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shales, would be derived from the parent Archean
trondjhemite without intermediate concentration stages by
convective brine circulation to produce anomalously
enriched or depleted metal ratios. 0ddly enough though,
base metal ratios for the showings are almost identical to
that of typical shales. Since these metalsvhave different

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

apd were probably deposited as sulphides from sea water
(Lydag, 1983) subsequent to a stage of concentration from
ambient basement abundances (and abundances of the
underlying Lower Member and hosting Uppé; MemEer), this
relationship was not expected. A partial explanation for
the similarity in showings base metal ratios to that of
typical shale and Archean basement  is ihe 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).

Inqaddition 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 Bconatti (1975),
Robertson and Boyle, (1983), and to some extent Vine and
Tortelot (1970).

Bonatti’s (1975) ternary plot of (Ni+Co+Cu)x1l0 vs Fe/Mn

distinguishes hydrogenocus (slow precipitation of metals
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from sea water wherein the metals are derived primarily

from terrigencus material) pelagic sediments from spreading

centre "hydrothermal" ferromanganese sediments which

contain anomalous enrichments of transition metals and are
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 hydroloqié
and hydrothermal pelagic sediments. Each of the data sets
from the Warren Creek Formation plot close to the Fe apex,
indicating that they are affiliated with a hydrothermal
enrichment trend, and contain almost no manganese, thus
these sediments do not have any affinities with mid-ocean
spreading centres. The typical shale data are the least
enriched in Fe, because these samples contained much less
sulphide than the showings and Teuva samples. However, all
of these sagples still plot on the rFe-rich side of Red Sea
sediments which are metalliferous hydrothermal sediments
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
oxygénated water (ibid.)), and also no Cu/Zn fractionation
since all o©of the sulphides in solution would be
precipitated under restricted conditions). Thus, since the
sediments of the Warren Creek Formation are intrinsically
Mn-poor and show an extreme Te enrichment, they have a

strong affinity with massive sulphide deposits.







82

Bonatti (1975) also used avvery simple and practical
plot of Si05 vs Al»03 to dis.tinguish hydrogencus from
hydrothermal pelagic sediments. Figure 3.15 shows the
fields for hydrogenous and hydrothermal pé/iaqic‘éediments,'
and the fields for Upper Member typical shale, showings,
and the rI‘Qeuva showing. Silica is  abundant in hydothermal
solutions and will be enriched in- hydrothermal sediments
relative to Al,05 which is deposited as fine detritus. The

'
zsilica content of data sets from the Upper Member are
slightly enriched in S5i0, relative to Al,05, and plot
'l within, and slightly more SiOs-rich than, the field for
’ hydrogenous sediments.

Robertson and Boyle (1983) classify metalliferous
marine sediments on the basis of Al versus Mn/Fe. 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, and
Teuva showing plot along the Al-Fe axis 'o'f 'this t;_ernary
diagram in the vicinity of modern Pacific (hydrdqenous)
 pelagic éediments. 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. 3.1%)~ Lydon compiled data from
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38 Proterozoic and Phanerozoic sedex Pb-Zn deposits, and
compared their metal ratios with Archean amd Phanerozoic
volcanogenic massive sulphide orebodies. The ternary plots
for sedex Pb-Zn deposits have lower gﬁ/?b+2n ratios than
"the Vvolcanogenic massive sulphides, and an even
distribution of Zn/Pb ratios distributed néar the Zn apex
along the 2Zn-Pb axis. When the three data sets from the
Warren Creek Formation are compared with.this daEa, the
Warren Creek Formation shows affinities with volcanogenic
massive sulphide deposits, having much higher Cu/Zn+Pb
atios than av;}age sedex Pb-Zn deposits. The field for the
va showing was not plotted, these rocks plot on the 2Zn
R X ;f the diagram. ‘
y S—

To summarize, these plots indicate that these rocks are

ape

~affiliated with a massive sulphide deposit iron-enrichment
trend (Bcnatti, 1975) which is similaf_ to that of
volcanogenic massive. sulphi&g deposits (Lydon, 1983) and
that tﬁese sediments were not deposited near a mid-ocean
spfeading centre, since these types of (deposits are
typically manganiferous (Scott et al., 1974} Fehn, 1986,
Bonatti, 1975; Robertson and Boyle, 1983;:).

Trace element abundances of typical Warren Creek
Formation shales, showings, and Archean basement
trondjhemite are compared with "ayverage shale" of Vine and
Tortelot (1970, in Table 3.2. The mean composition of

typical Warren Creek (W.C.) shale is very similar to




Table 3.2 Trace element abundances
Parts per million

V&T 1970 WC Shale Showings Archean

70 70 270 1.4

20 6 11 .7
753 41
278 38
229 1.3
463 - 41
.86 N/A

433
10
47

31
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} .average shale" of Vine and_Toffelot with no significant
| element. enrichménts or depletions indicated (considering
| the wide,vapiety of geoleogic environments from which this
% ) average Jaé galculaéed). The transition metals Cu, 2n, Ni,
Cf, .and V are sighificantly enriched in the showings
. * relative to typical Upper Menber shale,.Archean basement,
? and avérage 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 Extended REE plots (spijder djagrams)
Spider diagrams of Archean basement, typical :shale,

showings, and Teuva showing are illustrated 'in Figure,

3.18; The data afe normalized to primitive mantle (or bulk
Earth, from values published in Taylor and McLennan, 1981,
and Jeﬁner et al., 1987). The Archean basement spidergrams
slope steeply downward to the right, and display a strong

fractionation cof 1light rare earth elements (LREE) from

heavy rare éarths (HREE), a feature characteristic ‘of
granitoid rocks (Arth, 1976). Two s;;ples of typical Upper *
:Qy -Member shale are plotted with the spidergram for the North
J American Shale Composite or NASC (Gromet et al., 1984). The
'shape of the Upper Member spidergrams are similar to the

NASC, but have lower overall Th, Nb, Ta, and total REE. The:

~. »
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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 (Archeany spidergrams. This 1is probably due to the
sedimentary process pf averaging total REE from a source
area with highly fractionated HREE, by the enrichment of
HREE in detrital resistéte minerals (Gromet et al., 1984;
Wronkiewicz - and Condie, 19&7). Basement rocks and ;ypical
shalg have an Nd depletioh which the NASC %gfs 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 2Zr anomaly sugéests that the HREE
are contained in detrital zircon. “

Spidergrams for four Upper Member massive sulphide beds
héve enriched Th, Nb, Ta, and contain 10 to 150 times as
much REE as typical “shale, however the shapes of the.
spidergrams ?rg'similar Fo that of the typicgl shales. The
showings have a pfonounced negative Sr anomaly, lower Ba
and Rﬁi and lack the positive Zr anomaly present in typical
shale suggesting that detrital zircon, and possibly Sr, Ba,
Rb-bearing feldspars, were not concentrated by winnowing
prior to lithification.

Bonatti (1975) states that hydrogenous sediments have
total REE abundances‘Ehat are commonly 1C to 100 times

greater than hydrothermal sediments. Since REE in the Upper
o
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Member showings are enriched at ’least this much ébove
typical shale, cbntain negative Sr anomalies, and 1lack
positive 2Zr ahomalies (i.e. no winnowing) they are
iéterpreted to have been deposited in a 1low energy .
environment by hydrogenous precipitation from seawater.

The showings spidergrams -are similar to the NASC, but
lack a positive Ce ’anomaly. Robertson (1981) and Bonatti
(1975) state that hydrogenéus manganiferous sediments
usually have pronounced posifive Ce anomalies which are’

. ; N

caused by the precipitation of Ce into pelagic sediments as

seawater Ce3t is oxidized in surface waters to insoluble

ce** (ibid.). The lack of a positive cCe anomaly in the

hydrogenous sulphide-rich showings of the Upper Member
probably indicates that there was not abundant dissolved
(reduced) Ce ié these waters, or that excess oxidized
sedimentary Ce‘was redﬁéed by diagenetic reactions in the
organic=-rich sLdiments, and later expelled in pore waters,
or lost by diffusion across the sediment-seawater
iﬁterface.

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 removed, by the mineralizing fluids (Ehis
problem is obviated withe.typical shales and/show?ngs, since
the gange in the showings is basically typical shale).
Therefore, the spidergrams for the Teuva'showing will be
compared with each of the three data sets, and tﬁe
intérpretatioh will be minimal. '

The shape of the Teuva spidergrams are similar to that
of Archean basement rocks however, there are significant
negative Rb and Ba 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 1is the small positive Ce and La anomalies. This
may be due to the contribution of authigenic detrital
monazite to the Teuva sediment which was derived from the
basement.

The Teuva and showings séidergrams are very similar
(low to strongly negative Ba, Rb, and Sr anomalies), but
the Teuva contains greater total REE. This would be
expected since the Teuva samples cqhtain much 1less
sulphide, and much more detrital silicate and/or oxide
minerals which c¢ould 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 1lack 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. Total
v

REE are much higher inlthe 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 pronouncege inflection from a negative Sr.to
a bositive La-ée anomaly that the Teuva showing exhibits.

To summarize, the Teuva showing has %ommom
characteristics Qith the Archean basement and showings.
:The similarities in the shape of Teuva showing.and Archean
basement spidergrams arise from ‘the sedimentary
concentration of REE in resistant authigenic detritus which

was derived from the basement. Total REE however, are

' !

g;gater in the Teuva showing. The negative Ba, Rb,; and Sr
anomalies in the Teuva showing are probably due to “the
diminution' of Ba-Rb-Sr-bearing feldspérs prior to

’
deposition.

;.2.}.3 Summary -

The geochemistry of Upper Mémber typical shale. and
showings reflects the composition of the Arcgean basement
trondjhemite, implicating this as the source of detritus in
the basin. Although transitioa megals‘are more abundant in
the sulphide-rich showings, the Cu-Pb-Zn ratios are similar
to those of typiéél Upper Member shale and Archean

basement, indicating that no fractionation of base metals

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

" The iron-rich Warren Creek Formation sedimentary rocks

" do not have affinities with hydrothermpal manganiferous
R v

pelagic sediments. This is not surprising, since these
sediments were deposited by a marine transqression 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 tiges as

much REE" as typical shale, and lack ahy features suggesting

that winnéwing occurred pffor ﬁo lithification, further
suggesting that the deposgitional mechanism was\hydroqenous
preciﬁitation from seawater. - s

The transition metals fobund to be enriched in Upper
Member showings relative to typical dpper Member shale are
those typipally found in the organic fraction of "average
shales" (Vine and Tortelot, 1970}, isuggestinq that the
depositional mechanism for b;se metals in the Moran Lake
Group is due to biogenic  activity under reducing
conditions. - >

The paucity of Mn, and abundance of Fe in the typical‘
shales, and the lack of Cu, Pb, Zn_fractionation 1in. the
showings togéther support 3 massive sulphide af%infty for
the sulphide-bearing horizons in the Moran Lake Group. The
lack of, fractionation of .base metals in thé mineralized

rock suggests ‘that sulphide deposition occurred in

restricted brine ponls, where the metals Cu, and 2Zn, which




o
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each have strong affinities for sulphur, were deposited

rapidly from solution.

Rt

3.2.2 Lower Member

< Three samples of the ILower Member siltstones were
analyzed and the data (Appendix 2) indicate similarities
‘. with typiéal shales of the Upper Member, and thus, {:o the’
Archean basement trondjhemite. The relationships have
similar features to those of thé typical shale—basemént
relationship déscribed previously, 1i.e. the detrital
component of these rocks was derived from the Archean
basement.

The samples each consist of finely interbedded, grey
feldspathic, siltstone in’perdigitated with fine lamina of
dark brown to black shale. Cu-Zn-Pb ratios (Fig. 3.19) plot
well within the field of the typical shales (Fig. 3.17, pg.
84). The Lower Member plot of TiO, vs F,0g5 (Fig. 3.20)
illustrates the similarity of these ratios with the fj.leld
for> typical Upper Member shale. ‘The Ti05-Al1,053-Zr plot
(Fig. 3.21) shows that the data pointa_occur within the
field of data for typical shales (Fig. 3.I7a, 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 -continuum succeeded ‘by the

~

overlying Upper Member typical shales. (i.e. there
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is no geochemical evidence to suggest that this marine

sequence is allochthonous with respect to the basement).

3.3 Basalt Geochemistry

3.3.1 Joe Pond Formation

Ryan (1984) classified the Joe Pond Formation basalts
as having komatiitic affinities buﬂt being more closely
analogous 1ih chemical cpmposition to olivine tholeiites
(Jmore cao and‘ngO and less Al,03 than average tholeiites
but less TiO, than true olivine tholeiites).

The Jce ‘Pond Formation basalt§ fall within the major
subdivisions for subalkalic énd tholeiitié rocks
(Figs. 3.22, 3.23; after Irvine and Baragar, 1971) and are
relatively MgO-rich. Sample WC-16 falls in the(/alkali—rich
fields of both diagrams, which may reflect an increase in
Na0 by spilitization. These basalts a;e also TiQO,-poor,
and plot in the LKT-OFB field (Fig. 3.24; after Pearce and
Cann, 1973). The Ti and Cr contents of. these rocks are
primitive relative to typical low K tholeiites, hence these
data plot within the OFB field as well as the LKT field of
Pearce’s (1975) log Ti vs log Cr diagram (Fig. 3.25). On
the” Al,04/Ti0; vs TiO, plot (Fig. 3.26: after Sun and
Nesbitt, 1978) most of the éamples plot in the field for
MORB, although four- samples plotted in the very high .Ti
range (a possible explanation for the seemingly bimodal
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nature of the Joe Pond basalts on this diagram i.s discuséed
in Section 3.3.3). Thus, although the basalts hav.e a
tholeiitic affinity, the‘ Cr and Mg contents are high
relative to average tholeiites and overall, aré low in
TiO,. These rocks probably formed from a relatively
primitive (high Mg, Cr, and low K) source by rifting in a
tensional setting near the continental margin, without
contaminat'ion from exotic pre-existing crust, or'extensive
fractionation which would reduce the MgO contents to that

-

of typical mid-ocean ridge tholeiite.

&

3.3.2 Upper Member basa’ﬂt
Narrow (< 5 m), vesicular and massive, dark green
basalt flows‘.?re interdigitated with clastic sedimentary
rocks at the top of the Upper Member. The top of this
sequence is well exposed at the Teuva Showing 90 m east of
Heart Pond, and in a complexly faulted and sheared area
near the Fault Creek Zn showing 500 m southwest of Dragon
Pond. Field exposures of these rocks typically consist of
narrow flows, which are wusually vesicular, occurring as
interbeds in sh\ale, or siltstone. The flows have unknown
lateral extent, but consisteﬁtly outcrop within 200 m ot
the con‘tact with the joe Pond Formation. The obvious
conclusion is that these rocks mark a period of extensional
tectonism during the last sfhges Of deposition of the Upper

Member, and are &hallow water analogues of the Joe Pond

- *
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Formation basalts, marking the incipient stage of these
younger volcanics,

Three samples were collected from,flows hosted within

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

rocks fall within Middlemost’s (1980) chemical composition
range for basaltic rocks (Table 3.38, and are listed 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 S5iO,, Al;03, 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 withinrn 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 TiO, to
fall within Sun and Nesbitt’s (1978) MORB field (Fig. 3.26,
pg. 100). On the plot of/loq Cr vs log Ti the
Upper Member basalts plot in the high Ti and high Cr part
of wthe ocean. floor basalt field, while Joe Pond rocks
straddlé the OFB-LKT boundary for rocks with a lower range

of TL and Cr contents. In summary, the Warren Creek basalts
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Table 3.3 Basalt screen, percent oxides
From Middlemost (1980)

Middlemost 1980 Warren Creek Joe Pond

Si02 44 to 53.5 45.66 48.45
AlI203 10.5 to 21.5 10.04 13.54
FeO 2.5 to 15 20:16 15.12
Ca0 5to 15 =  7.24 7.48
Na2C 1 to 3.9 0.48 1.9
K20 0 to 2.5 0.57 © 0.85
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have a primitive (high Ti, Cr, Mg, and low Na,O0 + K,C) OFB
affinity, while the Joe Pond sequence 1s 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 plotted on
spider diagrams (Figs.“3.30, 3.31). The data are normalized .
to primitive mantle (or bulk Earth, from values published
in Taylor and McLennan, 1981, and Jenner et al., 1987). The
spidergrams for Upper Member basalt display the typical
concave downward shape of ocean island basélts (OIB; after
Sun, 1980; Thompson et al., 1984). Samples WC-41 and WC-82 .
have enriched (approximately 10X primitive mantle) RFE
profiles sloping steeply downward to the right, a feature
attributed to generation from a fertilq/OIB source mantle
LThompson .eg al., '1984). The positive/ Ta/Nb anomaly in
WC-41 is characteristic of basalts formed from OIB source
mantle (jibid.).

Spider diagrams for Joe Pond Formation basalts have a
bimodal distribution between; an énriched (10 to 100X
primitive mantle) group (JP-15, JP-17) with an incompatable
element pattern similar to the pattern for typical OIB (and

)

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

slightly enriched (less than 10X 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 basalt (MORB)
i.e. flat REE profiles, and an overall gentle slope upwards
from left to right (ibid.). There 1is a small positive Ta
anomaly, and significant positive Ba and Cs anomﬁlies, the
former robabl{ reflects a relatively primitive MORB source

r

L &% ‘ .
mantle, anci the latter alteration. '

Y

The samples of Joe Pond Formation with} OIB af’finities
probably represent lavas geochémically r.elated‘to the
underlying YUpper 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

o
p‘robal:;ly represent typical Joe Pond basalt, since this 1is
in agreement with the discrimination diagrams discussed
previodsly. 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 Mexﬁber REE 'brof_iles 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
exsolved gaseous phase related to this volcanisn.
Contamination of this type would certainly not be
surprising when the effect 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
1s 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 flows hosted
in clastic sedimentary rocks of the Upper Membker, within
200 m of the coﬁtact with the overlying Joe Pond Formation
basalts, suggests that these rocks are comagmatic (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®of the
Upper Member basalt represents an earlyv eruption (or
leakage) of magma, prior to the eruption of Joe Pond
Formation basalt, which engeochemically in a stable
magma chamber during the last phases of deposition of the

'Upper Member. The spidergrams for each of these basalt
types indicate that the Upper Member basalt was derived
from OIB source mantle. Eruptions such as these must
penetralte 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 maqmatism'requires that the Joe

Pond Formation basalt is the product of differentiation of
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primitive (OIB) magma by crystal fractionation in a stable
magma chamber to produce geochemically evolved (MORB)
magma.

Another plausible explanation involves eruption of Joe
Pond Formation basalt from MORB source mantle due 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 discussion of the
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
basaltic rocks, and explains two outstanding tectonic and
stratigraphic features of the Moran Lake Group namely; that
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 Eirchean basement over
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-—(;rained gabbro sills and

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

melanocratic, however amphibole and biotite-phyric

)
melanocratic varieties were observed. These intrusives are

3
probably related (Ryan, 1984) to the pre-Grenvillian

Micheal Gabbro (Fahrig and Larochelle, 1972), whiéh 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 weakly
foliated to massive. Effusive equivalents of these rocks
have not been recognized 1in thepa\ area, however their
geochemistry will be treated as though volcanic analogues
did exist.

The gabbro data fall within the subalkalic field of
Irvine and 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
(1378) Ca0/TiO; vs TiO, plot (Fig. 3.34), and five samples
plot in a region of high Al1,03/TiO, on the plot of
Al;,03/TiOy vs TioO, (Fig. 3.35; ;_QLQ__) for rocks of
ultramafic compbsition. Thus these rocks are p"robably
contaminated MgO-rich magmas which have fractionated TiO,,
and\assimilated some alkalis. The alkalic contamination may

. . ' £ .
have been inherited from the Archean granitoid basement or










underlying sediments.
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CHAPTER 4

ECONOMIC NINERALIZATION

" X

4.1 Ceneral introduction

The geology and mineral occurrences of the Moran Lake
Group are shown in Figure 4.1. Economic mineralization in
the Moran Lake Group consists of gossanous, massive and
disseminated, stratiform, jron and base metal sulphides
hosted in the Upper Member of the Warren Creek Formation
black shale-siltstone sequence.

The' sulphide gossans are an important rock-forming
constituent of the member, and exhibit remarkable
consiétency of character in the field. Graphite ccntent,
however, varies considerably and, where present in
abundance, is assoclated with massive pyrite beds Qp to 2 m
thick. Typical sulphide gossans consist of black graphitic
shale ana interbedded grey siltstone, with 5 to 15 % finely
laminated, stratiform pyrite bedb, and laminae rich in
disseminated pyrite and traces of pyrrhotite, chalcopyrite,
and sphalerite.

Since previously docunented gecchemical and geological

J;ery limited (e.g. Hansuld, 1958;

data for these rocks are
Ryan, 1584), and there are no known showings of
sediment-hosted base metal mineralization in this study

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

LY
. . : ]
showings witn coppger or zinc abundances above an
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arbitrarily set minimum concentration.
Table 4.1 lists the average base metal concentrations
for shales from three studies (Green, 1959 Turekian and
Wedopohl, 1961; and Vine and Tortelot, 1970). From this

data comparison, mineral occurrences were defined as

sediment-hosted sulphide mineralization containing >750 ppm
Zn, and/or >300 ppm Cu, and thus, are also included in the
data set for showings (> 300 ppm Zn, or > 70 ppm‘Cu, or >5%
sulphide mineralization) which were discussed in Chapter
3.

The absolute metal contents of mineral occurrences in
the Warren Creek Formation are very low (750-5000 ppm 2n,
with no significant Pb, Cu, or Ag; Table 4.2} when compared

with the reported average grades of several giant

Proterozoic Pb-2Zn deposité (McArthur River, Mt., Isa,

Sullivan, Broken Hil}) .which «contain 5.7-11.1% 2Zn,
4.1-14.0% Pb, and 44(to 200 ppm Ag (Lambert, 1983). Thus,
the definition of mineral occurrences does not imply that
the showings contain economically significant 2Zn or Cu
abundances, rather, EF servesi to define geochemically
anomalous horizons in the Upper Member which may have some
economic significance when put into the regional
stratigraphic framework.

Grab samples from four‘previously documented (Hansuld,

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

Grid, Fault Creek, and Three Ponds Showings) contained

{




Table 4.1
Shale base metal cantents (ppm)

Vine & Tureklan &
Tortelot . Wedopohl
1970 1961

70 45

<300 85
20 20




Table 4.2. Metal contents of Upper Member
mineral occurrences in ppm. -
Showing Sample Zn Cy Pb
Date Grid TRC-3 772
Date Grid TRE-1
Warren Grid 4702
Warren Grid M-1 353
Warrgn Grid M-2 383
Fault Creek WC-94 2865
Three Ponds WC-216 2126
Teuva HP=1.1% 20759 99
Teuva HP-1.2* 17929 162
Teuva HP-1.3% 18484 1%3

Teuva HP-1.4 37295 121

*Samples with high Zn were checked by atomic absorbtion,

results are as follows: —
Sample Zn%
HP-1.1 2.69
HP-1.2 2.09
HP-1.3 2.22
ﬁg;gi N/A means not analyzed, all samples contained less

than 5 ppm Ag.
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over 750 ppm Zn. \ .

Several new su}phide-bearinq horizons were discovered
in 1986, and one in particular (Teuva showing) cqntains up
to 2.&9% Zn within a zone of stratabound disseminated
sphalerite mineralization. The Teuva showing 1is a
pyrite-poor mineral occurrence, and "is treated as a

separate data set. '

4.2 eolo of minera occurrences

4.2.1 Date Grid showing

A typical gossan, located 420 m north of the northéast
bay of Croteau Lake, is exposed in a complexly
interdigitated sequence of pyritic shales, <chert,
siltstone, massive pyritic graphite, and dolostone (see
inset on Geology Map, back pocket). The mineralization 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,

v

zinc, and.nickel.

Up to 35 % disseminated to massive, fine-grained pyrite
occurs as 1lrreqular, 1 to 3 mm laminae ‘along sheared
siltstone and ghale bedding plénes, ahd as fine

disseminated grains'throughout all rock types. Traces of

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

occur throughout the trenches;;Remobilized pyrite and
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pyrrhotite form 1 to 3 mm discordant stringers in F; and F
hinge 1line fractures and tension gashes 1in cherty and
calcareous interbeds.

Sample TRC-3 contained 772 ppm 2n. 4The 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 1light and dark grey,
elongate 5 mm to 3 cm silt fragments. Sample TRE-1, located
15 m west of TRC-3, contained 658 ppm 2Zn, and 28 ppb
Au. This sample was collected from a black, shale-hosted
massive pyrrhotite-pyrite horibn 0.5 to .1 m thick, on the
south flank of a massive limonite stained chert bed. Much
of the pyrrhotite in this brittle.unit is remobilized into

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, chalcopyrit'e (Fig. 4.8), and
sphalerite (Fig. 4.7),. is exposed 1 km northeast of Long
Pond and could be‘ traced in outcrop intermittently for 400
m along Warren Creek. The sulphide bed consists of massive,
5 mm to 1 cm beds of yellow, fine-grained pyrite, with
m'ingr interstitial graphite and amorphous qua.rtz, which are

finely interbedded with massive black earthy graphite,

amorphous clays, and quartz (chert?) (Fig. 4.8).
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Samples WC-66, and 67, contained 664 ppm Zn, and 361
ppé Cu, and 4,702 ppm Zn, and 333 ppm Cu réspectively.
Samples M-1l, 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 2,865 ppm Zn and 486 ppm Cu. The
sample was collected from highly sheared, black, gossanous
shale 820 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 locally
in the Warren Creek Formation here.

Sample WC-94 contains 15 to 25% pyrite as massive, 2 cm
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 remocbilized
into planar laminae following S;, and as trains of fine

grains along S;.

4.2.4 Three Ponds Showing
Sample WC-216 contains 2,126 ppm 2n and 729 ppm

Cu. This sample was collected from angular, gossanous,

massive sulphide float (over 1 m in maximum dimensions) 460

<
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m northeqst of the east arm of Pocket Knife Lake. Halet
(1946) reported significant shale-hosted sulphide
mineralization at this 1location, and blasted two test
pits. These pits were not located during this study, and
have probably since collapsed or filled in, however the
size and shape of the abundant massive sulphide float in
this area suggest a nearby bedrock provenance which 1s
likely related to the mineralization described by Halet.

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

cm beds of aphanitic pyrrhotite and pyrite with abundant

interstitial graphite, giving the rock a jet black colour

on fresh surface. The massive sulphide beds are
intercalated with rare, primary, 1 mm pyrrhotite-

chalcopyrite 1laminae, and contain traces of galena and
sphalerite (Figs. 4.10, pg. 127, 4.11)'. A pervasib\}e network
¢t 0.1 mm to 1 mm quartz stringers containing fine

remobilized pyrite, pyrrhotite, and chalcopyrite crosscut

the bedding at high angles (Fig. 4.12).

4.2.5 Teuva Showing

Samples HP-1.1 to 1.4 inclusive were collected from
massive, gossanous, green greywacke, 140 m 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 27,295 ppm Zn. This number
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has not been re-checked by atomic absorbtion or neutron .
activation and therefore is not listed as the highest zinc
value from the area due to the innacuracy of #&{-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 not contain
any significant enrichments in base metals.
The host rock for this mineralization 1is a very
"dirty", poorly sorted, fine-grained, chloritic sediment.
The chemistry of this rock 1is very unusuél, however the.

chemical characteristics can be related to 1its mineral

composition. The rock is very MgO-rich (10-15% Mg0Q), and

Ca0O-poor (0.68-1.08% CaO), with the exception of HP-8 which
contains 9.6% Ca0O due to the presence of 50-60%
calcite. The MgO0 is probably contained in ubiquitous
fine-grained brown-green chlorite which constitutes 20-25%
of the rock. S§i0, 1is always less than 50%, this 1is not
surprising since there 1is very 1little detrital quartz
visible in thin section. Detrital quartz, where observed,
occurs as very fine angu{ar broken grains. Na,0 + K,0 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
S

broken grains. The sediment is rich in titanium (1.4-4.04%

TiOj), and zirconium (154-402 ppm) indicating that heavy
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detrital minerals such as rutile, ilmenite, and zircon were

highly concent:igéd in these sediments by winnowing/prior
to lithification. Abundant acicular idioblastic rutile was
observed 1in petregraphic thin sections and scanning
electron microscope studies of this unit (Fig. 4.13).

The? horizon is hosted in a complexly intf€rdigitated
sequence of chert, basalt, shale, and greywacke, with
sheared shale and siltstone to the north, and vesicular
basalt, shale, and arkose (arkcse bed) to the south.

The sphalerite-bearing horizon is 2-2.5 m wide, and
traceable for 20 m to the west. The zone is covered by
overburden to the east. Mineralization consists of 3 to S%
sphalerite, mainly in fine disseminated grains, with
subordinate 1 to 2 mm discordant remobiiized stringers
(Fig. 4.14). Rare pyrite occurs as disseminated fine
grains, occassionally intergrown with sphalerite

(Fig. 4.15). The sphalerite mineralization in this horizon

is not laterally extensive, anA appears to be confined to a

small pod as illustrated on the rock sample location map of
L 4

the showing (Fig. 4.16). The base metal contents of the
samples are listed in Table 4.2 (pg. 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 contained 206 and 110 ppm 2n respectively indicating
‘that the mineralization has a strike length less than 17 m

‘
at this showing.
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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 §5;. Thése elongate disseminated grains also
form in small clusters and trains parallel to S;, possibly
representing an original bedding fabric (Sg). The small
sphalerite stringers appeaf 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 2n (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 typical
fissile sheared brown shale mineralized with up to 7% fine
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 greywacke

to the north, and is included in the data set for showings,

not the Teuva showing.

4.2.6 Summary '

LIS R ) . .
With the .exception of the Teuva showing, mineral

occurrences consist of sulphide laminae rhythmically
interbedded with their hosting clastic sedimentary rocks.

There is no metal zonation, footwall alteration
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(chloritization, silicification) or evidence for

hydrotherma] fluid focusing (breccias, ’discordant
disseminated or stringer sulphide mineralization) with the
mineral occurrences. These feature§ Euggest that the
sulphides were deposited 1in ver; saline, restricted,
(possibly third order) basins at low temperatures
(e.g. Sato, 1977; Hodgson and Lydon, 1977; cCarne and
Cathro, 1981; Large, 1983; Lydon, 1983). The temperature of
the mineralizing solutions are inferred from textural and
morpholdqic features to be on the order of 1200-1500¢ (Type
1 fluids of Sa;o {1972)) based on the delicate layering ot
sulphides, lack of metal zonation and overall low Cu, and
lack of alteration haloes near the sulphide-bearing
horizons (Lydon, 1983; Sanins, 1984; Carne and Ca%hro,
1981) . Thesé solutions would have been very saline (17-20
wt.%'NaCl) in order to form stable brine pools in which the
delicate layering of the sulphides could be deposited and
preserved (Lydon, 1983).

While pyritic gossans (showings) occur throughout the
map area, mineral occurrences have a tendency to occur fear
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 of Zn in each of the
mineral occurrences. The affinity of econcomic sedex

r

mineralization for the upper portions of thick
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clastic/evaporitic sequencés is well known from the studies

of the giant McArthur River (Murray, 1975), Mt. Isa -

(Mathias and cClark, 1975), Broken Hill (Stanton, 1976), and
Sullivan (Hamilton et al., 1983) sediment-hosted 2Zn-Pb
orebodies, which all occur in excess of 3 km from the base

of their host clastic/evaporitic sequences.

In addition, all of the mineral occurrences, with the

exception of the Warren Grid and Date Grjd showings, occur
above the middle dolostone bed. The middle dolostone would
have been deposited during a local marine regression and
‘period of stagnation, this would be accompanied by
increased - salinity, and possibly seawater density
stratification (Goodfellow, 1987). The increased salinity,
and associated chemical precipitatg“ deposition (dolostone)
would enhance the production of o:;qanic carbon (Eugster,
1984) and facilitate the . precipitation of metals from
seawater due to bacterial reduction of seawater sulphate

i

(Dexter-Deyer et al., 1984) which would result in the

deposition of strati‘form syngenetic sulphide horizons.

The highest grade zinc mineralization in the study area
was discovered at the Teuya showing which is
stratigraphically ljnigher than any of the mineral
occurrences in the area. Since there is no discernable

-metal 2zonation or fractionation of Zn from Cu in the Upper

Member (Section 3.2.1.3), the 2Zn-rich Teuva showing does

. not represent the culmination of a chemically stratified
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sequence of rocks, rather it appears to be related to a
previously wunrecognized style of minerarlization in the
Upper Member.

The Teuva showing was deposited in a more dynamic
teétonic environment than the mineral occurrences and
sulphide showings stratigraphically 1lower 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 1in geothermal gz:adient is frequently
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 facilitated
by the p}:esence of vesicular basalt flows in a stage of
active rifting and uplift at this stage of Upper Member
deposition, and also by the iwmcipient Joe Pond mafiq

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 hydrothermal massive sulphide
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deposits (Chapter 3.2.1.1).

On a diagram of SJ'.OZ\l vs Al,0;3, the laminated
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. 83)
indicating that this disseminated Zn-rich mineralization is
associated with a simi’.lar hydrologic regime (silica-poor,
probably low temperature, and very saline) even though the
sulphide mineraloq)n and t rocks are unique with respect

-
to the showings. 2Zn is :jltionated from Cu in the Teuva
showiﬁg, while no fractiénation has occurred in the Fe-rich
mineral occurences, and sulphide showings 1lower in the
sgquence. The base metal fractionation exhibited by. the
Teuva showing is therefore the signature of a unique style
of mineralization in the Warren Creek Formation.

It is therefore proposed that the characteristics of
the Teuva Zn mineralization are related to the previously
described change in sedimentary and tectonic setting prior
to Joe Pond volcanism.

The greywacke hostiﬁg the Teuva showing 1is relatively
porous, in contrast to the relatively impermeable shales of
the underiyinq Upper Member, and would be a suitable
reservoir for migrating fluids. If metalliferous fluids
collected in this unit by diffusion, or advection from

adjacent or underlying units, the mineralization would not

consist of finely laminated sulphides such as that seen in
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the typical pyrite-rich mineral occurrences élsewhere in
the Upper Member, rather the mineralization would exhibit
disseminated and stringer textures seen in this occurrence.
The-extent of this type of mineralizat@on in the upper part

of the Upper Member is unknown, however the maximum

duration of this mineralizing event miggfwbe constrained

stratigraphically by the deposition of the arkose bed.
Since this is also a porous lithology, it would seem likely
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 concludinq that there 1is no
economic mineralization in the arkose, since discordant
iron sulphide mineralization was noted.

Copper was effectively removed from the Teuva
mineralizing fluids. A possible geochemical mechanism for
the secular enrichment of Zn from Cu 1is described by
Hallberg (1972), whereby reaction with a lower relatively
oxidized sequence (such as the sandstones of the Lower
Member) would preferentially precipatate Cu on the oxide

-
coatings of clastic detritus. A similar mechanism envisages
seleétive Cuuvprecipitation within the compacting sediments
by reaction of circulating metal-bearing brines with a
basinal redox boundary (Sverjensky, 1987) ads proposed for
the Angolan Copper belt (Van Eden, 1978). This model may

provide a plausible explanaﬁion 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 near 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 CuQrich, Zn-poor showings fouﬁd 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 (< 15000), hydrothermal system which
acquired its metal load in 4 different manner than the
metalliferous formation brines which precipitated
"stratiform sulphide beds in 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 Formation. The most
common style consists of finely bedded pyritic sediments
which formed by sulphide precipitation at low temperatures,
in saline, restricted basins. These mrineral 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 sedﬁmentary

horizon was probably mineralized by circulatingA Zn-rich
brines (< 150YC) 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.
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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):
Zno + 2H* + c1° = zncl* + H,0

Periodic, 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 alond 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

3

expulsion, and would explain the periodic deposition of the
massive sulphide horizons i; the Upper Member which are
separated by: as much as several hundred m of intervenind’
barren shale. The seismic fluid pumping mechanism 1is
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 Pgiyig
(in pore spaces) exceeds the minimum compressive stress + T
(the tensile strength of the compacting sediments). Tge net
fluid flow at this stage was vertical, away from the base

of lhe sedimentary pile, causing a net volume decrease

(compaction) of the sediments. No downward penetrat#pn of

fluids (i.e. seawater) occurred in this stage as the
L)

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 flow along
normal lithostatic pressure gradients.

The Cl1~ content, and thus base metal capacity (Barrett
and Anderson, 1982) of the formation waters may ha een
increased by Cl~ contribution from the dolostcﬁéﬂi::ich
occurs near the Archean—Aphebian unconformity. The
resulting dense, saline fluids would probably correspond to
Type 1 fluids of Sato (1972), at 1200C, and 3 m (17.6 wt.%)
NaCl (Fig. 5.5). |

2: Sea water sulphate (S047) undergoes reduction below
the seawater redox boundary by anerobi¢ bacteria which
decompose organic matter to produce H,S according to the
following simplified reaction (Westrich, 1983):

2CHZ0 + S0427 = H,S + 2HCO;™

The energy derived from the reduction of sulphate b}
anerobic bacteria is uséd to drivél cellular metabolic
reactions (Dexter-Dyer et al., 1984) and thus, is a very
common reaction in the reduced bottom waters of euxinic
environments, and &n the uppermost layers of organic-rich
pelagic sediments (Berner, 1983; Dexter-Dyer et al., 1984).

3: Metal wchloride complexes are expelled on to the

sea-floor. The 3 m NaCl brines at 1200 to 150°C would have

a density greater than seawater (Sato, 1972; Lydon, 1983;

Shanks et al., 1987) and thus, the fluid would
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naturally move downslope to settle in topographic lows, or
if the basin was restricted, it would have formed the
bottom anoxic layer of a stratified water column
(Goodfellow, 1987). The metal chloride complexes reacted

with H;S" to form metal sulphides in a manner analogous to

the following simplified reaction for sphalerite:

HpS + ZnCl* =  zZnS + C1™ + 2u*

Metgl sylphides precipitate out of solutidn as finely
laminatgd sulphide beds. The finely laminated nature of the;
sulphide beds in the Warren Creek Formaticn suggests that
this mineralization occurred in stable brine pools. The
lack o©f any recognizeable footwall alteration or metal
zonation indicates that the sulphide beds were deposited
distally from their discharge ve:nts.

4: The reaction of MeCl with H,S may also occur in the
surface layers of‘highly reduced pelagic sediments. The
presence of decomposincj organic material (preserved as
graphite) greatly enhances the production of H>S from pore'
wat(er sulphate in pelagic sediments. The reaction of iron-
bee;ring detrital minerals with H>S in this environment
results 1in the formation of' diagenetic sedimentary pyrite
(Hallberg, 1972; Berner: 1984; and Dexter-Dyer et al.,
1984) and is probably the source of the ubiquitous
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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4H,S + Fe,03 = 2FeS, + 31H,0 + 2H*

Thus, with active normal faults in place, there_ would
be suitable topography for the deposition of dense brines
in stable pools, sufficient reductant (H;S) for the
metal-bearing chloride complexes to react with and form
sulphides, and massive sulphide deposition in the Upper
Member of the Warren Cfeek Formation. The Warren and Date
Grid sulphide horizons were deposited at this stage of
basin evolution. These deposits are extremely iron-rich,
and contain anomalous Zn (up to 4,702 ppm) and Cu (up to
612 ppm). N

Stage 3: The middle dolostone bed 1s deposited at this
stage (Fig. 5.6). The lateral extent of this bed is not
known since it does not crop out west of Heart Pond. The
presence of a chemical precipitatejd within the black
shale sequence indicates that waters in the bas'in became
hypersaline. This was probably caused by the shallowing of
the basin by the protracted influx of detritus from the
Archean highland. The detrital influx must have Q.xceeded‘
the rate of subsidence, indicating that the crustal heat
flow was relativelyAlow at this vstage.

Stage 4:A. Rapid subsidence of the basin is reactivated
with the return to the hydrologic and 1lithostatic
conditions of Stage 2 (Fig. 5.7)..Reactions 1 to 4 are
agéin contributing a volumetrically significant sulphide

component to the stratigraphy. The brine density and metal
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content of the brines may have increased above the middleﬂ
dolostone due to the contrgpution of chloride from this
unit. The rate of fluid ascent is continually enhanced by
the increasing thickness of sediments in the basin, and
more efficient expulsion of pore water from basal sediments
by advection and/or seismic pumping up normal faults. The
Three Ponds and Fault Creek sulphi&é ds were deposited at
this stage. Again, these contain anomaléus concentrations
of Zn (up to 2,865 ppm) and Cu (up to 759 ppm).

Stage 5: The Zn-rich Teuva showing is deposited at this
stage (Fig. 5.8). The geochemistry and stratigraphic
position of this mineral occurrence have important
impliéations for the basinal heat flow and tectonic model
of the basin. The Zn content of thé;rrocks reaches 2.69%,
but the Cu content is very low (max. 162 ppm). This metal
fractionation and 2n enrichment trend .is caused }by 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 thch include vesicular basalt, arkose,
and ironstone. These units were deposited in a stiage of
active tensional tectonics and uplift as described in

Section 2.6. The deposition of these rocks, especially
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the arkose which was deposited nearshore, requires
significant crustal expansion and uplift from Stage 4. This
would be faqilitated by an increase in the geothermal
gradient of the basin. This is indicated by the presence of
vesicular and massive basalt flows in the upper portions of
the Upper Member which appear directly above the Teuva Zn
mineralization. These basalt flows are primitive (high Mg,
Ti, Cr) relative to the succeeding Jce Pond Formation
basalts, and represent the precursor magma to this Jlater
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 2009C. Formation
brines ascending from lower parts of the Upper Member at
this stage would have probably been heated to at least
2009C as crustal isotherms were upwarped. Copper chloride
complexes become much more soluble above this temperature
(Lydon, 1983), however no significant Cu eﬁrichment is
presen& in the Teuva showing, in fact this mineralization
is characterized by a dépletion in Cu. This suggests that
the mineralizing fluids were probably not heated formaticn
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.




1%7

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 2Zn from shallow
crustal levels by downward seawater penétration in a
"conventional" circulating hydrothermal cell. The paucity
of Cu in the Teuva showing indicates that these convection
cells did not penetrate as deep as the 2007c isatherm. This
‘also suggests thatY the newly initiated convective fluid
flow was shortlived, since convection <cells tend to-
progessively penetrate deeper crustal levels in 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 (see
section 4.3), which it would have, if the hydrothermal
regime had been active longer (subsequent to the- deposition
of this bed).

Stage 6: The Joe Pond Formation basalts ascend along an
extensive network 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 fractiohated relative to the
underlying vesicular basalts in the Warren Creek Formation,

reflecting the development of a stable a magma chamber

/
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below the basin.

5.3 Discussion and metallogenic model

Field mapping of the Moran Lake Group stratigraphy
elucidated numerous common features between these rocks and
typical marine transgressive sequences described in
classic sedimentary exhalative Zn-Pb-Cu (Ag) deposit models
(e.g. Morganti, 1981; Gustafson and Williams, 1981; Russell
et al., 1981, 1983; Carne and Cathro, 1982; Large, 1983;
Lydon, 1983; Eugster, 1984)~Th% combination of a porous
baszl sequence of sandstone and siltstone (Lower Member of
the Warren Creek ggrmation) and an overlyinq. 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 H;S
to form stable sulphide ores. The combination of porous
basal stratigraphy and tensional tectonics resulting in
deep water shale deposition, are essential for the
production and advéction of metalliferous brines, and their
expulsion and reaction with H;S 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 minaralization in the
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Moran Lake Group provided insight 1into 1less tangible
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 differentiated and texturally
distinct sulphide mineralization (shown to vary from the
base to the top of the Warren Creek Formation), and nature
of formation brines based on metal content, degree of metal
zonation within sulphide beds, and presence or absence of
wall rock alteration. The results of this study:indicate
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 sedex
orebodies climax with the deposition of a zoned exhalative
Zn-Pb-Cu (Ag) orebody. The model for the evolution of the
Moran Lake Group (above) does not «climax with the
deposition of a 2Zn-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 significant amounts of 2Zn, Cu,
Pb, or Ag (i.e. none of the "mineral occurrences" defined

by the pres$nt work would constitute ore-grade
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mineralization in a typical sedex orebody). At best there
is potential for a clastic-hosted graphitic 2n-Cu deposit
which might be developed by upgrading the Zn-Cu content of

a typical stratiform graphitic pyrite bed such as the Three

‘Ponds or Fault Creek mineral occurrences. There 1is also a

possibility of forming a stratabound 2n 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 sulphidge
horizons, and absence of footwall alteration indicates that
the sulphides were depositéd under low temperatures from
highly saline b:ines which were expelled from sediments
undergceing compaction under thé influence of a moderate
geothermal gradiént, ultimately to settle in topographic
lows and deposit their metél load under reducing
conditions. The fact that the solutions were very saliﬁe (°
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 showings

\
indicate, by their lack of metal fractionation, that pore\

fluids had a relatively long residency period with which to
dissolve 2Zn 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 to

depositional stages as sulphide-rich beds, thus the
acquisition of these metals 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, aﬂa Angolan sedimentary copper belts,
relatively oxidized_grits and sandstone substrates act as a
depository for <Cu 1in ascending brines. The Cu 1is
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 2Zn from Cu in se&ex deposits 1is
an in@erent property of sede£ 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; Sato,
1977; Russell et al., 1981l), or by deposition of Cu 1in
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, 1975) and
Rammelsberg (Hannak, 1981) orebodies.

S
\J The massive pyritic beds in the Moran Lake Group have

none of 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 oxidized
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-rich stratiform
mineralization since no stockwark mineralization was
discovered anywhere in this part of the Moran Lake Gréup.

Most of the sulphide mineralization in the Warren Creek
Formation formed by slow séepage of brines through basal
sandstones and shales with no abrupt redox changes, or
temperature variation.

The Teuva showing is associated with significantly
enriched Zn.mineralization which is also fractionated with
respect té Cu, reflecting uplift in the last stages of
Upper Member deposition, and shallow penetration of
éﬁhemeral hydrothermal convection cells which did noft:-
penetrate to the 2000C isotherm. Zn was leached rapidly *
from the upper part of the Upper Member and deposited as
podiform stratabound disseminated sphalerite in a por&us
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. Qbviously the Teuvd 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 recommendations

Knoﬁn base metal mineralization in this part of the
Moran Lake Group occurs as vVvery 1low grade Fe-Zn-Cu
stratiform sulphide beds and as small, zZn-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,
Rammelsberqg, Mt. Isa, or McArthur River. 1t 1is very
unlikely that economic grade stratiform \s’ediment-hosted
Zn-Pb-Cu (Ag) ore occurs anywhere in this area. The style
of mineralization in the Teuva however, should not be faken
for granted since it may represent the incipient stages of
classir: "sedex" minera];izat.ion which was extinguished by
effusive mafic volcanism,

From an econbmic perspeqtive, the sphalerite
mineralization similar to the type found at the Teuva
showing represents the most attractive exploratio'n
target. The search for more of this type of mineralization
would be most effective if directed in the Warren Creek
"Formation near the contact with the Joe Pond. Formation,
since this is where hydrologic and tectonic conditions were
n{ost favourable in thé Moran Lake Group. The arkose bed in

the core of the Mushroom Pond anticline would also be a
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good place to loo’k,. should the hydrothermal system which
mineralized . the Teuva showing have existed subsequent to

the deposition of this porous unit.
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APPENDIX 1

i

. ANALYTICAL METHODS'

Sample preparation

Grab samples Qeighing 2-4 kg. were collected for
geochemical analysis. Oxide coatings a;ad wéa.\t"}xeréd r_inc‘s
wé‘re' removed using a rotary rock-cutting t_:able‘ saw. The
rock slabsland chips were, then crushed. in a table fop jaw
crushe\r for up to tyo minutes before pulverizing in a
tungsten-carbide puck mill. This produced a powder of at
least -1000 mesh. If a large quantity of chips were
‘ pulverized_, the resultant powder was cdned and split into
halves until just enough powderb remained to fill 51125

ml sample bottle.

~

Major element analyses

Loss on ignition (volatiles) was determined by
weighing an aliquot of rock powder (weighed accurately to

1074 g) into a porcelain crucible, heéting the crucible to

<
-

10509 ¢ for at least two hoursr,r cooliné in a dessicator,
and then weighing the de-volatized samp_rle for perhceAnt loss
of volatiles. | )
‘ P,0g5 was analyzed with a Bausch and Lomb Spectronic 20
Colourimeter v(ie. colourimetrically),‘ based on a.

modification of the method outlined by Shapiro and Brannock

(1962) . .
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The other major‘ element oxides ‘x;rere ‘.det.érmined' .by
atoﬁlic Abso_rpt_:idn.spectrox_net:_ry. _Samples were‘ prepared hsing
t.he> methods of Langmhyr- and Pads: (1968) and the eleménts
were analyzed on a Perkin-!-:lmef Model 370 atomic absorption
spectrometer with digital readoﬁt. Sulphide~rich samples
from the Warren Creek formation required dissblution in
aqua-regié. Precision of’ Fhis mefhod is indicated in Table

1.

Trace element analyses
| The “trace elementé-ware determined by X-Ray
.fluorescence techﬁiques, on pressed whole rroc'k powder
peilets using a Phillips 1450 automatic X-Ray fluorescence
,Spectrometer wit,,bi a rhodium tubi. The pellets were nmade
from a mixed powder containing 10 g.‘éample and 1-1.5
g binding material (Union Ccarbide Phenolic Resin
TR-16933). The powder was pressed at 30 tons psi for a
minute before being baked for 10 minutes at 1509C. Data
reduction was computed with a Hewlett-Packard 9845B mini
computer. ‘

Precision and accuracy for the t'racev eleme\\t analyses’
are given in Table 2 using the standards as

listed. Published values are- from Flanagan (1973).

LY

cious metal determinations ~

Seven prepared pulps were sent to Bondar-Clegg &
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’

Cémﬁé.'ny- Ltd., -Ottawa, ont., for Au/Ag analysis by

instrumental neutron activation analysis (I.N.A.A.). This
method involves weighing and encapsulating 10 g .of pulp

into a vial, and analysis by neutron activation.

REE determinations

Rare earth elements (REE) were determined by the

following methoed:

1- a st_:ainda’rd HF/HNO; digestion of 0.1 gm sample

2- analysis of the'solution by inductiveiy coupled plasma
mass spectrometry (ICP-MS) using he method of standard
addition to correct for matrix effeots. ‘
Sample material inseluble in HF/HNO; was attack.ed with
HCl/HNO3.‘Some of the Warren <Creek Formation .mas.sive
sulphide/graphite samples required this, any residue lafter
HC1/HNO4 digestion was fiftered off.

A, reagent blank (RBK) and a sample of the CANMET
geological reference standard SY-2 (syenite) were analyzed
with the samples. ’i‘he r,eagent‘ blank concentrations are not
subtracted from these anaiYses since this 'céntamination is

usually insignificant. At least one sample solution was

analyzed in duplicate for.each analytical run.

~

-~
Scanning electron microscopy and jon probe analyses

Polished, carbon-coated thin sections were examined in
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Table 1 Precision of Major Element Analyses ' \
(based on four analyses of standard G-2. Published value

&
from Flanagan (1970)).

Published ‘ . Range
- ST

Element value Mean §.D.,  Low. High
Sio, 69.11 69.70 0.57 68.50 69.96.
Al,0,4 15.40 15.10  0.24 1‘.75 15.60

- Fe,04 2.65 2.50 0.02 2.64 2.74
Mgo " 0.7.6 0.80 0.005 0.75 0.82
Cao 1.94 2.00 0.10 1.92 2.14
Na,0 4.07 4.30  0.02  4.07  4.21
K20 4.51 4.56 - 0.02 4.50 4.57
Tio2 0.50  0.50. 0.01 0.47 0.51

Mno 0.03 0.03 0.00 - -




)

gn and accuracy of trace element analyses

d deviation; N= no. of anquses: Pub. =

published value.




. | ., . \.
a Hitachi S570 'Séanning Electroﬁ Microscope at an
‘acceleratiné ?voltage;'of 15-20 kv. Backscatterg? electron

} imaging utilized a GW- Elec;trcshics Type‘\113 solid state

Backscattered Eiectron Détector. X-ray analysis was

performed on beam spot mode with a Tracor Northern 6500

Energy Dispersive X-ray analyzer equipped with a micrdtrage
silicon X-ray speétrometer, Model 70152, with a spectral
-resolution of 145 ev. Detector-sample positioning gave an’
effgctive take-off anqie of 300,

Backscattered electron images v:vefe recorded on Polaroid

. 3 3 . \l
Type 665 Positive/Negative film.

’
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