in the Teuva are approximately 50% greater than 

in the basement. An interesting common feature of these two 

diagrams is the small positive Ce and La anomalies. Thi s 

may be due to the contribution of authigenic detrital 

monazite to the Teuva sediment which was derived from the 

basement. 

The Teuva and showings spidergrams are very similar ' 

(low to strongly negative Ba, Rb, and Sr anomalies), but 

the Teuva contains greater total REE. This would be 

exp~cted since the Teuva samples contain much less 

sulphide, and much more detrit~l · silicate andjor oxide 

minerals which could contain REE. The coinciding negative 

Ba, Rb, and Sr anomalies result from the paucity of 

feldspars in the showings samples (see discussion above on 
....... 

winnowing) and lack of feldspars in the Teuva samples 

(Chapter 4 . 2. 5) . 

The Teuva spidergrams do not share any common 

' 
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· characteristics with the typical shale spidergrams. Tota l 

RE~ are much higher in .the Teuva showing, . the typical shale 

does not have the negative Ba and Rb anomalies 

characteristic of the Teuva showing, and the typical shales 

do not have the pronounce~ inflection from a negative Sr.to 

a ~osiJive La-Ce anomaly that the Teuva showing exhibits. 

To summarize, the Teuva showing has ~ammon. 

characteristics with the Archean basement and showings . .. 
: The similaritie·s . in the · shape of Teuva showing and Archean 

basement spidergrams arise from the sedimentary 
I 

concentration of REE in resistant authigenic detritus which 

was d~rived from the basement. Total REE however, are 

greater in ·the Teuva showing. The negative Ba, Rb1 and Sr , . 

anomalies in the Teuva showin1g are probably due to ·' the 

diminution of Ba-Rb-Sr-bearing feldspars prior to 
) 

deposition. 

3.2.1.3 summary . . .. 
The geochemistry of Upper Member typical shale. and 

showings reflects the composition of the Arcnean basement 

trondjhemite, implicating this as the source of detritus in 

the basin. Although transition metals are more abundant in 

the sulphide-rich showings, the cu-Pb-Zn ratios are similar 

to those of typical Upper Member shale and Arc h e an 

basement, indicating that no fractionation of base metals 

has occurred by an the intermediate stages of metal 
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leaching, cbncentration, and deposition. 

The iron-rich Warren Creek Formation sedimentary rocks 

I do not have affiniti~s with hydrother~al manganiferous 

• 

pel~gic sediments. This is not surprising, since these 
.• 

sediments were deposited by . a marine transgress ion over 

granitoid basement in a marine shelf environment, and not 

upon ophiolite, near an oceanic spreading centre. 

The .· sulphide-rich showings contain 10 to 150 titles as 

much REE- as typical shale, and lack ahy features suggesting 
.. 

that winnowing occurred prior to lltnification, further 

" suggesting that the depo~itional mechanism was hydrogenous 

precipit~tion from seawater .. .. 
The transition metals fbund to be enriched in Upper 

Member showings relat'ive to typical Upper Member shale are> 

those typi,cally found in the organic fraction of "average 

shales" (Vine and Tortelot, 1970), suggesting that the 

' depositional mechanism for ·base metals in the Moran Lake 

Group is due to biogenic· activity under reducing 

conditions. • 
The paucity of Mn, and abundance of F~ in the typical 

shales, and the lack of Cu, Pb, Zn _fractionation in . the 

showings together support a massive sulphide affinity for 
. 

the sulphide-bearing horizons in the Moran Lake Group. The 

lack of,. fractionation of base metals in the mineralized 

rock suggests "that sulphide deposition occurred in 

restricted· brine pools, where the metals cu, and ~ n, whi c h 
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each have strong affinities for sulphur, were deposited 

rapid 1 y from solution. 

3. 2. 2 Lower Member 

Three samples of the Lower Member siltstones were 

analyzed and the data (Appendix 2) indicate similarities 

with typica 1 shales of the Upper Member, and thus, to the · 

Archean basement trondjhemite. The relationships have 

similar features to those of 
i> • the typ1cal shale-basement 

relationship described previously, i.e. the det:rital 

component of these rocks was derived from the Archean 

basement . 

The samples each consist of finely interbedded, grey 

feldspathic, siltstone in~erdigi1t.ated with fine lamina of 

dark brown to black shale. cu-zn-Pb ratios (Fig. 3.19) plot 

well within the field of the typ icql shales (Fig. 3. 17, pg. 

84). The Lower Member plot of Tio2 vs has (Fig. 3 . 20) 

illustrates the similarity of these raGas - with the field 

for typical Upper Member shale. The Tio2 -Al 2o3 -zr plot 

(Fig. 3.21) shows that the data points;:;._occur within the 

field of data for typical shales (Fig. 3. 7a, pg. 70) 

In short, to summarize this small set of data, it is 

reasonable to suggest that the detritus that formed the 

Lower Member was derived from the basement rocks and was 

the first detritus in a · cant inuum succeeded by the 

overlying Upper·Member~ typical shales. (i.e. there 
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is no geochemical evidence to suggest that this mar i ne 

sequence is alloch~honous with respect to the basement ) . 

3.3 Basalt Geochemistry 

3.3.1 Joe Pond Formation 

Ryan (1984) classified the Joe Pond Formation basal ts 

"' as having komat.iitic affinities but being more cl osel y 

analogous itl chemi c al c_9mposition to olivine tholeiites 

(more CaO and MgO and less Al 2o3 than average tholeiites 

but less Tio2 ~han true olivine tho~eiite s ). 

The Joe Pond Formation basalt~ fall wi thin the ma j o r 

subdivisions for subalkalic and tholeiiti c ro c k s 

(Figs. 3.22, 3.23; after Irvine and Baragar, 1 971 ) and are 

relatively MgO-rich. Sample WC-16 falls in the alkali-rich 
C-

fields of both diagrams, which may reflec t an inc rease i n 

Na20 by spilitization. These basalts are also T iOrpoor , 

and plot in the LKT-OFB field (Fig. J. 2 4; after Pea·rc e a nd 

Cann, 1973). The Ti and Cr contents of th e se rocks a re 

primitive relative to typical low K tholeiite s , h e n ce these 

data plot within the OFB field as well as the LKT fi eld of 

Pearce's (1975) log Ti vs log Cr diagram (Fig . 3 .2 5 ) . On 

the.r.- Al2o3;Tio2 vs Tio 2 plot (Fig. 3. 2 6; after Sun 1\nd 

Nesbitt, 197 8) mos t of the sample s plot in the fiel d for 

MORB, although four' samples plotted in the very h~gh T i 

range (a possible explanation for the seemingly b i modal 
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Fig. 3.25 Joe Pond OFB-LKT discrimination diagram. 
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nature of the Joe Pond basalts on this diagram is discussed 

in Section 3.3.3). Thus, although the basalts have a 

tholeiitic affinity, the cr and M0 c ontents are h i gh 

relative to average tholeiites and overall, <H' E' low i n 

Ti02. These rocks probably formed from a relat ivel y 

primitive (high Mg, Cr, and low K) source b y rifting i n a 

tensional setting near the continental margin, wi thou~ 

contamination from exotic pre-e xisting crust, or e xtens i ve 

fractionation which would reduce the MgO contents to that 

of typical mid-ocean ridge tholeiite. 
\. 

3.3.2 Upper Member b~~~t 

Narrow ( < 5 m), vesicular and massive, d a rk gree n 

basalt flows \~re interdigitated with clastic sedimenta ry 

rocks at the top of the Upper Member. The top o f this 

sequence i s well exposed at the Teuva Sho·..,ing 9 0 m east of 

Heart Pond, and in a complexly faulted and sheared area 

near the Fault Creek Zn showing 500 m southwe st of Dr~gon 

Pond. Field exposures of these rocks typicillly c onsist of 

narrow flows, which are usually vesi r.ular, occurring ~s 

interbeds in sh'ale, or si 1 tstone. The flows hav~ unknown 

lateral e xtent, but consistently outcrop within 200 m ot 

the contact with the Joe Pond Formation . The obvious 

conclusion is that these rocks mark a period of extensiona l 

tectonism during the last sebges of deposition of the Upper 

Member, . ~nd are ~hallow water analogues of the Joe Pond 

. ~ 
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Formation basal'ts, marking the incipient stage of the~e 

younger volcanics. 

Three samples were collected from flows hosted within 
I 

clastic sediments of the Upper Member (Appendix 2). These 

rocks fall within Middlemost's (1980) chemical composition 

range for basal tic rocks (Table 3. ~, and are 1 is ted with 

the composition of the Joe Pond Formation basalts (the data 

represent mean compositions for each group). These rocks 

are clearly more primitive than Joe Pond Formation, 

containing less sio2 , and alkali oxides but more-

FeO. 

These rocks plot in the tholeiitic field of Irvine and 

Baragar (1971), but are clearly alkali-poor compared to the 

Joe Pond basalts (Fig. 3. 27) . These rocks plot wi thir. the 

ocean floor basalt (OFB) field (Fig. 3. 28; after Pearce, 

1975), and two of the samples plot within the OFB field of 

Pearce and Cann (1973). Sample WC-82 (Fig. 3.29) falls 

within the island arc basalt (IAB) field of Pearce and Cann 

(1973), the reason for the high sr content of this sample 

is not known. These basalts are much too rich in "Tio2 to 

fall within sun and Nesbitt's (1978) MORB field (Fig. 3.26, 

pg. 100). On the plot of log Cr vs log Ti the 
./ 

Upper Member basalts plot in the high Ti and high Cr part 

of ~ -the ocean . floor basalt field, while Joe Pond rocks 

straddle the OFB-LKT boundary for rocks with a lower range 

of Ti and Cr contents. In summary, the Warren Creek basalts 

, -

' 4 • 
l ~ 
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Table 3.3 Basalt screen, percent ox ides 

From Middlemost (1980) 

Middlemost 1980 Warren Creek Joe Pond 

Si02 44 to 53.5 45.66 48.45 

A1203 10.5 to 21 .5 10.04 13.54 
... FeO 2.5 to 1 5 20:16 1 5.12 

CoO 5 to 15 
<it! 

7.24 7.48 
Na20 1 to 3.9 0.48 1 . 9 
K20 0 to 2.5 0.57 0.85 

·. 

\ 

\ ---·-
/ ./ ··-
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Fig. 3. 2 7 Upper Member basalt tholeiitic vs calc-alkalic 
discrimination diagram. 
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Fig. 3.28 Upper Member basalt LKT-OFB discrimination 
diagram. 
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Fig. 3. 29 Upper Member basalt OFB-CAB-IAB discrimination 
diagram. 
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have a primitive (high Ti, Cr, Mg, and low Na 2o + K20) OFB 

affinity, while the Joe Pond sequence is a LKT rock with 

OFB affinities (low Ti but high Cr and Mg). 

3.3.3 Extended REE plots (spider diagrams) 

Trace and rare earth element (REE) data for selected 

samples of Upper Member and Joe Pond basalt are p lotted on 

spider diagrams (Figs. '3.30, 3.31). The data are normalized 

to primitive mantle (or bulk Earth, from values publ.ished 

in Taylor and McLennan, 1981, and Jenner et al., 1987 ). Th e 

spidergrams for Upper Member basalt display the typi ca 1 

concave downward shape of ocean island basalts (OIB ; after 

Sun, 1980; Thompson g~, 1984). Samples WC-41 and WC-82 

have enriched (approximately lOX primitive mrtntle) RFF. 

profiles sloping steeply downward to the right, a fe'Glture 
/ 

attributed to generation from a fertilt'l/ OIB source mantle 
i 

(Thompson et al., 1984). The positive Ta j Nb anomaly in .... 
WC-41 is characteristic of basalts formed from OIB source 

mantle (ibid.) . 

Spider diagrams for Joe Pond Formation b~salts have a 

bimodal distribution between; an enriched (10 to 1 00X 

primitive mantle) group (JP-15, JP-17) with an incompat~ble 

element pattern similar to the pattern for typical OIB (and 

Upper Member·basalt), and a group (JP- 1, JP- 10, JP- 14) with 
-~-

slightly enriched (less than lOX primitive mantle) REE and 

\ 
trace element abundances, and relatively flat REE profiles. 
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The spidergrams for JP-1, JP-10 and JP-14 are similar to 

that of the more evolved mid-ocean ridge basal~ (MORB ) 

i.e. flat REE profiles, and an avera 11 gentle slope upwards 

from left to right (ibid.). There is a small posit i ve Ta 

anomaly, and significant positive Ba and Cs anom~lies, the 

f 0 rme~robab~ ·f' 
mantle, an~ the 

The samples 

reflects a relatively primitive MORB source 

latter alteration. 

of Joe Pond Formation with OIB affinities ... 
probably represent lavas geochemically related to the 

underlying Upper Member flows, if it is assumed that the 

Upper Member and Joe Pond basalts are end members in a 
-

comagmatic series. The samples with MORB affinities 

probably represent typical Joe Pond basalt, since this is 

in agreement with the discrimination diagrams discussed 

previously. The bimodality of the Joe Pond Formation may be 

explained by the small number of samples analyzed (5), and 

risk of not having analyzed a sample geochemically midway 

between these two groups. 

·. 
The Upper Member REE 'prof~les strongly resemble those 

of the Teuva showing (Fig. 3.18, pg. 88). This similarity 

may reflect contamination of the Teuva sedimentary rock 

with REE contained in circulating juvenile fluids, or an 

exsol ved gaseous phase related to this volcanism. 

Contamination of this type woulq certainly not be 

surprising when the e;ffect of this volcanism on the ) 

metallogeny of the basin as a whole is considered. This 

\ 
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also supports the hypothesis that the Teuva mineralization 

is a consequence of the incipient stages of Joe Pond 

Formation mafic volcanism (see Chapter 5.2). 

3. 3. 4 Summary 

The appearance of narrow vesicular basalt f l.ows hosted 

in clastic sedimentary rocks of the Upper Member, within 

200 m of the contact with the overlying Joe Pond Formation 

basalts, suggests that these rocks are comagmat ic (Chapter 

2.6). The basalt geochemistry also suggests, but does not 

prove, that these rocks are comagmatic. 

A single phase of magmatism is used to explain the 

genesis of these rocks. The primitive composition~f the 

Upper Member basalt represents an ear 1 y eruption (or ' 

leakage) of magma, prior to the eruption of Joe Pond 

. . .....___ . . 
Format1on basalt, wh.tch evolved geochem.tcally 1n a stable 

magma chamber during the last phases o f deposit ion of the 

.,Upper Member. The spidergrams for each of these basalt 

types indicate that the Upper Member basalt was derived 

from OI B source mantle. Eruptions such as these must 

penetrate the more geochemically evolved MORB source mantle 

in order to reach the earth's surface (Thompson et al,, 

1984), therefore · they are thought to originate over 

convecting mantle plumes or so called "hot spots." Thus, 

to invoke a single phase of magmatism requires that the Joe 

Pond Foqnation basalt is the product of differentiation of 
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primitive (OIB) magma by crystal fra ctionation in a stable 
' 

magma chamber to produce geochemically evolved ( MORB) 

magma. 

Another plausible explanation involves erupt i on of Joe 

Pond Formation basalt from MORB source mantle d ue to 

partial melting induced by pressure release in a rifting 

episode caused by earlier OIB (Upper Member basalt ) 

eruption. This second explanation requires that dissimilar 

magmas erupt via common structural conduits without a 

detectable degree of mixing. A disc ussion o f th e 

geochemical and thermodynamic complexities inherent in this 

explanation are beyond the scope of this work. 

The former explanation is the most practical since it. 

gives a simple account of the genesis of both types of 

basal tic rocks, and explains two outstanding t e ctonic a nd 

stratigraphic features of the Moran Lake Group namely; t hat 

the hot spot which gave rise to the Upper Member basalt, 
) 

and ultimately the Joe Pond basalt, formed a basin by 

crustal expansion and rifting in the J..rchean basement o ver 

an inferred stable magma chamber, into which the marine 

transgressive sequence of the Warren Creek Formation was 

ultimately deposited. 

3. 4 Gabbro 

Dark green, medium to fine-grained gabbro sills and 

dikes crosscut all lithologies of the Moran Lake Group. 
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These rocks are most commonly allotriomorphic granular anu 

melanocratic, however amphibole and biotite-phyric 
) 

melanocratic varieties were observed. These intrusives arc 

probably related (Ryan, 1984) 
) 

to ~he pre-Grenvillidn 
.. 

Micheal Gabbro (Fahrig and Larochelle, 1972), which crops 

out as east~northeast trending linear intrusions throughout 

eastern Labrador. In this study area gabbro crosscuts both 

the Moran Lake and Bruce River Groups, and may be we<'\kly 

foliated to massive. Effusive equivalents of these r;:,cks 

have not been recognized in the area, however their 

'"' geochemistry will be treated as though volcanic analogues 

did exist. 

The gabbro data fall within the subalkal ic field of 

Irvine dnd Baragar (1971), and straddle their 

discrimination line for tholeiitic and calc-alkalic rocks 

(Figs. ·3.32, 3.33). Ryan (1984) noted that ultramafic 

compositions were observed in "gabbros" north of 

Pocketknife Lake. Three samples of gabbro from this study 

· fall within the komatiitic field of Sun and Nesbitt's 

(U78) Ca0/Tio2 vs Ti02 plot (Fig. 3.34), and five samples 

plot in a region of high Al2o 3; Ti02 on the plot of 

(Fig. 3. 3 5; ibid.) for rocks of 

ultramafic composition. Thus these rocks are p~obably 

contaminated MgO-rich magmas which have fractionated Ti02, 

and~ssimilated some alkalis. The alkalic contamination may 

have been inherited from the ~rchea~ granitoid basement or 
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underlying sediments. 

I 

• 
' . 
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CHAPTER 4 

ECONOMIC MINERALIZATION 

4.1 General introduction 

The ge'ology and mineral occurrences of the MorC\n L\kC' 

Group are shown in Figure 4 .1. Economic mineralization in 

the Moran Lake Group consists of gossanous, massive and 

diss(;minated, stratiform, iron and base metal sulphides 

hosted in the Upper Member of the Warren Creek Format-ion 

black shale-siltstone sequence. 

The sulphide gossans are an important rock-f~rming 

constituent of the member, and exhibit remarkable . 
consistency of character in the field. Graphite content, 

however, varies considerably and, where present in 

abundance, is associated with massive pyrite beds up to 2 m 

thick. Typical sulphide gossans consist of black graphitic 

scale and interbedded grey siltstone, with 5 to 15 % finely 

laminated, stratiform pyrite beds, and laminae rich in 

disseminated pyrite and traces of pyrrhotite, chalcopyrite, 

and sphalerite. 

Since previously docu~ented geochemical and geological 

data for these rocks are..C:ery limited (e.g. Hansuld, 19 58; 

Ryan, 1984), and there are no known showings of 

sediment-hosted base metal mineralization in this study 

area, the term "mineral occurrences" : refers to those 

showings w~r or ~inc abundanbes above an 

/ 
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Fig. 4.1 Moran Lake Group geology and mineral occurrences. 
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arbitrarily set ~inimum concentration. 

Table 4.1 lists the average base metal concentrations 

for shales from three studies (Green, 1959; Turekian and 

Wedopohl, 1961; and Vi ne and Tortelot, 1970 ) . From thi s 

data comparison, mineral occurrences were defined as 

sediment-hosted sulphide mineralization containing >7 50 ppm 

Zn, andjor >300 ppm Cu, a nd t~s, are also inc lude d in the 

d~ta set for showi ngs ( > 300 ppm Zn, or > 70 ppm Cu, or > 5~ 

sulphide mineral.LZation) which were discussed in Chapter 

3. 

The absolute metal contents of mineral occurre nces i n 

the Warren Creek Formation are very l o w (75 0 - 5 000 ppm Zn, 

with no significant Pb, Cu, or Ag; Table 4.2) when compared 

with the reported average grades of seve ral g iant 

Proterozoic Pb-Zn deposits (McA~thur River, Mt. I s a , 

Sullivan, Broken Hil'!) which contain 5. 7 -1 1 .1 % Zn , 

4 . 1-14.0% Pb, and 44 to 200 ppm Ag (Lambert, 198 3 ) . Th us , 

the definition of mineral occurrences does not impl y tha t 

the showings contain economically significant Zn or Cu 

abundances, rather~ it serves to define geo chemicall y 
~ 

anomalous horizons in the Upper Member which may h a ve s ome 

economic significance when put into the r e giona l 

s trat i graph i c framework. 

Grab samples from four previously documented (Hansuld, 

1958) pyrite-rich showings (i.e. the Date Grid , Warren 

Gr i d, Fa ult Cre ek, and Three Ponds Showings) c ontained 
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Table 4.1 
Shale base metal CQJ.1tents (ppm) 

Vine & 

Torlelot 
1970 

Cu 70 

Zn <300 

Pb 20 

Green 

1959 

38 

80 

20 

Tureklan &. 
Wedopohl 
19 61 

45 

95 

20 

... .. 
' 
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Ta ble 4 . 2. Me tal c onte nts o f Upper Me mber 

miperal o c c urrence s in pp m. -

Showing Scynple Zn 9d !:.Q !i1L..I;?QQ 

Da te Grid TRC-3 772 320 n i 1 N/ A 

Da t e Gr id TRE-1 6 58 19 1 31 28 

Warre n Grid WC-67 470 2 533 1~ N/ A 

Warre n Grid M-1 353 347 69 78, 

Warr'n Gr id M- 2 383 612 42 70 

Fau lt Cr eek WC- 94 28 65 486 n i l 19 

ThreP. Pond s WC-21 6 2 126 7 59 26 N/ A 

Teuva HP-1.1* 20759 99 nil <5 

Teuva HP- 1 . 2 * 17929 162 II II 

Te u va HP-1.3* 18484 12 3 II II 

~ 

Teuva HP-1. 4 37 2 95 12 1 II N/ A 

___/ *Samples wi t h h i gh Zn wer e c hec ked by a t o mi c absorbt i o n , 

results are as fo l lows : ,..______ 

S amp le Zn% 

HP-1. 1 2 . 69 
... 

HP:- 1. 2 L. 09 

HP-1. 3 2 . 22 

Note: N/A means not a n al y zed , a ll samples contain~d less 

tha h 5 ppm Ag. 
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ove_r 7 50 ppm Zn. 

Several new suJphide-bearing horizons were discovered 

in 1986, and one in particular (T~uva showing) contains up 

to 2.69% Zn within a zon~ of stratabound disseminated 

sphalerite mineralization. The Teuva sho• . .; i ng is a 

pyrite-poor m:neral occurrence, and is treated as a· 

separate data set. 

4.2 Geology of mineral occurrences 

4.2.1 Date Grid showing 

A typical gossan, located 420 m north of the northeast 

bay of Croteau Lake, 

interdigitated sequence 

is exposed 

of pyritic 

in a complexly 

shales, chert, 

siltstone, massive pyritic graphite, and dolostone (see 

inset on Geology Map, back pocket). The mineralizatLm is 

exposed in 5 trenches for 35 m along strike. All assays 

reported from a diamond drilling program in this zone by 

Brinex (Hansuld, 1958) contained trace amounts of copper, 

zinc, and . nickel. 

Up to 35 % disseminated to massive, fine-grained pyrite 

occurs as irregular, 1 to 3 mm laminae along sheared 

siltstone and shale bedding planes, and as fine 

disseminated grains 'throughout all rock types. Traces of 

pyrrhotite, chalcopyrite, and rare sphalerite (Fig. 4.2) 

occur throughout the trenchesJi Remobilized pyrite and 

\ 
'-



121 

Fig. 4.2 Sphalerite in shale, trench c, Date Grid. 

Fig. 4.3 Brecciated siltstone, Date Grid. 
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pyrrhotite form 1 to 3 mm discordant stringers in F1 and F2 

hinge 1 ine fractures and tens ion gashes in cherty and 

calcareous interbeds. 

Sample TRC-3 contained 772 ppm Zn. The rock consists of 

brecciated siltstone (Fig. 4.3, pg. 121) containing. 3 to 5 

't discordant fine-_grained, 1 to 2 mm pyrite stringers 

filling interstices in a melange of light and dark grey, 

elongate 5 mm to 3 em silt fragments. Sample TRE-1, located 

15 m west of TRC-3, contained 658 ppm Zn, and 28 ppb 

Au. This sample was collected from a black, shale-hosted 

massive pyrrhotite-pyrite hori~n 0.5 to .1m thick, on the 

south flank of a massive 1 irnoni te stained chert bed. Much 

of the pyrrhotite in this brittle .unit is remobilized i nto 

a network of fine discordant stringers. 

4.2.2 Warren Grid Showing 

A massive 2 m thick graphitic pyrite bed, containing 

over 50 % pyrite (Figs. 4.4, 4.5) and traces of 

fine-grained pyrrhotite, chalcopyrite (Fig. 4.6), and 

sphalerite (Fig. 4. 7),. is exposed 1 km northeast of Long 

Pond and could be traced in outcrop intermittently for 4 00 

m along Warren Creek. The sulphide bed consists of massive, 

5 mm to 1 em beds of yellow, fine-grained pyrit-e, with 

m·in~r interstitial graphite and amorphous quartz, which are 

finely interbedded with massive black earthy graphite, 

amorphous clays, and quartz (chert?) (Fig. 4. 8). 
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Fig. 4.4 Warren Grid graphitic massive sulphide bed, scale 
in em. 

Fig. 4.5 Warren Grid graphitic massive sulphide bed, scale 
in em. 
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Fig. 4.6 Chalcopyrite (light grey) intergrown with pyrite 
in Warren Grid graphitic massive sulphide bed. 

Fig. 4.7 Irregular sphalerite grain (light grey) intergrown 
With pyrite (grey) , Warren Grid massive sulphide bed. 



125 

Fig. 4.8 Finely interbedded pyrite (light grey) and 
amorphous clay/graphite (dark grey), Warren Grid massive 
sulphide bed. 
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Samples WC-66, and 67, contained 664 ppm Zn, and 36 1 

ppm cu, and 4,702 ppm Zn, and 533 ppm Cu respective l y. 

Samples M-1, and M-2 were collected from the same horizon 

two hundred metres east of this exposure. Sample M-1 

contained 353 ppm Zn and 347 ppm Cu; M-2 contained 383 ppm 

•Zn and 612 ppm Cu. 

4.2.3 Fault Creek Showing 

Sample WC-94 contained 2,8 65 ppm Zn and 4 86 ppm Cu . The 

sample wa~ collected from highly sheared, black, gossanous 

shale 82 0 metres northeast of Heart Pond. The exposure 

occurs along a fault escarpment near the contact with the 

Joe Pond Formation basalts. Thin basalt flows occur local l y 

in the Warren Creek Formation here. 

~ample WC-94 contains 15 to 25% pyrite as massive, 2 em 

thick, fractured beds and fine, disseminated grains. Minor, ... 

very fine-grained, disseminated sphalerite (Fig. 4.9) was 

noted in the field. The rock is highly sheared, and it 

appears as though much of the sulphide has been remobilized 

into planar laminae following s1 , and as trains of fine 

grains along sl. 

I 4.2.4 Three Ponds Showing 

Sample WC-216 contains 2,126 ppm Zn and 7~9 ppm 

Cu. · This sample was collected from angular, gossanous, 

massive sulphide float (over 1 m in maximum dimensions) 4 60 

c 
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Fig. 4.9 Sphalerite (light grey) intergrown with pyrite 
(dark grey), Fault Creek showing. 

Fig. 4.10 Isolated sphalerite grain (light grey) in Three 
Ponds showing. 
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m northeast of the east arm of Pocket Knife Lake. Ha let 

(1946) reported significant shale;-hosted sulphide 

mineralization at this location, and blasted two test 

pits. These pits were not located during this study , a nd 

have probably since collapsed or filled in, however the 

size and shape of the abunda nt massive sulphide float in 

this area suggest a nearby bedrock provenance which is 

likely related to the mineralization described by Halet. 

Sample WC-216 consists of contorted, massive, 2 mm to 1 

em beds of aphanitic r:>yrrhoti te and pyrite with abundant 

interstitial graphite, giving the rock a jet black co l our 

on fresh surface. The massive sulphide beds are 

intercalated with rare, primary, 1 mm pyrrhotite-

chalcopyrite laminae, and contain traces of galena and 
::_., .. 

sphalerite (Figs. 4.10, pg. 127, 4.11). A pervasive network 

Gf 0.1 mm to 1 mm quartz stringers containing f ine 

remobilized pyrite, pyrrhotite, and chalcopyrite c rosscut 

the bedding at high angles (Fig. 4.12). 

\ 

4.2.5 Teuva Showing 

Samples HP-1.1 to 1.4 inclusive were collectea from 

massive, gossanous, green greywacke, 140m east of Heart 

Pond . Each of the four samples contained between 2 . 09 and 

2.69\ Zn with no significant cu or Pb enrichment. Sample 

HP-1.4 has been analyzed by X-ray fluorescence methods only 

which yielded a value of 37,295 ppm Zn. This number 
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Fig. 4.11 Isolated galena grain (white) in Three Ponds 
showing, note detrital rutile needle (dark grey). 

VVC-216 

Fig. 4.12 Highly fractured, graphitic, massive sulphide 
bed, Three Ponds showing. 
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has not been re-checked by atomic absorbtion or neutron 

act:vation and therefore is not listed as the highest zinc 

value from the area due to the innacuracy of 'x-ray 

fluorescence analyses on trace elements in such high 

concentration (Longerich and Veinott, 1986}. HP- 7 and HP- 8 

were also collected from this horizon but did n o t contain 

anf significant enrichments in base metals. 

The host rock for this mineralization is a very 

"dirty", poorly so_rted, fine-grained, chloritic sediment. 

The chemistry of this rock is very unu s ual, however the. 

chemical characteristics can be related to its mi ne ral 

composition. The rock is very MgO-rich (10-15 % MgO), and 

cao-poor (0.68-1.08% CaO), with the exception of HP-8 which 

contains 9.6% cao due to the presence of 50-60 % 

calcite. The MgO is probably contained in ub i quitous 

fine-grained brown-green chlorite which constitutes 20 - 25% 

of the rock. S io2 is always less than 50%, this is not 

surprising since there is very little detrital quartz 

visible in thin section. Detrital quartz, where observed, 

occurs as very fine angular broken grains. Na2o + K2o are 
' 

less than .02% in every sample from this horizon , 

reflecting the paucity of authigenic plagioclase and 

orthoclase. Where feldspars were observed, they occur as 

aphanitic groundmass grains, and rare 0.2-0.5 mm subangular .., 
broken grains. The sediment is rich in titanium (1.4-4.04% \ 

Ti02 ), anp zirconium (154 - 402 ppm) indicating that heavy 



, 

131 

detrital minerals such as rutile, ilmenite, and zircon were 
I 

highly concent~d in these sediments by winnowing prior 

to lithification. Abundant acicular idioblastic rutile w~ 

observed in petrographic thin sections and scanninq 

electron microscope studies of this unit (Fig. 4.1 3). 

The~ horizon is hosted in a complexly int€'rdigita ted 

sequence of chert, basalt, shale, and greywacke, with 

she~red shale and siltstone to the north, and v e sicular 

basalt, shale, and arkose (arkose bed) to the south . 

The sphalerite-bearing horizon is 2-2.5 m wide, and 

traceable for 2 0 m to the west. The zone is covered by 

overburden to the east. Mineralization consist:. of J to 5% 

sphale:r;it~, mainly in fine disseminated grains, wi th 

subordinate 1 to 2 mm discordant remobiJ..ized stringers 

(Fig. 4 .14). Rare pyrite occurs as disseminated fine 

grains, occassionally intergrown with spha l erite 

(Fig. 4.15). The sphalerite mineralization in this hori zon 

is not laterally extensive, an~ appears to be confined to a 

small pod as illus trated on the rock sample location map o f 
• 

the showing (Fig. 4. 16) . The base metal contents of the 

samples are listed in Table 4.2 (f?g. 119). HP-7 and HP-8 

were collected 15 m west and 2 m east respectively, of the 

sphalerite-bearing samples HP-1.1 to 1.4. Samples HP-7 and 

HP-8 containeq 206 and 110 ppm Zn respectively indicating 

that the mineralization has a strike length less than 17 m ... 
at this showing. 
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Fig. 4.13 Rutile needles (light grey) in Teuva showing. 

I • ' 

. l 

Fig. 4.14 Disseminated and stringer sphalerite (brown), in 
chloritic host sediment, Teuva showing. 
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Fig. 4.15 Intergrown pyrite (grey) and sphalerite (light 
grey), Teuva showing. 
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Fig. 4.16 Teuva showing sample location map and geological 
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In thin section and hand sample, fine-grained, equant 

sphalerite grains are evenly distributed throught the 

mineralized (HP-1.1-1. 4) samples and show some elongation 

parallel to s 1 . These elongate disseminated grains also 

form in small clusters and trains parallel to s 1 , possibly 

representing an origina1. bedding fabric (So). The small 

sphalerite stringers appear to have been remobilized from 

the groundmass during later deformational events. 

Eighty metres south of thi~ horizon, a 2 m thick 

pyritic shale and siltstone bed was sampled yielding an · 

assay of 859 ppm Zn (sample WC-40b). The shale is bounded 

to the south by the arkose bed, and to the north by 

vesicular basalt· flows. The sample consists of typ i cal 

fissile sheared brown shale mineralized with up to 7% f ine 

grains and irregular masses of pyrite. This shale bed 

follows the trend of the sphalerite-bearing greywacke to 

the north. The pyritic shale hosting this mineralization is 

distinct from the pyrite~poor, sphalerite-bearing gre}~acke 

to the north, and is included in the data set for showings, 

not the Teuva showing. 

4.2.6 summary 
.· · "'' 

I ,. 

With the . exception of the Teuva showing, mineral 

occurrences consist of sulphide laminae rhythmical l y 

interbedded with their hosting clastic sedimentary rocks . 

There is no metal zonation, footwall alteration 

I 
\ 
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'(chloritization, silicification) or evidence for 

hydrotherma;t fluid focusing (breccias, 
~ . 
discordant 

disseminated or stringer sulphide mi neralization) with the 

mineral occurrences. These features 
f 

suggest that t h e 

sulphides were deposited in very saline, restricted, 

(possibly third order) b?.sins at low temperature ~-; 

(e.g. Sate, 1977; Hodgson and Lydon, 197 7 ; Carne a nd 

Cathro, 19 8 1; Large, 198 3; Lydon, 198 3 ). The temperature of 

the mineralizing solut i ons are inferred from textural and 

morphologic features to be on the order of 12 0 0-150 0 c ( Type 

1 fluids of Sato (1 972 )) based on the deli ca t e l ayer ing o t 

sulphides, li;tck of metal zonation and avera ll low Cu, ilnd 

lack of alteration haloes near the sulphide-bear i ng 

horizons (Lydon, 198 3; Sawkins, 1984; Ca rne and Calhro, 

1981) . These solutions would have been very saline ( l 7 - 2 o 

• wt.% NaCl) in order to form stable brine pools in whic h the 

delicate layering of the sulphides could be depo s i ted a nd 

preserved (~ydon, 1983). 

While pyritic gossans (showings) occy!' throughout the 

map area, mineral occurrences have a tendency to occur pear 

the top of the stratigraphic section of the Upper Member, 

1.5 to 2.2 km above the base of the Warren Creek 

Formation. Figure 4.17 illustrates the relationship between 

depth to basement, and abundance o f Zn i n each of the 

mineral occurrences. The affinity of economic sedex 

> 
mineralization for the uppe r portions of thick 
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clastic/evaporitic sequence·s is well known from the studies 

' of the giant McArthur River (Murray, 19 7 5) , Mt. I sa 

(Mathias and Clark, 1975), Broken Hill (Stanton, 1976), and 

Sullivan (Hamilton et al., 198 3) sediment-hosted Zn-Pb 

orebodies, which all occur in excess of 3 km from the base 

of their host clasticjevapori tic sequences. 

In addition, all of the mineral occurrences, with the 

exception of the Warren Grid and Date G~howings, o c cur 

above the middle dolostone bed. The mid~ dolostone would 

have been deposited during a local marine regression and 

period of stagnation, this would be accompanied by 

increased . salinity, and pass ibly seawater density 

stratification (Goodfellow, 1987). The increased salinity, 

and associated chemical precipitate deposition (do l ostone) 

would enhance the production of organic carbon ( Eugster, 

1984) and facilitate the . precipitation of metals from 

seawater due to bacterial reduction of seawater sulphate 

(Dexter-Deyer et al., 1 
1984) which would result in the 

deposition of stratiform syngenetic sulphide horizons. 

The highest grade zinc mineralization in the study area 

was discovered at the Teuya showing which is 

stratigraphically higher than any of the mineral 

occurrences in the area. Since there is no discernable 

metal zonation or fractionation of Zn from Cu in the Upper 

Member (Section 3. 2 .1. 3) , the Zn-rich Teuva showing does 

. not represent the culmination of a chemically strati! ied 
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sequence of rocks, rather it appears to be related to a 

previously unrecognized style of mineralization in the 

Upper Member. 

The Teuva showing was deposited in a more dynamic 

tectonic environment than the mineral occurrences and 

sulphide showings stratigraphically lower in the Upper 

Member. This is evidenced by the stratigraphic proximity of 

a thick arkose bed (uplift, high energy nearshore 

depositional environment), a banded ironstone bed 

(oxidizing rather than reducing waters), and vesicular 

basalt flows (crustal expansion, rifting, increased heat 

flow). 

An increase ~n geothermal gr:a dient is fre quently 
,-

implicated as a means of circulating sufficient brine s for 

sedex mineralization (Large, 1983; Russell, 1983; Russell 

et al., 1981). In the Moran Lake Group this was facilit a ted 

by the presence of vesicular basalt fl'ows in a stage of 

active rifting and uplift at this stage of Upper Membe r 

deposition, and also by the i,.cipient Joe Pond mafic 

volcanism . 

4. 3 Geochemistry 

The pyrite-rich, shale-hosted mineral occurrences (Date 

Grid, Warren Grid, Three. Ponds, and Fault Creek) , 

and the sphalerite-rich Teuva showing are characterized by 

the Fe-enrichment trends for hydrothe rmal massive sulphide 
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deposits (Chapter 3.2.1.1). 

On a diagram of the lami nnted 

pyrite-rich mineral occurrences and showings plot within 

the field for hydrogenous sediments, and the Teuva showing 

plots in the centre of this large field (Fig. 3.15, pg. BJ) 

indicating that this disseminated Zn-rich mineralization is 

associated with a similar hydrologic regime (silica-poor, 

probably low temperature, and very saline) even though the 

sulphide mineral~JY, and ~t rocks are · unique with respect 

to the showings. Zn is fra~t ionated from Cu in the Teuva 

showing, while no fractionation has occurred in the Fe-rich 

mineral occurences, and sulphide showings lower in the 

SE)quence. The base metal fractionation exhib i ted by . the 

Teuva showing is therefore the signatllre of a u-nique style-

of mineralization in the Warren Creek Formation. 

It is therefore proposed that the characteristics at 

the Teuva Zn mineralization are related to the previ o usly 

des cribed change in sedirn~ntary and tectonic s e tting prior 

to Joe Pond volcanism. 

The greywacke hosting t he Teuva showing is r e latively 

porous, in contrast to the relatively impermeabl~ sha les ot 

the underlying Upper Member, and would be a suitable 

rese rvoir for migrating fluids. If metalliferous flu ids 

c ollected in this unit· by diffusion, or advection from 

adjacent or underlying un i ts, the mineralization would not 

cons ist of finely laminated sulphides such as that seen in 
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the typical pyrite-rich mineral occurrences elsewhere in 

the Upper Member, rather the mineralization would exhibit 

disseminated and stringer textures seen in this occurrence. 

The extent of this type of mineralization in the upper part 

of the Upper Member is unknown, ~~ever the maximum 

duration of this mineralizing event mig~-be constrained 

stratigraphically by the deposition of the arkose bed. 

Since this is also a porous lithology, it would seem l ikely 

that podiforr:. Zn-rich mineralization would be found in the 

core of the Mushroom Pond anticline where this bed is well 

exposed, and it was not. Further prospecting of this bed is 

required though, before concluding, that there is no 

economic mineralization in the arkose, since discordant 

iron sulphide mineralization was noted. 

Copper was effectively removed from the Teuva 

mineralizing fluids. A poss i ble geochemical mechanism for 

the secular enrichment of Zn from Cu is described by 

Hallberg t 1972), whereby reaction with a lower relatively 

oxidized sequence (such as the sandstones o f the Lower 

Member) would t:Jreferentially precipatate cu on the oxide 

coatings of clastic detritus. A similar mechanism envisages 

selective ~precipit~tion within the compacting sediments 

by reaction of circulating metal-bearing brines with a 

basinal redox boundary (Sverj ensky, 1987) as proposed for 

the Angolan Copper be lt (Van Eden, 1978). This model may 

provide a plausible explanabion for the secular enrichment 
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of Zn from Cu in the Teuva showing, if uplift accompanying 

an increased geothermal gradient prior to Joe Pond mafic 

volcanism formed a redox boundary ncar the top of the 

Warren Creek Formation by _ the percolation of oxidized 

waters into the upper strata of the reduced Upper 

·Member. The problem with these hypotheses is that there 

.were no Cu-rich, Zn-poor showings found below the Teuva 

showing. This strongly suggests that the paucity of cu in 

the Teuva showing is due to the development of a unique, 

low temperature hydrothermal system which 

acquired its .metal load in ~ different manner than the 

metalliferous formation brines which precipitated 

·stratiform sulphide beds l.n the lower parts of the Upper 

Member. 

4.4 Summary 

Two styles of economic base metal mineralization occur 

in the Upper Member of Warren Creek Format ion. The most 

common style consists of finely bedded pyritic sediments 

which formed by sulphide precipitation at low temperatures, 

in saline, restricted basins. These mineral occurrences 

increase in abundance above the middle dolostone bed, which 

'signifies a local regression, . stagnation of seawater, and 

increase in salinity. 

The second style of mineralization is characterized by 

disseminated sphalerite, with minor pyrite, in porous 

., 
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greywacke near the top of the Upper Member. The seJimentary 

horizon was probably mineralized by circulating Zn-rich 

brines (.=s_ 1500C) which were trapped in this aquifer as . a 

result of the development of a unique hydrothermal regime 

which formed in a period of increased geothermal gradient 

and uplift in an active tensional setting. 

! .. 
·, 
\l 



143 

CHAPTER 5 

BASIN EVOLUTION AND METALLOGENY 

5.1 Introduction 

In Section 5.2, the evolution of the Moran Lake Group 

will be described based on the stratigraphy of the Group as 

a whole, and the position of massive sulphide horizons in 

the Upper Member of the Warren Creek Formation. The model 

of basin evolution ultimately culminates with a description 

of the metallogenic setting of the Moran ~ake Group in 

Section 5. 3, and a 

exhalative Zn-Pb-Cu 

Lake Group. 

summary of the stratiform sedimentary 

(Ag) deposit potential of the Moran 

5.2 Model for basin evolution: evidence from sulphide 

deposition 

Stage 1: In this stage (Fig. 5. 1) I the detrital 

material which formed the basal siliciclastic rocks of the 

Lower Member of the Warren Creek Formation were being shed 

off of the Archean basement trondj hemi te highland under 

oxidizing conditions. The detritus was deposited as 

fine-grained siltstones, sandstones, and shales, with minor 

carbonate in a nearshore environment. Red beds were also 

deposited throughout this stage. A dolostone bed which 

occurs near the Archean-Aphebian unconformity indicates 
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Fig. 5.1 Stage 1 of basin evolution, looking west. 
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that the sequence onlapped to the east. 

stage 2: Basin subsidence was greatly increased, and 

normal faults developed in response to tension from 

increased heat flow and concomitant crustal expansion. 

Detritus was still being supplied to the basin from the 

Archean highland, however the supply of detritus was 

decreased and black shale deposition dominated over 

siltstone and sandstone. The sediments were deposited into 

deep water below the photic zone, and red beds were no 

longer deposited. 

At this .stage, hydrologic and lithostatic conditions 

had evolved to the point where conditions were favourable 

for disseminated and massive sulphide deposition. These 

conditions resulted from the massive expulsions of pore 

water from the ever thickening sedimentary pile undergoing 

compaction (e.g. Krishnan and Oertel _ (1980) calculated that 

some phyllosilicate-bearing rocks from the Labrador trough 

underwent a 68% decrease in volume by compaction and loss 

of pore water). Sulphide deposition occurred in the Upper 

Member of the Warren Creek Formation according to the 

following reactions as illustrated in Figure 5.2: 

1: Reactive metal (Fe, Zn, Cu) oxides andjor hydroxides 

(MeO) contained in authigenic detritus, or as pigmentation, 

or coatings, (Figs. 5. 3, 5.4) on sandstone clasts 

(i.e. red beds) in the Lower Member silciclastics, are 

dissolved by Cl--rich formation waters (Lydon, 1983) to 
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Stage 2 

aubafdence, tra nagreaalon 

Fig. 5. 2 Stage 2 of basin evolution, 
reactions l to 4. 

looking west, note 
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Fig. 5.3 Oxidized clastic detritus from Lower Member, note 
rounded detrital Fe-oxide grains (white) and detrital 
qtz. clasts (dark grey). 

Fig. 5.4 Fe-oxide coating 
qtz. clast, Lower Member. 

(light grey) on detrital 
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form metal chloride (MeCl) rich brines. A simplified 

reaction for the solution of zinc oxide by a chloride-rich 

brine is as follows (Bourcier and Barnes, 1987): 

Periodic 1 and ephemeral, fluid residency in secondary 

porosity caused by fluid overpressurization and crack 

nucleation enhances the solute content of the brines 

(Etheridge et al., 1984) which ascend along lithostatic 

pressure gradients and normal faults to the sediment-sea 

water interface. Seismic pumping along normal faults 

(Sibson et al., 1975) may have also facilitated brine 

expulsion, and would explain the periodic deposition of the 

massive sulphide horizons in the Upper Member which are 

separated by· as much as several hundred m of intervening 

barren shale. The seismic fluid pumping mechanism is 

facilitated by similar physical conditions as Etheridge et 

al. 's (1984, p. 4351) "crack seal fluid pump" which causes 

upward advection of pore fluids due to crack nucleation 

parallel to the direction of maximum shortening as Pnuid 

(in pore spaces) exceeds the minimum compressive stress + T 

(the tensile strength of the compacting sediments) . The net 

fluid flow at this stage was vertical, away from the base 

of ""the sedimentary pile 1 causing a net vo!ume decrease 

(compaction) of the sediments. No downward penetrat*.m of 

fluids (i.e. seawater) occurred in this stage as the 

formation brines were heated by the ambient geothermal 
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gradient of the subsiding basin and were expelled upwards 

from the compacting sediments by slow advective f low along 

normal lithostatic pressure gradients. 

The Cl- content, and thus base metal capacity (B~rrett 

and Anderson, 

increased by 

1982) 

Cl-

of the formation waters may ha~een 

contribution from the dolost~ which 

occurs near the Archean-Aphebian unconform i ty. The 

resulting dense, saline fluids would probably correspond to 

Type 1 fluids of Sato (1 972 ), at 12oOc, and 3m (17.6 wt.\ ) 

NaCl (Fig. 5 . 5 ). 

2: Sea water sulphate ( so4 = ) undergoes reduct ion below 

the seawater redgx boundary by anerobi-9 bacteria which 

decompose organic matter to produce H2s according t.o the 

following simplified reaction (Westrich, 1983 ) : 

The energy derived from the reduction o f sulphate · b~ 

anerobic bacteria is used to drive cellular metabolic 

reactions (Dexter-Dyer et a l. , 198 4) and thus, 1 s a very 

common reaction in the reduced bottom waters of euxinic 

environments , a nd in the uppermost layers of organic-rich 

pelagic sediments (Berner, 1983; Dexter-Dyer et al., 1984 ). 

3: Metal •chloride complexes are expelled on to the 

sea-floor. The 3 m NaCl brines at 1200 to 15o0c would h ave 

a density · greater than seawater (Sato , 1972: Lydon, 19 83; 

Shanks et al., 1987) and thus, the fluid would 
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Fig. 5.5 Temperature, density, and salinity of hydrothermal 
fluids, after Sato ( 1972) . Warren Creek Formation fluids 
were probably type 1, note that mixing is inhibited by the 
formation of a stable dense bottom layer. 
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naturally move downslope to settle 1n topographic lows, or 

if the basin was restricted, it wou ld have formed the 

bottom anoxic layer of a stratified water column 

(Goodfellow, 1987). The metal chloride complexes redcted 

with H2s'" to form metal sulphides in a manrwr andlogous t o 

the following simplified reaction for sphalerite: 

ZnS + Cl- + 2H+ 

Met~l s4lphides precipitate out of solution as finel y 

laminated sulphide beds. The finely laminated nature of the 

sulphide beds in the Warren Creek Formation suggests that 

this mineralization occurred in stable brine pools. The 

lack of any recognizeable footwall alteration or metal 

zonation indicates that the. sulphide beds were deposited 

distally from their discharge vents. 

4: The reaction of MeCl with H2 s may also occur in the 

surface layers of highly reduced pelagic sediments. The 

presence of decomposing organic material (preserved as 

graphite) greatly enhances the production of H2s from pore 

water sulphate in pelagic sediments. The react ion of . iron-
.f 

bearing detrital minerals with H2 s in this environment 

results in the formation of diagenetic sedimentary pyrite 

(Hallberg, 1972~ Berrer, 1984; and Dexter-Dyer et al., 

1984) and is probably the source of the ubiqui taus 

disseminated pyrite in the shales of the Upper Member of 

the Warren creek Formation. The reaction may have proceeded 

according to the simplified equation for pyrite: 

• 
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Thus, with active normal faults in place, there . woul d 

be sui table topography for the deposit ion of dense brines 

in stable pools, sufficient reductant for the 

metal-bearing chloride complexes to react with and form 

sulphides, and massive sulphide deposition in the Upper 

Member of the Warren Creek Formation. The Warren and Date 

Grid sulphide horizons were deposited at th i s stage o f 

basin evolution. These deposits are extremely iron-ri c h , 

and contain anomalous Zn (up to 4, 702 ppm) anq Cu (up to 

612 ppm). • 
Stage 3: The middle dolostone bed is depos i ted at th i s 

stage (Fig. 5.6). The lateral extent of th i s bed ~s not 

known since it does not crop out west of Heart Pond. The 

presence of a chemical precipitate _!::}d within the black 

shale sequence indicates that waters in the basin became 

hypersaline. This was probably caused by the shallowing o f 

the basin by the protracted influx of detritus f rom the 

Archean highland. The detrital influx must have +XCeeded 

the rate of subsidence, indicating that the crustal h e a t 

flow was relatively low at this stage. 

Stage 4: Rapid subsidence of the basin is reactivated 

with the return to the hydrologic and lithostatic 

conditions of Stage 2 (Fig. 5. 7 ) . React ions l to 4 are 

again contributing a volumetrically signific ant sulphide 

component to the stratigraphy. The brine density and metal 
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Fig. 5.7 Stage 4 of basin evolution, looking west. 
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content of the brines may have increased above the middle 

dolostone due to the contri_fution of c hloride from this 

unit. The rate of fluid ascent is continually ~nhanced by 

the increasing thickness of sediments in the basin 1 and 

more efficient expulsion of pore water from basal sediments 

by advection andjor seismic pumping up normal faults. The 
\ 

Three Ponds and Fault Creek sulphid~ were deposited at 

this stage. Again, these contain anomalous concentrations 

of Zn (up to 2,865 ppm) and Cu (up to 759 ppm). 

Stage 5: The Zn-rich Teuva showing is depos i ted at this 

stage (Fig. 5. 8) • The geochemistry and stra tigraphic 

position of this mineral occurrence have important 

implications for the basinal heat flow and tectonic model 

of the basin. The Zn content 
~ 

of these rocks reaches 2. 69 %, 

but the Cu content is very low (max. 162 ppm). This metal 

fractionation and Zn enrichment trend is caused jJY an 

abrupt change in fluid chemistry resulting from a change in 

fluid flow from slow brine seepage and advective ascent in 

Stage 2 to 4, to rapid downward penetrating hydrothermal 

convection in this stage. 

The Teuva mineralization is hosted in a clastic 

sedimentary horizon which was deposited immediately below a 

sequence of rocks which include vesicular basalt 1 arkose 1 

and ironstone. These units were deposited in a stage of 

a ctive tensional tectonics and uplift as described in 

Section 2.6. The deposition of these rocks, especially 

J 
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was deposited nearshore, requires 

significant cru~tal expansion and uplift from Stage 4. This 

would be facilitated by an increase in the geothermal 

gradient of the basin. This is indicated by the presence of 

vesicular and massive b~salt flows in the upper portions of 

the Upper Member which appear directly above t he Teuva Zn 

mineralization. These basalt flows are primitive (high Mg, 

Ti, Cr) relative to the succeeding Joe Pond Formation 

basalts, and represent the precursor magma to this later 

volcanism. These primitive lavas ascended along normal 

faults and tensional fractures which developed as the crust 

expanded under increased basinal heat flow. 

Since the fluids which mineralized the Teuva showing 

did not contain a significant amount of Cu, they are 

interpreted to have been cooler than 200Dc. Formation 

brines ascending from lower · parts of the Upper Member at 

this stage would have probably been heated to at leas t 

2 ooOc as crustal isotherms were upwarped. Copper chloride 

complexes become much more soluble above this temperature 

(Lydon, 1983), however no significant Cu enrichment is 1 

prese~ in the Teuva showing, in fact this mineralization 

is characterized by a depletion in Cu. This suggests that 

the mineralizing fluids were probably not heated formation 
\ 

waters derived from deep crustal levels, since the Teuva 

showing would probably .,contain at least as much copper as 

the stratiform sulphide mineral occurrences, and does not. 
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It is therefore proposed that the direction of fluid 

flow in the basin changed from upward seepage of zn; cu rich 

brines, to downward convection of seawater as crustal 

isotherms were upwarped prior to incipient Joe Pond 

volcanism. These fluids leached mobile zn from shallow 

crustal levels by downward seawater penetration in a 

"conventional" circulating hydrothermal cell. The paucity 

of Cu in the Teuva showing indicates that the se convection 

cells did not penetrate as deep as the 2000c is;therm. This 

also suggests that the 
T 

newly initiated convective tluid 

flow was shortlived, since convection ce~ls tend to 

progessively penetrate d~eper crustal levels i n active 

rifting environments (Russell et al., 1981; Russell, 

1983). This interpretation is further supported by the 

observation that this stratabound sphalerite mineralization 

does not extend into the overlying porous arkose bed ( s ee 

section 4. 3), which it would have, if the hydrotherma 1 

regime had been active longer (subsequent to the'deposition 

of this bed) . 

Stage 6: The Joe Pond Formation basalts a scend along an 

extensive net~ork of normal faults and tensional fractures 

which developed in stages 1 to 5 and are upgraded in this 

stage by active tension and subsidence (Fig. 5.9). 

These basalts are fractionated relative to the 

underlyin9 vesicular basalts in the Warren Creek Formation , 

'reflecting the development of a stable a magma chamber 

I 
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below the basin. 

5.3 Discussion and metallogenic model 

Field mapping of the Moran Lake Group str~tigraphy 

elucidated numerous common features between these rocks ~nd 

typical marine transgressive sequences described in 

classic sedimentary exhalative Zn-Pb-Cu (Ag) deposit model s 

(e.g. Morganti, 1981; Gustafson and Williams, 1981; Russell 

et al., 1981, 1983; carne and Cathro, 1982; Large, 1983; 

Lydon, 1983; Eugster, 1984)11\Tne combination of a porous 

basal sequence of sandstone and sil~stone ( Lower Member of 

the \-Jarren Creek f-ormation) 

' 
and an ove;:lying black 

shale-siltstone sequence (Upper Member of the Warren Creek 

Formation) is of particular metallogenic significance. The 

hydrology of sedex deposits is such that, regardless of the 

sources for the metals and sulphur which form base metal 

sulphides, metalliferous brines must form and encounter H2 s 

to form stable sulphide ores. The combination of porous 

basal stratigraphy and tensional tectonics resulting in 

deep water shale deposition, are essential fo r the 

production and advection of metalliferous brines , and their 

expulsion and reaction with at, or near the 

sediment-seawater interface. The stratigraphy of the Moran 

Lake Group indicates that physical conditions for these 

reactions could have existed in this basin. 

Geochemical study of sulphide mineralization in the 
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Moran Lake Group provided insight into less tangibl e 

aspects of basin evolution such as; degree of seismic 

activity from observation of the cyclic nature of massive 

sulphide deposition, basinal heat flow based on the 

development of chemically diffe~entiated and texturally 

distinct sulphide mineralization (shown to vary from the 

base to the top of the Warren creek Formation) , and nature 

G of formation brines based on metal content, degree of metal 

zonation within sulphide beds, and presence or absence of 

wall roc k alteration. The results of this study ,i ndic ate 

that none of the above features related to sulphide 

mineralization in the Moran Lake Group, are more than 

remotely similar to typical sedex orebody models , thus the 

Moran Lake Group does not represent an attractive 

exploration target. The reasons for this are described in 

greater detail below. 

Metallogenic models for basin evolution near sed e x 

orebodies climax with the deposition of a zoned exhalative 

Zn-Pb-Cu (Ag) or~body. The model for the evolution of the 

Moran Lake Group (above) does not climax with the 

deposition of a Zn-Pb-Cu ( Ag) orebody. The geology and 

geochemistry of the Moran Lake Group suggest that such a 

climax is very unlikely since none of the geochemically 

analyzed- samples contained s i gnif icant amounts o f Zn, Cu, 

Pb, or Ag (i.e. none of the "mineral occurrences" defined 

by the present work would constitute ore-g rade 
\ ~ 
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mineralization in a typical sedex orebody). At best there 

is pote'1tial for a clastic-hosted graphitic Zn-Cu deposit 

which might be developed by upgrading the Zn-cu content ot 

a typical stratiform graphitic pyrite bed such as the Three 

Ponds or Fault Creek mineral occurrences. There is also ?\ 

possibility of forming a stratabound Zn deposit near the 

top of the Upper Member of the Warren Creek Formation 

similar in character to the Teuva mineral occurrence. 

The lack of metal zonation within individual sulphi<.ie 

horizons, and absence of footwall alteration indicates that 

the sulphides were deposited under low temperatures tram 

highly saline brines which were expelled from sediments 

undergoing compaction under th<3 influence of a moderate 
., 

geothermal gradient, ultimately to settle 1n topographic 

lows and deposit their metal load under reduc i ng 

conditions. The fact that the solutions were very saline (-

3 m NaCl), and probably too dense to diffuse through pore 

spaces to any large degree (Lydon, 1983), indicates that 

these fluids were probably focused, and discharged from 

vents somewhere in the basin. 

The chemistry of the lower mineral occurrences; Warren 

Grid, Date Grid, Fault Creek, and Three Ponds showing~ 
\ 

indica,te, by · their lack of metal fractionation, that pore""""' 

fluids had a relatively long residency period with which to 

dissolve Zn and Cu from the hosting sediments. The base 

metal ratios of typical shale, showings, mineral 

• 
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occurrences, and Archean basement are similar, indicating 

that no fractionation occurred from the leaching t o 

depositional stages as sulphide-rich beds, thus the 

acquisition of these meta l s probably occurred over a 

protracted ·period, but the deposition was probably rapid, 

since no metal fractionation occurred after acquisition of 

these metals into the brines. In the Zambian, 

Kupferscheifer, and Angolan sedimentary copper belts , 

relatively oxidized grits and sandstone substrates act as a 

depository for Cu in ascending brines. The Cu i s 

concentrated in oxidized zones proximal to the discharge 

vent, while mobile Zn is flushed through the sediments to 

distal sites of deposition (Van Eden, 1974; 1978). 

Gustafson and Williams (1981) and Lydon (1983) advocate 

that the fractionation of Zn from Cu in sedex deposits is 

an inherent property of se~ex mineralization. This can 

occur either by "filtering" through basal oxidized 

stratigraphy as discussed above, or simply by brine 

temperature and salinity (Carne and cathro, 1982; Sa to ,. 

1977; Russell et al., 1981), or by deposition of Cu in 

footwall stockwork mineralization below finely bedded 

Zn-Pb-Ag ore as is the case at the giant Sullivan (Hamilton 

et al.'- 1983) McArthur River (Murray, 197 5 ) and 

Rarnmelsberg (Hannak, 1981) orebodies. 

The massive pyritic beds in the Moran Lake Group have 

none o' these features, rather the brines implicated in the 

/ 
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deposition of the sulphide beds were low in overall base 

metal content, and are not selectively depleted in cu by 

either; deposition of Cu in the Lower Member oxidiZt.."d 

sandstones (since no cu-rich Zn-poor mineral occurrences 

have ever been described in the Lower Member rocks) , or 

deposition of Cu-rich stockworks below Zn-r ich strati form 

mineralization since no stockwork mineralization was 
t 

discovered anywhere in this part of the Moran Lake Group. 

Most of the sulphide mineralization in the Warren Creek 

Formation formed by slow seepage of brines through basal 

sandstones and shales with no abrupt redox changes, or 

temperature variation. 

The Teuva showing 1s associated with significantly 

---~----_./- enriched Zn, mineralization which is also fractionated wi-th 

I 

respect to Cu, reflecting uplift in the last stages ot 

Upper Membe~ deposition, and shallow penetration of 
, 

ephemeral hydrothermal convection cells which did not'· 

penetrate to the 200°c isotherm. Zn was leached rapidly • 

from the upper part of the Upper Member a nd deposited as 

pediform stratabound disseminated sphalerite in a porous 

sedimentary host. copper is not enriched in the Teuva 

showing due to the short-lived downward penetrating 

convection and early saturation of fluids with the more 

mobile zinc chloride, and the shallow penetration of the 

convection cells . Obviously the Teuva' mineralization does . 
not fit the typical sedex Zn-Pb-Cu (Ag) model either , even 
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though "conventional" seawater convection did develop as 

suggested in the model of Russell et al. (1981). 

5. 4 Conclusions and recommenda t.ions 

Known base metal mineralization in this part of the 

Moran Lake Group occurs as very low grade Fe-zn-cu 

stratiform sulphide beds and as small, Zn-rich, stratabound 

pods of disseminated sphalerite mineralization. Neither of 

these types of mineralization bear much similarity with the 

large sedex orebodies of the world such as Sullivan, 

Rammelsberg, Mt. Isa, or McArthur River. It is very 

unlikely that .economic grade stratifc;>rm sediment-hosted 

Zn-Pb-Cu (Ag) 'ore occurs anywhere in this area. The style 

of mineralization in the Teuva however, should not be taken 

for granted since it may represent the incipient stages of 

classic "sedex" mineralization which was extinguished by 

effusive mafic Volcanism. 

From an economic perspective, the sphalerite 
. ' 

mineralization similar to the type found at the Teuva 

showing represents the most attractive exploration 

target. The search for more of this type of mineralization 

would be most effective it directed in the Warren Creek 

· Formation near the contact with the Joe Pond- Formation, 

sinc:::e this is where hydrologic and tectonic -conditions were 

t~~ost favourab.le in the Moran Lake Group. The arkose bed in 

the core of the Mushroom Pond anticlin.e would also be a 
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good place to look, should the hydrothermal system which 

mineralized, . the Teuva showing have existed subsequent to 

the deposition of this porous unit. 
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APPE!ij)IX 1 

ANALYTICAL METHODS ' 

Grab samples weighing 2-4 kg. were collected for 

geochemical analysis. oxide coatings · a~d weatnered rin~s 

\lere removed. using . a rotary rock-cutting table saw. The 

rock slabs~ and chips· were. theri crushed in a table top jaw 

c;rusher for up to two minutes before pulverizing in a 

tungsten-carbide puck mill: This produced a powder of at 

least -100' · mesh. If a large quantity of chips were 

pulverized, the resultant powder was coned and split into 

halves until just enough 

ml sarnpl~ bottle. 

Major element analyses 

powder rerna ined to . fill a 12 5 
I 

Loss on ignition (volatiles) was determined by 

weighing an · aliquot of rock -powder (weighed accurately to 

10-4 g) "into a porcelain crucible, heating the crucible to .-
10500 c for at least two hours, cooling in a dessicator, 

and then weighing the de-volatized sample for percent loss 

'·, of volatiles . 

P 2 o 5 was analyzed . with a Bausch and Lomb Spectronic 2 0 

Colourimeter ( i e. colourimetrically), based on a 

modificatl on of the method outlined by Shapiro and Brannock 

(1962). 

, 

. =' 
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The other major element oxides .by were determined 

atomic abso~tion . spectrometry. ~amples were prepared using 

the methods of Lanqmhyr· and Paus ( 1968) and the elements 

were analyzed on a Perkin-Elmer Model 370 atomic absorption 

spectrometer with digital readout. S1Jlphide-rich samples 

from the warren Creek formation required disSblution in 

aqua-regia. Precision of· this method is indicated in Table 

1. 

Trace element analyses 

The ·· traae elements were determined by X-Ray 

fluorescence techniques - on pressed whole roc'k powder 

pellets using a Phillips 1450 automatic X-Ray fluorescence 

,spectrometer witA a ·r.Rodium tube .. The pellets were made 

from a mixed powder containihg 10 g sample and 1-1.5 

g binding material (Union Carbide Phenolic Resin 

TR-16933). The powder was pressed at 30 tons psi for a 

minute before being baked for 10 minutes at 1s.o 0c. Data 

reduction was computed with a Hewlett-Packard 98458 mini 

computer. 

Precision and accuracy for the trace elemelt anal~ses· 
are given in Table 2 using the standards as 

listed. Published values are·from. Flanagan (19731. 

Precious metal determietions .... 

Seven prepared pulps were sent to Bonqar-Clegg & 

. ' 
\ 



,:· -·. 

... 

180 

Ottawa, ont., for Au/Ag analysis by 

instrumental neutron act'i'¢'a,tion analysis (·I.N.A.A.). This 

m~thod fnvo-lves weighing and enc~psulating 10 g of pulp 

into a vial, and analysis by neutron activation . 

. REE determinations 

Rare earth· elements (REE) were determined by the 

following method: 

1- a s~andard HF/HN03 digestion of 0.1 grn sample 

2- analysis of the solution by induct:lvely coupled plasma 

mass spectrometry (ICP-MS) using \he 

addition tQ correct for matrix eff.~s. 

method of standard 

Sample material insQluble in HF/HN03 was attacked with 

HC1/HN03 . Some of the Warren Creek Formation massive 

sulphidejgraphite samples required this, any residue after 

HC1/HN03 digestion was fi!tered off. 

_A, reagent blank (RBK) and a sample of the CANMET 

geolo_gical reference standard SY-2 . (syenite) were analyzed 

with· the samples. The reagent blank concentrations are not . 
subtracted from thes_e analyses since this contamination is 

usua-lly insignificant. At least one sample solution was 

analyzed in duplicate ·for,each analytical run. 

... 
Scanning electron microscopy and ion probe analyses 

Pblished, carbon-coated thin section~ we re examined in 

.. . 
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Table 1 Precision of Major Element Analyses 

(based on four analyses of standard G-2 . Published va l ue 
. -,., 

~rom Flanagan (1970)). 

\ 
Published Range ... 

Element Value Mean - ~ Low, High 

Si02 69.11 69.70 0 .. 57 68.50 69.96 , 

Al203 15.40 15.10 0.24 11.75 15.60 

Fe2o3 2.65 2.60 0.02 2.64 2.74 

MgO 0.76 0.80 0.005 0.75 0.82 

CaO 1. 94 2.00 0.10 1. 92 2.14 

Na 2o 4.07 4.30 0.02 4.07 4.21 

K20 4.51 4.56 0.02 
. 

4.50 4.57 

Ti02 0.50 0. 50-. 0.01 0.47 0.51 

MnO 0.03 0.03 0.00 

• i 



.. 
182 

- ' Table 2 n and accuracy of trace element analyses 

S.l). deviation; N= no. of analyses; Pub. = 
I 

- published value. 

.. 
W-1 S.D. N Pub. G-2 S.D. !:! Pub 

v 263 4.73 7 240 4 3 ' 3 10 34 ·• 
cr 96.8 2.5 7 120 1-3 3 10 9 

cu 99.0 2.16 7 110 17 1 10 11 

Zn 95.7 1. 70 7 86 85 2 10 85 
I 

170 ...,__ Rb 22.6 2.07 7 2'1 166 2 10 

Sr 172 2.94 7 190 477 7 · 10 480 

y 25.1 3.08 7 25 11 2 11 . 12 ., 
Zr 87.3 1. 70 7 105 292 

~.., 

3 10 300 

Nb 7.29 1.50 7 9.5 10 1 10 14 
'-... , 

Ba 183 10.2 7 160 1865 30 10 1850 

Pb 9.86 3.33 7 8 27 2 10 29 
'--, 
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a Hitachi 5570 Scanning Electron Microscop.e at an 
• 

.,acceleratinq voltaqe of 15-20 kv . . Backscattered electron 

} imaging utilized a GW · Electronics Type 113 solid state 

-Backscattered Electron ~teeter. x-r·ay analysis was 

performed on beam spot mode with a Traco.r No~thern 1soo 

Energy Dispersive X-ray analyzer equipped with a microtrace 

silicon X-ray spectrometer 1 Model 70152
1 

wit::h a spectral 

resolution of 145 ev. Detector-sample positioning gave an 

e~f~ctive take-off angle of 30°. 

Backscattered electron images were recorded on Pol a roid 
I 

Type 665 Positive/Negative film. 
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APPENDIX 2 

GEOCHEMICAL ANALYSES 

Major and trace elements amalyzed by A.A. and XRF 

respectively. 

Archean basement 

file Nate : archean 
Satple a-1 a-2 a-4 a-5 a-6 a-14 a-15 a-18 

SiOa 81.70 72.00 70.80 68.00 69.90 70.60 71.20 60.10 
Ti02 0.40 0.44 0.40 0.12 0.32 0.36 0.76 
Al20a 9.62 13.90 14.60 14.70 11.60 13.90 12.50 14.40 
feO 0.11 2.27 2.92 2.60 2.23 2.54 4.03 6.88 
""0 0.01 0.03 0.02 0.04 0.09 0.00 0.03 0.08 
"gO 0.10 1.08 1.66 1.49 1.63 1.00 0.92 3.51 
CaO 0.36 0.80 1.24 1.76 3.66 2.42 1.14 2.92 
NaaO 3.39 5.20 4.05 4.38 4.58 5.02 1.83 4.35 
K20 2.43 1.56 2.37 2.30 1.46 1.46 3.18 1. 39 
P20s 0.01 0.07 0.14 0.10 0.03 0.07 0.11 0.33 
Total 97.73 97.31 98.24 95.77 95.30 97.36 95.30 94.72 

LOI 0.41 1.75 2.24 3.12 5.34 2.89 3.16 3.40 

"g I 62.00 46.00 50.00 51.00 57.00 41.00 29.00 48.00 

Cr 1 3 13 23 
Ni 4 5 
v 36 35 42 18 28 48 125 
Cu 3 1 1 2 3 34 
Pb 5 866 
Zn 36 50 53 8 34 191 106 

Rb 56.00 94.00 82.00 50.00 43.00 109.00 52.00 
Ba 312 674 1377 1164 684 338 
Sr 197.0 193.0 159.0 193.0 239.0 106.0 239.0 
6a 19.00 18.00 18.00 12.00 15.00 25.00 20.00 

Nb 4.00 5.00 6;00 -- -..00 5.00 2.00 10.00 
Zr 112.0 138.0 162.0 74.0 104.0 160.0 193.0 
Ti 2398 2638 2398 719 1918 2158 4556 
y 7.0 12.0 8.0 12.0 11.0 6.0 24.0 
Th 3.000 10.000 
u 3.00 3.00 
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Lower Member 

file Naae : lvrvarcr 
Saaple vc-2 vc-3 vc-6 

Si02 91.20 67.40 64.20 
TiOz 0.36 0.48 
Al202 0.56 15.80 16.70 
F'eO 2.76 3.91 4.63 
11n0 0.49 0.01 0.04 
"gO 0.56 1.77 2.23 
CaD 1.16 0.26 1.26 P' 

Na20 0.01 2.40 2.80 ~ 

K20 0.01 3.69 3.82 
P20s 0.01 0.08 0.07 
Total 96.76 95.68 96.23 

LOI 2.27 2.65 3.45 

"g I 27.00 45.00 46.00 

Cr 72 86 
Ni 20 42 
y 14 71 80 
Cu 10 10 10 
Pb 3 
Zn 4 30 34 

Rb 1.00 116.00 118.00 
Ba 569 654 
Sr 32.0 70.0 78.0 
Sa 9.00 19.00 

Zr 7.0 227.0 199.0 
Ti 2158 2878 
y 6.0 70.0 18.0 
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Upper Member typical shale 

file Naae : vcshale 
Saaple dg-2 dg-3 dg-4 vc-25 vc-35 wc-47 vc-49 

Si02 50.40 43.40 59.10 61.90 73.40 
Ti02 1. 96 1.36 0.44 0.36 0.12 
Al20:a 13.40 15.40 15.70 18.70 12.60 
reo 13.31 15.52 7.60 2.61 
"no 0.03 0.04 0.03 0.02 0.02 
"gO 5.92 8.99 5.48 2.14 1.04 
CaD 0.32 0.56 0.20 0.14 P' 0.32 

' Na20 1.30 1. 01 2.68 2.82 2.97 
1(20 2.30 1.19 2.02 3.97 2.65 
P20s 0.16 0.39 0.10 0.05 0.07 
Total 89.10 87.86 93.35 90.10 0.00 95.80 0.00 

LOI 7.75 6.91 4.55 3.07 2.90 

"g I 44.00 51.00 56.00 100.00 0.00 42.00 0.00 

Cr 169 26 110 83 83 43 1621 
Ni 56 40 77 37 40 11 207 
y 670 871 291 99 145 45 981 
Cu 183 176 63 31 46 23 236 
Pb 9 27 16 8 
ln 145 178 107 69 56 18 191 

Rb 47.00 35.00 72.00 135.00 108.00 83.00 9.00 
Ba 983 494 271 503 648 377 23 
Sr 26.0 39.0 46.0 103.0 111.0 113.0 103.0 
Sa 19.00 25.00 18.00 24.00 17.00 14.00 28.00 

Nb 17.00 22.00 12.00 13.00 8.00 8.00 66.00 
lr 198.0 277.0 198.0 184.0 242.0 218.0 533.0 
y 37.0 61.0 21.0 20.0 18.0 17.0 42.0 
Th 15.000 13.000 
u 7.00 9.00 15.00 10.00 
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File Nate : we shale 
Satple wc-50 wc-55 wc-61 

Si02 61.10 
Ti02 0.40 
Al202 18.10 
FeD 4.34 
11n0 
l'lgO 1.60 
CaO 0.20 
Na20 3.85 
K20 3.82 
P20s 0.07 
Total 0.00 0.00 93.48 P' 

~ 

LOI 5.27 

l'lg I 0.00 0.00 40.00 

Cr 7 3 106 
Ni 4 s 34 
v 64 30 233 
Cu 4 33 26 
Pb 13 3 
Zn 110 224 45 

Rb 149.00 42.00 113.00 
Ba 759 210 674 
Sr 86.0 21.0 84.0 
Sa 39.00 16.00 24.00 

Nb 128.00 46.00 11.00 
Zr 868.0 378.0 269.0 
y 65.0 29.0 24.0 
Th 3.000 17.000 
u 5.00 17.00 
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File Naae : wcshale 
Saaple wc-110 vc-165 wc-195 wc-215 wc-224 vc-206 vc-200 vc-205 vc-115 

Cr 849 222 155 73 933 99 146 103 141 
Ni 47 53 43 28 304 40 48 22 1 
Co 45 27 40 
5< 24 54 25 29 
v 315 423 424 106 307 222 329 215 215 
Cu 60 63 65 35 189 p82 61 17 19 
Pb 5 10 .. ~ 3 5 2 
Zn 94 98 73 98 667 335 123 43 55 

Rb 4.00 85.00 95.00 88.00 112.00 74.00 131.00 133.00 
Ba 91 355 647 835 851 239 666 721 
Sr 7.0 39.0 106.0 76.0 20.0 132.0 40.0 93.0 88.0 
Sa 10.00 22.00 23.00 19.00 13.00 23.00 22.00 25.00 25.00 

Nb 24.00 23.00 8.00 5.00 33.00 
Zr 199.0 206.0 138.0 135.0 21&.0 196.0 99.0 186.0 130.0 
y 13.0 28.0 21.0 13.0 24.0 19.0 15.0 18.0 19.0 
Th 1.000 11.000 9.000 3.000 1.000 13.000 6.000 
u 10.00 9.00 7.00 11.00 7.00 4.00 9.00 10.00 13.00 
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Showings 

file Na1e : showings 
Sa1ple trc-2 trc-3 trc-4 trc-5 trc-6 tre-1 vc-66 

SiOz 48.60 51.80 45.30 50.70 62.30 20.00 
TiOz 1. 20 1.96 1.32 0.56 0.48 0.08 
AlzOa 12.50 18.40 15.50 9.50 10.40 5.33 reo 19.69 11.10 17.95 20.12 15.23 50.95 
""0 0.04 0.04 0.05 0.31 0.04 0.04 
"gO 8.05 4.22 4.62 5.72 2.21 3.41 
CaO 0.52 0.46 0.38 2.88 1.58 0.06 
NazO 0.67 1.60 1.84 0.22 1.12 0.55 
KzO 0.78 3.94 2.52 0.43 2.33 0.10 
PzOs 0.24 0.27 0.27 0.30 0.04 .,. 
Total 92.29 93.79 89.75 90.74 95.73 • 80.52 0.00 

LOI 7.49 5.37 9.30 7.78 3.42 19.43 

"g I 42.00 40.00 31.00 34.00 21.00 11.00 0.00 

Cr 91 249 198 129 62 30 43 
Ni 47 60 42 41 11 474 54 
Co 80 
Sc 
y 706 641 621 338 65 291 338 
Cu 229 320 126 150 191 361 
Pb 9 31 
Zn 214 772 275 207 46 658 664 

Au 28.0 

Rb 19.00 101.00 69.00 12.00 69.00 s.oo 7.00 
Ba 291 1419 933 168 655 94 54 
Sr 19.0 38.0 43.0 73.0 49.0 4.0 50.0 
Sa 17.00 21.00 17.00 7.00 9.00 8.00 

Nb 15.00 16.00 15.00 8.00 8.00 11.00 
Zr 190.0 209.0 174.0 101.0 179.0 59.0 76.0 
Ti 7194 11750 7913 3357 2878 480 12000 
y 54.0 64.0 65.0 36.0 17.0 16.0 18.0 
Th 
u 5.00 2.00 1.00 2.00 16.00 
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File Na•e : showings 
Sa1pll! vc-40b vc-67 •-1 •-2 vc-94 vc-216 tra-1 tra-2 

Si02 39.30 28.90 26.40 46.10 17.60 91.60 96.70 
Ti02 5.04 0.20 0.24 0.24 0.12 
Al20a 12.40 5.95 3.02 5.67 1.04 
F'eD 21.76 38.84 36.38 20.34 55.80 2.91 0.23 
"nO 0.15 0.02 0.03 0.04 
"gO 6.27 1.85 0.40 0.70 1.11 0.22 
CaO 1.38 0.04 0.02 0.74 0.06 
Ni20 0.02 1.41 0.42 1.11 0.01 
K20 1.72 0.56 0.90 1.39 0c03 0.03 
P20s 1.00 0.03 0.05 0.04 0.02 0.18 
Total 89.04 77.80 67.81 75.61 o.oo 75.76 95.69 97.02 

LOI 7.37 22.27 32.41 23.83 22.95 2.85 2.22 

"g I 34.00 8.00 2.00 6.00 57.00 3.00 12.00 0.00 

Cr 3049 70 79 92 359 4 
Ni 1719 307 373 180 347 512 6 
Co 72 280 79 94 
v 836 501 838 941 281 250 4 
Cu 266 533 347 612 486 759 40 7 
Pb 26 15 69 42 26 7 
Zn 859 4702 353 383 2865 2126 

Au 78.0 70.0 19.0 

Rb 44.00 15.00 30.00 so.oo 8.00 3.00 1.00 
Ba 342 144 165 309 5 14 
Sr 27.0 8.0 3.0 12.0 245.0 29.0 4.0 
Ga 6.00 4.00 11.00 

Nb 46.00 8.00 7.00 9.00 15.00 16.00 2.00 3.00 
Zr 504.0 65.0 71.0 109.0 122.0 55.0 5.0 6.0 
Ti 30215 1199 1439 14l' 6115 719 
y 45.0 18.0 19.0 39.0 28.0 7.0 6.0 
Th 2.000 4.000 
u 31.00 37.00 27.00 12.00 
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file Nate : showings 
Sa1ple : trb-1 trc-1 vc-224 vc-21 vc-206 vc-218 

SiO~ 45.10 48.80 Si02 37.30 Si02 51.30 
Ti02 1.40 1.32 Ti02 4.68 Ti02 0.56 
Al20:a 13.30 8.76 AlaO:a 12.00 AlaO:a 12.20 
FeO 20.90 22.33 FeO 19.55 feO 11.52 
1'1n0 0.02 0.16 1'1n0 0.16 ttnO 0.09 
MgO 8.17 3.88 1'1g0 10.79 ttgO 7.09 
CaO 0.28 1.68 CaO 1. 70 CaD 0.38 
Na20 0.74 0.25 NaaO 0.05 I! Na20 3.28 
K20 1.18 1.02 KzO 1.05 kaO 1.63 
P20s 0.18 0.31 PzOs 0.74 PaDs 0.25 
Total 91.27 88.51 Total 0.00 88.02 0.00 Total 88.30 

LOI 8.05 10.23 LOI 7.95 LOI 8.47 

11g I 41.00 24.00 "g I 0.00 50.00 0.00 ttg • 52.00 

Cr 135 72 Cr 933 58 gg Cr as 
Ni 88 60 Ni 304 90 40 Ni 54 
Co 61 53 Co 40 91 Co 91 
v 706 404 Sc 18 v 537 
Cu 210 516 v 307 906 222 Cu 155 
Pb 8 Cu 189 as 82 Zn 127 
ln 173 184 Pb 

Zn 667 200 335 Rb 32.00 
Au Sr 110.0 

Au Ga 20.00 
Rb 29.00 29.00 
Ba 463 396 Rb 15.00 112.00 Zr 200.0 
Sr 17.0 40.0 Ba 2787 851 y 37.0 
6a 17.00 8.00 Sr 20.0 60.0 132.0 Th 5.000 

Ga 13.00 32.00 23.00 u 2.00 
Nb 13.00 13.00 
Zr 155.0 142.0 Nb 
Ti 8~3 7913 Zr 216.0 466.0 196.0 
y 36.0 45.0 Ti 34100 
Th y 24.0 49.0 19.0 
u Th 3.000 

u 7.00 4.00 



193 

Teuva showing 

file Na1e : teuva 
Sa1ple hp-1.1 hp-1.2 hp-1. 3 hp-1.4 hp-7 hp-8 

Si02 42.50 49.10 48.60 45.10 46.70 35.50 
Ti02 2.68 3.84 4.04 1.40 3.44 2.56 
Al20a 10.60 9.10 9.10 9.85 8.55 5.63 
FeD 15.11 14.23 15.31 13.16 20.23 14.83 
"no 0.10 0.12 0.12 0.08 0.18 0.27 
"gO 14.81 12.57 12.28 14.78 10.46 13.18 
CaO 0.88 0.68 o. 72 1.08 0.78 9.60 
Ni20 0.01 

P' 0.01 
k20 0.01 0.02 0.02 
P20s 0.66 0.56 0.6$ 0.80 0.53 0.20 
Total 87.34 90.20 90.77 86.27 90.89 81.80 

LOI 7.22 5.67 5.43 7.00 6.75 15.68 

"g I 64.00 61.00 59.00 67.00 48.00 61.00 

Cr 82 39 97 1220 
Ni 95 62 75 90 114 848 
Co 59 49 57 59 
y 547 757 718 383 556 436 
Cu 99 162 123 121 86 115 
Pb 4 
Zn 26900 20900 22200 37295 206 110 

Rb 3.00 3.00 5.00 2.00 3.00 2.00 
8i 28 37 44 39 148 29 
Sr 40.0 29.0 29.0 43.0 35.0 146.0 
Sa 30.00 23.00 25.00 37.00 13.00 

Zr 402.0 341.0 336.0 392.0 326.0 154.0 
Ti 16067 23021 24220 8393 20623 15347 
y 47.0 42.0 35.0 52.0 43.0 23.0 
Th 1.000 1 .ooo 
u 5.00 
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Gabbro 

File Nate : gabbro 
Sa•ple vc-24 vc-27 vc-174 vc-184 wc-185 wc-194 wc-196 

Si02 50.20 50.30 45.90 45.20 52.80 49.80 
Ti02 0.92 1.40 0.36 3.44 0.64 0.76 
Al202 9.95 16.20 12.00 5.76 13.30 13.70 
reo 11.67 11.21 g.34 15.65 8.29 11.60 
ftnO 0.18 0.15 0.15 0.20 0.13 0.16 
"gO 13.15 5.14 6.81 12.73 7.74 11.58 
CaO 8.74 4.90 7.56 13.16 7.76 7.38 
Na20 1.88 2.96 .72 0.95 I!' 2.63 2.68 
K20 1.11 2.32 2.23 0.34 ' 2.90 1.32 
P20s 0.20 0.61 0.21 0.30 0.30 0.22 
Total 98.00 95.19 86.28 0.00 97.73 96.49 99.20 

LOI 2.76 4.05 12.70 2.66 2.63 1. 73 

"g I 67.00 45.00 57.00 67.00 59.00 62.00 64.00 

Cr 378 93 409 1627 1076 413 388 
Ni 106 22 51 538 766 171 103 
Sc 33 24 
v 221 269 208 136 399 204 232 
Cu 38 76 2 33 233 88 10 
Pb 3 2 1 
Zn 129 89 68 74 130 56 88 

Rb 26.00 61.00 68.00 39.00 7.00 77.00 36.00 
Bi 786 751 526 356 86 800 410 
Sr 330.0 508.0 273.0 372.0 182.0 545.0 360.0 
6a 9.00 18.00 14.00 8.00 14.00 16.00 11.00 

Nb 7.00 8.00 5.00 32.00 6.00 
Zr 69.0 100.0 70.0 64.0 244.0 83.0 96.0 
Ti 5515 8393 2158 5200 20623 3836 4556 
y 24.0 32.0 14.0 12.0 29.0 17.0 15.0 
Th 6.000 
u 2.00 7.00 1.00 9.00 10.00 
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file Na1e : gabbro 
Sa•ple vc-1~2 vc -186 vc-214 vc-84 vc-189 

Si02 58.20 4~.00 48.00 4~.40 
Ti02 0.40 0.44 0.44 0.29 
Al20a 13.70 14.90 13.40 14.90 reo 12.08 8.16 8.41 9.08 
ttno 0.05 0.13 0.13 0.13 
"gO 4.35 7.12 7.21 7.38 
CaD 0.92 7.34 7.70 5.62 
Na20 1. 92 3.11 1. 91 0.28 
K20 1. 51 1.7~ 1.48 2.09 
P20. 0.21 0.17 0.16 I" 0.27 . 
Total 93.34 0.00 92.16 88.84 89.43 

LOI 4.93 7.27 9.32 8.84 

"g I 39.00 40.00 61.00 60.00 59.00 

Cr 312 1082 205 364 
Ni 86 152 64 19 38 
Sc 44 35 
v 450 242 239 192 244 
Cu 79 82 8 23 21 
Pb 15 11 
Zn 137 85 75 47 119 

Rb 47.00 31.00 42.00 46.00 79.00 
Ba 388 380 540 373 349 
Sr 40.0 297.0 407.0 349.0 118.0 
Sa 17.00 14.00 14.00 10.00 18.00 

Nb 22.00 5.00 7.00 
Zr 183.0 ~.0 68.0 59.0 81.0 
Ti 2398 2638 2638 1679 
y 22.0 20.0 16.0 16.0 1~.0 
Th 11.000 11.000 6.000 u 11.00 3.00 10.00 1.00 6.00 



196 

Joe Pond Formation 

file Naae : joepond 
Saaple jp-1 jp-10 jp-14 jp-15 jp-17 jp-2 jp-5 

Si02 43.70 47.10 49.30 44.40 35.40 47.60 44.80 
Ti02 0.68 0.80 0.88 4.80 4.92 0.76 4.36 
Al20~ 13.70 13.60 12.20 10.80 13.40 12.90 9.33 
feD 11.41 12.00 11.91 20.80 24.08 14.15 14.29 
"no 0.19 0.18 0.20 0.19 0.35 0.16 0.18 
"gO 9.70 8.74 9.60 8.09 8.24 12.03 7.96 
CaO 7.52 10.90 9.08 4.80 3.70 3.74 9.32 
Ni20 2.03 3.20 3.11 0.02 0.02 1.19 0.33 
K20 0.36 0.10 0.15 0.11 1. 3,9. 0.04 2.65 
P20a 0.05 0.07 o.os 0.56 0.55 7.34 0.48 
Total 89.34 96.69 96.48 94.57 92.05 99.91 93.70 

LOI 9.82 3.01 2.63 5.06 6.10 7.34 5.04 

"g I 60.00 56.00 59.00 41.00 38.00 60.00 50.00 

Cr 370 211 177 69 136 142 81 
Ni 180 107 91 74 124 68 73 
Co 66 
Sc 49 
y 324 287 300 677 822 395 522 
Cu 942 105 101 100 317 152 
Pb 12 
Zn 79 60 62 159 253 76 103 

Rb 12.00 5.00 11.00 5.00 47.00 
Cs 2.00 
Ba Ill 79 78 493 2311 50 4620 
Sr 69.0 109.0 96.0 81.0 208.0 33.0 313.0 
Sa 9.00 15.00 2.00 27.00 31.00 21.00 

Nb 7.00 s.oo 6.00 57.00 63.00 7.00 52.00 
Zr 45.0 48.0 47.0 367.0 424.0 48.0 345.0 
Ti 4077 4796 5276 28776 29495 4556 26138 
y 18.0 20.0 26.0 37.0 37.0 23.0 40.0 
Th 1.000 5.000 6.000 
u 1.00 4.00 8.00 16.00 7.00 
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File Na1e : .ioeoond 
Sa1ple vc-13 vc-130 vc-16 vc -201 vc-23 

SiO~ 46.10 48.70 48.40 Si02 53.90 41.10 
Ti02 0.68 0.76 0.88 Ti02 1.32 5.60 
Al202 13.50 13.40 17.20 Al20:a 13.40 10.30 
reo 11.26 9.69 8.80 feD 16.00 17.36 
11n0 0.17 0.17 0.13 11n0 0.17 0.20 
11g0 9.58 7.36 6.16 11g0 5.73 9.19 
CaO 11.00 7.68 6.56 CaO 1.50 9.36 
N420 2.34 3.43 3.38 Na20 2.36 0.31 
K20 0.36 0.16 2.42 K2D 0.84P 1.05 

~ P20s 0.04 0.09 0.24 P20s 0.09 0.70 
Total 95.03 91.44 94.17 Total 95.31 95.17 

LOI 3.67 7.42 5.07 LOI 3.77 5.20 

11g I 60.00 58.00 56.00 11g I 39.00 49.00 

Cr 180 209 18 Cr 223 29 
Ni 121 101 8 Ni 82 85 
Co Sc 70 
Sc 43 v 500 633 v 268 300 177 Cu 112 
Cu 82 57 19 Zn 206 129 
Pb 
Zn 59 48 7 Rb 23.00 27.00 

Ba 270 929 Rb 4.00 1.00 45.00 Sr 61.0 176.0 Cs 
Sa 18.00 20.00 

Ba 184 36 682 
Sr 44.0 85.0 420.0 Nb 60.00 Ga 10.00 9.00 12.00 Zr 90.0 397.0 

Ti 7913 33572 
Nb 8.00 6.00 v 20.0 45.0 Zr 48.0 42.0 56.0 Th 8.000 
Ti 4077 4556 5276 u 4.00 y 23.0 16.0 17 .o 
Th 
u 7.00 4.00 
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Upper Member basalt 

file Na1e : wcbasalt 
Sa1ple vc-41 vc-82 hp-4 

Si02 37.30 46.10 42.10 
Ti02 4.28 2.04 4.12 
Al20a 8.18 13.90 9.74 
reD 19.11 13.33 19.93 
!tAO 0.21 0.14 0.16 f' 

•; 

"gO 9.43 9.45 9.42 
CaO 9.98 5.56 6.36 
Na20 0.02 2.03 0.21 
K:aO 0.10 2.06 0.48 
P20s 0.38 1.17 0.35 
Total 88.99 95.78 92.87 

LOl 11.12 4.71 7.99 

"g I 47.00 56.00 46.00 

Cr 93 150 46 
Ni 119 62 135 
y 595 262 722 
Cu 181 25 119 
Zn 128 106 134 

Rb 11.00 61.00 27.00 
Ba 58 1286 89 
Sr 272.0 577.0 238.0 
6a 16.00 13.00 15.00 

Nb 39.00 10.00 28.00 
Zr 266.0 99.0 225.0 
Ti 25659 12230 24699 
y 34.0 33.0 37.0 
u 15.00 4.00 
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Trace and rare earth elements determined by ICP-MS 

Archean basement 

file Naae : archean 
Saaple a-2 a-18 a-6 a-4 a-5 

Sc 13 2 2 

Rb 57.22 56.90 49.03 95.67 82.80 
Cs l. 51 1. 51 0.58 3.27 2.00 
Ba 331 332 1188 652 1409 
Sr 199.1 ~5.9 201.4 200.6 172.7 
Tl 0.36 0.29 0.31 1.48 0.49 
Li 12.77 43.86 2.36 18.68 16.84 

Ta 0.54 0.40 0.39 0.12 0.55 
Nb 1.35 3.05 0.31 0.21 1.31 
Hf 1. 23 1.08 0.61 0.93 1. 02 
Zr 40.5 40.1 15.4 31.7 34.1 
y 1.8 15.1 3.1 1. 9 1. 9 
Th 2.104 4.135 1.357 5.600 0.380 
u 0.23 0.64 0.14 1.33 0.17 

La 14.2 47.4 6.6 20.8 7.1 
Ce 27.7 96.5 13.5 37.2 13.2 
Pr 2.8 10.8 1.6 4.0 1. 4 
Nd 9.4 39.2 6.2 12.1 4.9 
51 1.4 6.2 1. 2 2.1 0.8 
Eu 0.4 1. 4 0.4 0.4 0.3 
Sd l.O 4.7 3.1 1. 3 1.9 
Tb 0.1 0.6 0.1 0.1 0.1 
Dy 0.4 3.5 0.6 0.5 0.4 
Ho 0.1 0.6 0.1 0.1 0.1 
Er 0.2 1.8 0.3 0.5 0.2 
Tl 0.0 0.2 0.0 0.1 0.0 
Yb 0.1 1.5 0.1 0.1 O.l 
lu 0.0 0.2 o.o 0.0 0.0 



200 

showings typical shale 

File Na1e : showings we shale 
Silple wc-67 •-1 wc-94 wc-216 trc-3 wc-35 vc-206 NASC 

Sc 13 9 16 3 48 9 12 15 

Rb 11.76 36.10 2.11 0.63 84.29 107.46 109.63 125.00 
Cs 2.11 2.85 1.35 0.21 1.53 2.10 2.35 5.16 
Ba 122 163 5 46 991 537 784 636 
Sr 11.6 9.4 278.6 4.8 43.8 114.5 112.1 142.0 
Tl 6.90 6.71 0.36 3.43 5.87 0.73 1.00 
li 28.53 17.24 7.21 15.98 %.76 24.16 38.44 

Ti 0.64 1. 30 3.93 0.20 1. 75 .p-0.16 0.60 1.12 
Nb 5.83 13.09 30.43 1.54 19.03 ' 3.13 6.16 
Hf 1. 74 1.19 3.02 0.41 5.51 3.89 3.74 6.30 
Zr 60.7 48.1 109.0 16.1 180.0 121.2 113.2 200.0 
y 9.5 16.9 26.7 3.7 15.3 11.7 7.9 
Th 1.337 1.510 1.760 0.764 1.072 5.255 4.706 12.300 
u 12.19 15.53 6.66 6.38 0.71 2.47 3.57 2.66 

La 4.1 10.3 20.4 2.7 9.5 s.s 6.1 10.4 
Ce 6.9 17.8 41.0 5.0 23.1 14.0 12.9 67.0 
Pr 1.2 2.5 5.5 0.7 3.7 1.8 1. 8 
Nd 4.8 9.6 22.7 2.9 17.7 7.3 6.7 30.4 
s. 1.1 1. 9 5.2 0.7 4.6 2.1 1.6 6.0 
Eu 0.3 0.5 1.8 0.2 1.1 0.7 0.4 1.3 
Gd ' 1. 1 1.8 5.0 0.6 4.3 1.8 1. 6 3.7 
Tb 0.2 0.3 0.8 0.1 0.6 0.3 0.3 0.3 
Dy 1. 4 2.1 4.4 0.7 3.7 2.1 1. 7 3.7 
Ho 0.3 0.5 0.9 0.1 0.8 0.4 0.3 
Er 1. 1 1. 8 2.4 0.4 2.4 1. 3 1.1 2.2 
T1 0.2 0.3 0.3 0.1 0.4 0.2 0.2 
Yb 1.4 2.4 2.1 0.5 2.6 1.4 1. 2 3.1 
lu 0.3 0.5 0.3 0.1 0.4 0.2 0.2 0.2 

*NASC - North American Shale Composite. 
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Teuva showing Upper Member basalt 

file Naae : teuva file Naae : vcbasalt 

Sa•ple hp-1.1 hp-1.4 Saaple vc-41 vc-82 

Sc 24 17 Sc 31 25 

Rb 0.38 0.50 Rb 7.01 62.51 

Cs 0.32 0.36 Cs 0.79 7.97 

Ba 8 8 Ba 25 1326 

Sr 48.0 50.4 Sr 285.~ 602.5 

Tl 0.06 0.07 Tl {" 0.17 0.59 
Li ' 14.55 

Li 27.56 23.65 65.00 

Ta 1.13 0.12 Ta 2.57 0.64 

Nb 18.18 2.21 Nb 38.57 8.25 

Hf 8.75 5.22 Hf 4.64 2.79 

Zr 339.7 261.3 Zr 148.1 82.3 

y 35.8 39.0 
y 22.4 23.0 

Th 3.757 4.008 Th 2.534 0.955 

u 1.04 1.25 u 0.61 0.28 

La 47.1 53.1 La 22.4 28.3 

Ce 116.6 134.7 Ce 53.7 63.9 

Pr 16.4 18.2 Pr 7.3 8.8 

Nd 68.9 78.9 Nd 31.6 38.1 

Sa 15.1 17.1 s. 8.0 7.7 

Eu 4.5 4.9 Eu 2.4 2.2 

6d 12.8 13.3 6d 7.2 6.6 

Tb 1. 8 1. g Tb 1.1 0.8 

Dy 8.6 9.0 Dy 5.8 5.0 

Ho 1. 5 1.6 Ho 0.9 0.9 

Er 3.7 3.9 Er 2.3 2.6 

Ta 0.4 0.5 T• 0.3 0.3 

Yb 2.5 2.5 Yb 1.5 2.1 

Lu 0.3 0.4 lu 0.2 0.3 
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Joe Pond Formation 

file Na.e : joepond 
Sa1ple jp-1 jp-10 jp-14 jp-15 jp-17 

Sc 41 37 44 32 37 

Rb 13.08 1.05 2.69 2.80 16.16 
Cs 0.93 0.44 0.34 0.98 0.85 
Ba 97 76 60 380 3130 
Sr 73.8 109.2 94.8 88.8 224.8 
n 0.14 0.09 0.11 0.04 

.p. 
0.16 

Li 75.64 31.75 25.48 45.29 87.74 

Ti 0.30 0.16 0.17 2.85 1.44 
Nb 2.13 1.27 1.22 36.62 26.85 
Hf 0.95 1.23 1.12 8.53 10.77 
Zr 23.5 33.8 28.2 273.7 396.3 
y 12.5 15.0 16.1 32.4 34.0 
Th 0.172 0.147 0.135 4.197 5.020 
u 0.05 0.05 0.04 0.94 1.43 

La 1.5 1.8 2.1 43.8 48.8 
Ce 4.5 5.2 5.6 106.9 111.7 
Pr 0.7 0.9 0.9 14.5 14.5 
Nd 3.7 4.4 4.8 61.1 59.8 
s. 1.3 1.7 1. 7 13.9 12.7 
Eu 0.4 0.6 0.6 3.8 3.6 
6d 1.8 2.3 2.4 11.9 13.4 
Tb 0.3 0.4 0.5 1.6 1. 6 
Dy 2.4 2.7 3.0 7.7 8.4 
Ho 0.5 0.6 0.7 1. 3 1.5 
Er 1.5 1.9 2.0 3.4 3.8 
Ta 0.2 0.3 0.3 0.4 0.5 
Yb 1.5 1.8 1. 9 2.2 2.6 
Lu 0.2 0.3 0.3 0.3 0.4 
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