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Table 2. Electron microprobe analyses of clinopyroxene

[Standard deviations in parentheses]

Pyroxene Metagabbroic
cumulate sequence
Sample number ---- 250-2 250-3 251-3 253-3 245-1 246-1
Weight percent
Si0; ------mee--- 53.6 52.9 52.6 53.5 52.6 52.6
(.574) (.346) (.159) (.076) (.923) (.784)
ALO; ----------- .48 1.80 1.10 1.21 1.50 .50
(.091) (.092) (.019) (.063) (.156) (.191)
L 3170 5.02 3.96 5.30 4.33 9.22 7.21
(.108) (.141) (.269) (.226) (.256) (1.02)
MnO ------------ .16 31 .19 —_— .50 25
(.028) (.155) (.164) (.130) (.098) (.042)
MgO -----ommmm-- 16.9 16.7 16.6 16.8 14.2 15.3
(.409) (.601) (.343) (.305) (.316) (.049)
CaO ------------ 23.4 23.6 22.9 23.7 21.2 22.5
(.633) (.177) (.411) (.209) (.348) (.530)
Na,O ----------- — .32 21 11 .22 .10
(.000) (.169) (.030) (.168) (.035) (.141)
TiOy -----mmmee .20 17 .03 .08 .14 27
(.048) (.007) (.000) (.047) (.080) (.261)
Cr03 ------mmmn- .27 .26 17 31 .03 .01
(.051) (.021) (.083) (.127) (.011) (.021)
NiO ----eeoennn .05 .02 .01 .05 .02 .02
(.037) (.014) (.015) (.023) (.021) (.028)
Total ------- 100.08 100.04 99.11 100.09 99.63 98.76
Cations per 6 oxygens
Si---emeeiieiae 1.970 1.940 1.954 1.960 1.967 1.976
Al .021 .060 .046 .040 .033 022
Sum TET ------ 1.991 2.000 2.000 2.000 2.000 1.998
Mo .000 .018 .002 .012 .033 -
Fet? coooaaoo 154 121 .165 133 .288 227
Mn ------vooonon .005 .010 .006 .000 .016 .008
Mg ------oeee - .923 913 .920 917 .793 855
Ca-------mmmmomn 922 .926 911 .929 .851 .905
Na---------e"n-- .000 .023 .015 .008 .016 .007
Ti ----ceeeee- .006 .005 .001 .002 .004 .008
Cr ----mmmmemmm- .008 .008 .005 .009 .001 .000
Ni -=--emmmmanaas .001 .001 .000 .001 .001 .001
Sum OCT ------ 2.019 2.025 2.025 2.011 2.003 2.011
100 X Mg
Mg+ Fet Mn 85.3 87.5 84.3 87.3 72.30 78.4
En-----vnuennn-- 46.2 46.6 46.1 46.4 41.1 43.0
Fs ----momemman 7.7 6.2 8.3 6.7 14.9 11.5
Wo ----emeeeae 46.1 47.2 45.6 46.9 44.0 45.5

ITotal Fe as FeO.,
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Table 3. Electron microprobe analyses of orthopyroxene

[Standard deviations in parentheses]

Pyroxene cumulate

Metagabbroic sequence

Sample number ---- 250-2 251-3 245-1 2461 251-4 253-2
Weight percent
Si0y ~----eeeee-- 56.3 55.5 51.6 55.00 53.5 53.0
(.396) (.260) (.858) (.088) (.431) (.515)
ALO3 —---coooo .01 49 1.03 —_— 2.17 291
(.042) (.002) (.023) (.000) (.148) (.149)
[} =N 12.5 12.0 24.9 15.7 14.1 20.4
(.357) (.299) (.096) (.530) (.064) (.212)
MnO ----ceceeeen .33 34 .76 .55 .40 .94
(.059) (.124) (.152) (.068) (.035) (.096)
MgO -----eemeen 29.5 29.5 19.5 27.0 28.8 239
(.259) (.054) (.286) (.325) (.092) (.631)
Ca0 ----memeeaes 1.26 1.40 .82 .67 .18 .20
(.053) (.573) (.023) (.187) (.099) (.030)
P30 S — — — .08 .09 -
(.000) (.000) (.000) (.090) (.001) (.000)
TiOy -~ cmemmm- 04 .05 .02 A1 .03 .08
(.053) (.058) (.075) (.055) (.035) (.056)
Cl‘203 ----------- .13 .06 —_ .02 —_ .08
(.051) (.054) (.000) (.026) (.000) (.040)
NiQ ----- S .06 .04 .03 —_— .01 .06
(.020) (.030) (.001) (.028) (.049) (.011)
Total ------- 100.13 99.38 98.66 99.13 99.28 101.57
Cations per 6 oxygens
Si cmecemmmeeoe- 1.999 1.984 1.979 2.002 1.930 1.926
AV . .000 .016 .021 .000 .070 .074
Sum TET ------ 1.999 2.000 2.000 2.002 2.000 2.000
AT ... .000 .005 .026 .000 .022 .051
Fet? oo .370 .360 .798 479 427 .620
MO —-ccemeeaao .010 .010 .025 .017 .012 029
Mg --cmemeoeeo- 1.565 1.570 1.113 1.465 1.550 1.294
Ca --mmmmemee .048 .054 .034 .026 .007 .008
Na--c-ccmmcmaan .000 .000 .000 .006 .006 .000
Ti -comcmmmeemeen .001 .001 .001 .003 .001 .002
Cr ~=cemmmmmmme .004 .002 .000 .001 .000 .002
Ni cmcmcmmmaooes 002 .001 .001 .000 .000 .002
Sum OCT ------ 2.000 2.003 1.998 1.997 2.025 2.008
100 X Mg
Mg+ Fe+ Mn 80.5 80.9 57.5 74.7 77.9 66.6
En ---memmmeee 78.9 79.1 57.2 74.4 78.1 67.3
18.7 18.2 41.0 24.3 21.5 323
WO ~mmmcmmeeee- 2.4 2.7 1.8 1.3 04 0.4
Total Fe as FeO.
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Figure 4. Plot of pyroxene compositions in the Ca-Mg-Fe ternary (atomic percent). Dots—cumulus pyroxenite; crosses—

metagabbroic sequence.

Compositions of cumulus pyroxenes and olivines as
well as intercumulus plagioclase in the pyroxenite are simi-
lar to those reported from cumulus zones in other ophiolite
complexes (for example, Coleman, 1977; Himmelberg and
Loney, 1980; England and Davies, 1973; Jackson and oth-
ers, 1975; Juteau and Whitechurch, 1980). They are also
similar to Gray’s (1980) description of ultramafic rocks near
Tincup Peak in the Chetco River complex, southeast of this
study area (fig. 1). Silicates from the metagabbroic se-
quence are chemically more diverse. Pyroxene, plagioclase,
and amphibole in much of this sequence have compositions
similar to those found in sheared gabbroic rocks of the
adjacent Chetco River complex, which has been interpreted
as part of a volcanic-arc sequence (Nicholson, 1981).

Sulfides (compositions in tables 8—11) may be di-
vided into those within pyroxenite and those within the
metagabbroic rocks.

The sulfides in pyroxenite are either disseminated
blebs (samples 250—2 and 251-3) or massive and intercon-
nected concentrations (samples 250-3 and 253-3). The
blebs are interpreted to be frozen immiscible droplets, and
their compositions probably most closely approximate unal-
tered values. The more massive concentrations appear to be
sulfides remobilized adjacent to faults and to have altered
compositions. Pentlandites (table 8) from the droplets con-
tain nearly 6 weight percent cobalt. This is significantly
higher than the 0 to 2 weight percent cobalt found in most
magmatic pentlandites that are associated with pyrrhotite,
but it is within the range recorded from some sulfide de-
posits (Harris and Nickel, 1972). Adjusting these pent-
landite compositions by adding proportional amounts of the

metals present as cobalt to iron and nickel results in compo-
sitions that have “adjusted” nickel contents, which, with the
exception of the most cobalt-rich pentlandite (sample 250~
3), are similar to those observed in other low-cobalt or
“adjusted” natural pentlandites that occur with pyrrhotite
(Misra and Fleet, 1973). In contrast, pentlandites in samples
containing interconnected sulfides (250-3 and 253-3) have
widely different and remarkably high cobalt contents (21 to
36 weight percent). Pentlandites containing similar amounts
of cobalt have been reported from a few other environments,
among which are the copper ores hosted in quartzites at
Outokupu, Finland (Kouvo and others, 1959; Huhma,
1970), ores at Cobalt, Ontario, Canada (Petruk and others,
1969), and ores in serpentinized wehrlites in Japan (Mat-
suhara and Kato, 1979). Although the means by which these
pentlandites formed are not always clear, a variety of non-
magmatic processes seem to have been involved. The high
cobalt content of the pentlandites in samples 250-3 and
253-3 thus indicates that compositions of these sulfides
have been altered, a conclusion compatible with the field
relationships, which show the sulfides to have been mobi-
lized within faults and shears.

Pyrrhotites (table 9) in these interconnected sulfides
have cobalt and nickel contents (0.3-0.4 weight percent Co
and 0.2-0.4 weight percent Ni) that are respectively higher
and lower than in the disseminated sulfides (0.0-0.07
weight percent Co; 0.41-0.53 weight percent Ni). Chal-
copyrites (table 10) in both types of sulfides are similar in
composition. Pyrite (table 11) occurs in the massive sul-
fides; one sample contains almost 1 weight percent Ni.

Magmatic Sulfide Occurrence in Dismembered Ophiolite, Oregon A11



Table 4. Electron microprobe analyses of olivine
[Standard deviations in parentheses]

Pyroxene
cumulate
Sample number --- 250-3 251-3
Weight percent
SiQy ----memmn-- 40.3 40.3
(.215) (.336)
1) 2o N 12.9 18.6
(.281) (.245)
MnO ----ccmenn- .18 21
(0.28) (.108)
MgO ----------- 46.3 41.2
(.953) (.669)
CaQ ----emmmm-- .13 .16
(.056) (.045)
NiQO --ccccccnn- .03 .07
(.029) (.041)
Cry03 ---------- .05 .00
(.075) (.000)
Total --------- 99.89 100.54
Cations per 4 oxygens
[ S 1.002 1.021
| S .269 .394
Mn ----ccmecaaas .004 .005
Mg ----mmeeee-- 1.717 1.553
Ca--mmmmmmemee .003 .004
|\ [ .001 .001
Cr —--cmmmeeeee .001 .000
Sum cations --- 2.997 2.978
100 X M 86.3 79.6

Mg+Fe+Mn

ITotal Fe as FeO.

Sulfides within the metagabbro are mostly stringers
and disseminations of compositionally similar pyrites and
chalcopyrite. Near faults, pyrite is locally replaced by minor
amounts of pyrrhotite that has nickel (0.13 percent) and
cobalt (0.06 percent) contents similar to amounts found in
the host pyrite. In faults, the metagabbro locally also has
massive pods of pyrrhotite (sample 251—4) that is similar in
composition to the pyrrhotite in the adjacent pyroxenite (0.3
percent nickel; 0.1 percent cobalt).

Five whole-rock analyses of samples, which were
either from disseminated sulfides in pyroxenite or from in-
terconnected sulfides in faults or shears in pyroxenite or in
the metagabbroic sequence, were obtained for Ni, Cu, Co,
S, Pt, Pd, Rh, and Au. Metal values are given in table 12,
and the analyses recalculated to 100 percent sulfides are
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shown in table 13. Recalculation to 100 percent sulfide is
necessary to minimize effects of differing proportions of
sulfides to silicates and allows comparison of the sulfide
composition from a wide variety of deposits. Mineral com-
positions (tables 8—11) were used in calculations for table
13. Norms calculated from table 13 approximate observed
abundances. In addition, the recalculated noble-metal data
have been normalized with respect to average chondritic
meteorites (fig. 5) in the manner presented by Naldrett and
others (1979).

The highest nickel, copper, and noble-metal concen-
trations in 100 percent sulfides are in samples containing
disseminated sulfides (250-2, 251-3) that probably most
closely approximate magmatic sulfide liquid compositions.
In comparison, interconnected sulfides in pyroxenite (250—
3, 253-3) and in metagabbro (251-4) show much lower
amounts of Cu, Ni, platinum group metals (PGM’s), and
Au, and slightly higher concentrations of Fe and S. These
concentrations suggest three possibilities: iron and sulfur
have been added, the other elements have been depleted
during fault-related mobilization, or an initially irregular
distribution of metals existed. The second possibility is con-
sidered unlikely because such large primary changes in
metal content over such short distances are unlikely and also
because the interconnected sulfides hosted in pyroxenite
(250-3 and 253-3) are geochemically similar to those oc-
curring along faults that are entirely within metagabbroic
rocks (251-4). Furthermore, the variations in metal-metal
and metal-sulfur ratios between disseminated and intercon-
nected sulfides (table 14) are consistent with differential loss
of metals due to differing geochemical behavior of elements
during mobilization; this suggests that the interconnected
sulfides did not form by dilution resulting from the addition
of Fe and S. The nearly constant Fe/S, but slight decrease
in (Fe+Ni+Cu+Co)/S, suggests that formation of intercon-
nected sulfides involved removal of Cu, Ni, and Co; the
relatively small decrease in Ni/Cu and larger decrease in
Ni/Co shows Ni to be slightly more depleted than Cu and
much more depleted than Co in the interconnected sulfides.
This relative enrichment of Co relative to Ni and Cu is
consistent with the extremely cobalt-rich pentlandites ob-
served in the interconnected sulfides. Relative concentra-
tions of precious metals appear unchanged between the in-
terconnected and disseminated sulfides.

The compositions of 100 percent sulfides in pyroxen-
ite have been plotted on the Fe-Ni-S ternary diagram (fig.
6). In this diagram, the sulfide compositions were corrected
by removing the metals and sulfur present in chalcopyrite
and by adding proportional amounts of cobalt present to iron
and nickel. With the exception of sample 2533, all samples
fall in the monosulfide solid-solution ((Fe,Ni);_,S or Mss)
field at 500°C (Naldrett and others, 1967); this indicates that
exsolution occurred below this temperature to yield the ob-
served sulfide phases. Samples 250-2 and 251-3, which



Table 5. Electron microprobe analyses of plagioclase
[Standard deviations in parentheses]

Pyroxene
cumulate Metagabbroic sequence
Sample number ---- 250-2 245-1 246-1 251-4 252—-1 253-2
Weight percent

Si0; -------ee--- 47.0 52.8 46.7 47.3 56.4 55.6
(.876) (.956) (.452) (.812) (.015) (.505)

AlLO; -------ee-- 34.0 30.9 354 34.5 27.7 28.4
(.532) (.870) (.337) (.054) (.753) (.492)
TFeQ ----moemaa .02 24 .55 .24 .08 .25
(.074) (.092) (.126) (.078) (.001) (.161)

Ca0 -------om--- 17.7 12.8 17.7 16.9 9.6 10.3
(.325) (.436) (.233) (.389) (.005) (.304)
Na,O -----eman-- 1.22 4.20 1.12 1.39 6.03 5.88
(.224) (.199) (.556) (.355) (.152) (.148)
KO ----eoeee- .28 .00 .30 25 13 17
(.014) (.000) (.263) (.052) (.151) (.061)
Total -------- 100.22 100.94 101.77 100.58 99.94 100.60

Cations per 32 oxygens
Si commmees 8.625 9.474 8.460 8.626 10.126 9.971
Al --meei 7.352 6.548 7.554 7.417 5.876 5.995
Fe --------ommo-- .003 .036 .083 .037 .012 .037
Ca-----mmommana- 3.469 2.464 3.434 3.312 1.858 1.987
Na------ccmmen- .433 1.462 .394 .492 2.101 2.045
K ~---oemmeeeo - .065 .000 .069 .058 .030 .039
Sum cations ---- 19.947 19.984 19.994 19.942 20.003 20.074
End member proportions

(6 R 1.6 0.0 1.8 1.5 0.7 1.0
Ab - 10.9 37.2 10.1 12.7 52.7 50.2
An ----eeeeeaaos 87.5 62.8 88.1 85.8 46.6 48.8

ITotal Fe as FeO.

may more closely reflect actual magmatic sulfide composi-
tions, plot near the center of the Mss field and would prob-
ably not exsolve pentlandite until temperatures dropped
below 300°C. The copper content of these disseminated
sulfides is between 7 and 12 weight percent, which would
exceed the solubility of chalcopyrite in Mss below 500°C
(Kullerud and others, 1969) and which indicates that an
intermediate solid solution (Cu-Fe-S solid solution or Iss)
must have been present.

Although the sulfides were hosted in a clinopyroxen-
ite cumulate, three chemical features suggest that the sul-
fides formed in equilibrium with gabbroic liquids. Naldrett
and Cabri (1976) established relationships between Ni/Cu
and magma composition showing that Ni/Cu of 0.19 to
0.21, such as found in samples 250-2 and 251-3, would be

in equilibrium with gabbroic liquids that contain less than 10
weight percent MgO. Naldrett and Cabri (1976) also deter-
mined that Pt/Pd in sulfides precipitating from nonkomati-
itic liquids decrease as Ni/Cu decreases such that the Pt/Pd
values of 0.30 and 0.49, observed in samples 250-2 and
251-3, are also expected values from liquids containing
about 10 weight percent MgO. Finally, the work of Naldrett
and others (1979) and Naldrett (1981) established that chon-
drite normalized patterns for PGM’s and Au in sulfides from
gabbro-hosted nickel deposits have a sloping trend that is
distinctly different from the flatter pattern made by sulfides
precipitated from ultramafic (komatiitic) liquids. The steep
increase from Rh to Au in the Illinois River sulfides (fig. 5)
is comparable with the sloping pattern made by the gabbro-
hosted Sudbury ores.
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Table 6. Electron microprobe analyses of amphibole

[Standard deviations in parentheses]

Pyroxene cumulate

Metagabbroic sequence

Sample number ----------- 250-2 251-3 2451 2461 252-1
Weight percent
Si0y ----memeeeee e 52.0 48.3 46.6 46.4 47.2
(.272) (.135) (.406) (.487) (.856)
ALO;3 ~-=cmmmeeel 5.73 7.67 9.15 11.7 11.6
(.171) (.197) (.078) (1.03) (:202)
1§ 27 o R 6.54 7.72 14.2 10.93 11.5
(.110) (172) 127 (.106) (.628)
MNO --cccmmmmeeeeeeee 21 11 .18 .10 31
(.035) (.054) (.002) (.162) (.215)
Y 1216 J R 18.4 17.4 12.7 15.1 14.0
(.119) (.253) (.106) (.339) (.480)
(0710 13.1 12.4 11.8 12.6 11.6
(.022) (.158) (.290) (.028) (.550)
- J .66 1.21 1.33 1.73 1.10
(.126) (.029) (.106) (.021) (.033)
KyO --ommmmmmeeees .52 .79 17 .13 13
(.111) .077) (.106) (.110) (.050)
TiOy ----cmmmmmmemeeas 1.08 1.49 1.39 .74 .92
171 (.109) (.148) (.028) (.212)
CryO3 ---cmmmmmmmmeeees .64 .32 -— 14 .00
(.032) (.044) (.007) .077) (.000)
Total -----momoccmcen- 08.88 97.41 97.52 99.57 98.36
Fe,03 --==-mmmmmmmmmme- .05 1.61 2.28 3.98 3.66
2 0 Y 6.50 6.27 12.2 7.35 8.23
New Total ----------- 98.89 97.57 97.80 99.97 98.75
Cations
Si o 7.304 6.925 6.816 6.533 6.697
AV . .696 1.075 1.184 1.467 1.303
Sum TET ------------ 8.000 8.000 8.000 8.000 8.000
Ti <o 114 .161 153 .078 .098
AV . 252 .223 .393 .486 .637
Fet3 oo .005 174 251 422 .391
Fet2 oo oe 762 753 1.488 .867 977
Y 1 WP .025 .013 .022 .012 .037
Mg —--cmeeeeae 3.843 3.720 2.764 3.176 2.967
[ 1.967 1.907 1.842 1.912 1.768
Na -ccemccccmmeeeae .180 312 377 473 .303
-G .093 .145 .032 .023 .023
Sum Cations --------- 15.241 15.408 15.322 15.449 15.201
2Quadrilateral
components ---------- 65.21 46.25 40.81 26.66 34.85
202 mmmmccemmeeeeee 29.93 29.89 30.22 32.11 30.96
Mg --eeemmmmmeeo 58.47 58.31 45.36 53.34 51.94
2Fet2 e iicceeeaooooo 11.60 11.80 24.41 14.55 17.10
2A i 24.93 26.55 20.20 22.88 12.40
2NAM4 - cccemmeeemas 3.23 3.25 5.46 2.39 7.62
LT\ 7 S 71.84 70.20 74.34 74.72 79.98

ITotal Fe as FeO.

2Definition and method of calculation given by Papike and others (1974).
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Table 7.

Electron microprobe analyses of cordierite

[Standard deviations in parentheses]

Metagabbroic sequence

Sample number --- 251-4 253-2
Weight percent
Si0y ----m--o-- 48.9 48.7
(.422) (.621)
AlLO; ---------- 35.2 344
(.381) (.226)
FeQ --ccameae 2.24 3.37
(.005) (.080)
MnO ----------- .05 .02
(.114) (.020)
MgO -------o--- 12.6 11.6
(.085) (.082)
(0710 [ —— .06
(.000) (.081)
NasO ----nne- 12 18
(.008) (.008)
KO ----------- —_— ——
(.000) (.000)
TiQy ----------- — -00
(.000) (.000)
Total --------- 99.11 98.33
Cations per 18 oxygen
) . 4.866 4.906
Al —cmeeeee 4.129 4.090
Fe ~-cccemcanaa__ .186 .284
Mn ----ceocaoa- .004 .002
Mg —--eee- - 1.872 1.744
Ca--------=---- .000 .006
Na-----cececuco-- .023 .035
K -ccmeeeeeeoo .000 .000
4 | J .000 .000
Sum --------- 11.080 11.067
Mg/Mg+Fe ----- .909 .860

Total Fe as FeO.

GEOTHERMOMETRY AND METAMORPHISM

Coexisting pyroxenes from four samples were used to

estimate temperatures by means of the pyroxene geother-
mometer of Wells (1977). Samples 250-2 and 251-3 from
cumulus pyroxenite respectively yield temperatures of
919°C and 923°C. Temperatures calculated from samples
245-1 and 246-1 from the metagabbroic sequence are
951°C and 897°C.

Bohlen and Essene (1979) reviewed the use of the
two-pyroxene thermometer in metamorphic granulites and
showed that experimental, analytical, and theoretical uncer-
tainties cause the geothermometer to yield only approximate

Table 8. Electron microprobe analyses of pentlandite
[Wt, weight percent; At, atomic percent; SD, standard deviation. All analy-
ses are averages of several points on several grains]

Pyroxene cumulate

Sample number ------ 250-2 250-3  251-3 253-3
Fe—

| 28.5 17.0  29.1 22.2

At —cmcmmmeee- 23.4 13.84  23.92 17.83

) D JP TS (.461) (.351) (.642) (.629)
Ni—

Wt oo 33.2 139 315 24.0

At —cccmmmmenns 25.87 10.73  24.55 18.33

) » S (.654) (1.32) (.502)  (.431)
Cu—

Wt o---eeeeeee-- 31 —_— .50 —

Al -emommmnn 23 — 36 _—

1) S (.465)  ——  (.283) -—
Co—

Wt mcemmmmeeaen 5.71 36.0 5.39 21.5

- 4.44 2776 4.19 16.37

15 J (.138)  (1.06) (421)  (.120)
S—

Wt cmmmmeeeea 32.2 33.7 329 34.0

At —cccmmmmmees 46.06 47.07 46.99 47.47

() 5 Y (.181)  (.747)  (.536)  (.742)

Total
(Wt) ------- 99.92 100.6 99.39 101.70

Metal/S - --cccenm- 1.171 1.097 1.128 1.107

temperature data. Henry and Medaris (1980) recently evalu-
ated the use of pyroxene geothermometers in southwest
Oregon peridotites. They determined that each method has
inherent differences that result in different temperatures.
However, for pyroxenes equilibrated at relatively low tem-
peratures (<1,000°C) and containing little Al,O; (such as
those studied here), the geothermometer proposed by Wells
(1977) was believed to be the most reliable.

Temperatures obtained from peridotites adjacent to
the Illinois River sulfide occurrence show that recrystalliza-
tion took place over a temperature range of 1,200°C to
800°C (Henry and Medaris, 1980). Pyroxene augens yield
temperatures between 1,200°C and 1,000°C, whereas ma-
trix pyroxenes give lower temperatures between 1,000°C
and 800°C. Himmelberg and Loney (1980) obtained temper-
atures between 975°C and 880°C from harzburgite, metacu-
mulates, and cumulates within the Canyon Mountain Com-
plex, Oregon, using Wells’ geothermometer. The pyroxene
cumulates at the Illinois River sulfide occurrence thus yield
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Table 9. Electron microprobe analyses of pyrrhotite
[Wt, weight percent; At, atomic percent; SD, standard deviation]

Metagabbroic
Pyroxene cumulate sequence

Sample number ------ 250-2 250-3 251-3 253-3 251-4 253-2
Fe—

Wt cmmmemeoooe 60.0 60.3 60.9 59.6 60.4 60.6

At momemmeeeaa 47.18 46.84 47.52 46.61 47.00 47.08

SD --emeeeeeae- (.228) (.550) (.479) (.954) (.401) (.242)
Ni—

Wt memommmees .53 24 .41 41 .28 13

At --mmmeeo o .39 17 31 .30 22 .09

() 0 JN (.089) (.180) (.376) (.180) (:440) (.100)
Cu—

Wt cccmcmmeeeee .00 12 00 24 .00 05

At wemeeee .00 .09 .00 17 .00 .04

1) 0 J (.000) (.167) (.044) (.191) (.000) (.095)
Co—

Wt ceemmmmeeee- .00 .33 .07 .39 A1 .06

At —cccmmeeee .00 .26 .04 .29 .09 .04

SD -meeeeee- (.000) (.125) (.121) (.379) (.259) (-130)
S—

Wt ccmommmen- 38.3 38.9 38.4 38.6 38.9 39.0

At —coememeea 52.43 52.64 52.13 52.63 52.69 52.57

(Y ) J (.135) (.338) (.930) (.272) (.163) (.197)

Total
Wt) ------- 98.83 99.89 99.78 99.24 99.69 99.84

Metals/S ~--------- .907 .899 918 .900 .898 .896

temperatures similar to those recorded in surrounding peri-
dotites and in other ophiolites. The values obtained from
these pyroxenes show temperatures of reequilibration, not
the temperature of initial crystallization.

SUMMARY AND DISCUSSION

Rocks adjacent to the Illinois River host two distinctly
different types of sulfides. Disseminated, net-textured, and
massive sulfides composed principally of pyrrhotite, chal-
copyrite, and cobalt-bearing pentlandite occur in relatively
undeformed and unmetamorphosed pyroxene cumulates.
The sulfides have textures and compositions typical of mag-
matic sulfide deposits. Ni/Cu and precious-metal patterns
indicate that the sulfides equilibrated with gabbroic liquids.
In contrast, metagabbroic rocks that show granulite-grade
metamorphism and intense deformation contain stratabound
stringers of pyrite-chalcopyrite mineralization.

A16 Contributions to the Geology of Mineral Deposits

Locally the sulfides have been remobilized during the
faulting that juxtaposed the two rock types. This is most
clearly shown by the pyrrhotite-rich sulfides that occur as
massive pods near the fault, stringers in the fault, and injec-
tions into adjacent metagabbroic rocks. The chemical effect
of remobilization has been to reduce the abundance of Ni,
Cu, Co, and precious metals relative to Fe, to increase the
amount of Co relative to Ni and Cu, and to form minor
amounts of pentlandite that is very rich in cobalt. Although
rocks adjacent to the fault appear unaltered, it is not known
if this remobilization occurred solely as a result of deforma-
tion or if it also involved movement of fluids.

Whereas the pyroxenite appears to be relatively unde-
formed and unmetamorphosed, the adjacent metagabbroic
rocks clearly have a complex history of granulite-grade
metamorphism and intense deformation. Two environments
for these events seem possible. High-temperature and low-
to moderate-pressure metamorphic assemblages occur in dy-
namothermally metamorphosed rocks at the base of some
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Table 11. Electron microprobe analyses of pyrite
[Wt, weight percent; At, atomic percent; SD, standard deviation]

Pyroxene
cumulate Metagabbroic sequence

Sample number ----- 250-3 253-3 245-1 2461 251-4 252-1 253-1 253-2
Fe—

Wt —ecceemmeaan 47.06 46.1 45.2 46.7 46.0 46.6 45.7 46.80

At --eemeeeeaoo 33.30 33.15 32.24 32.99 32.91 33.13 32.89 334

SD -----eeee--- (.200) (.602) (1.13) (.687) (.689) (.145) (.484) (.501)
Ni—

Wt o-eeeeeeeo - .19 .95 .15 .14 .29 .05 .27 .02

At -----emeao- .13 .64 .08 .08 .20 .04 .20 .00

SD -----eee--- (.115) (.545) 177 (.170) (.480) (.100) (.386) (.061)
Cu—

Wt o—eeeeeee- - .18 .05 .74 .00 .14 .00 .03 .02

At ---coeemeeo oo 12 .04 .48 .00 .08 .00 .00 .00

SD ---eeeeioaa- (.028) (.123) (1.48) (.000) (.107) (.000) (.065) (.061)
Co—

Wt o-eemeeeme- .20 .22 .04 .01 12 .08 .03 11

At -----eeo .13 .16 .04 .00 .08 .04 .00 .08

SD -----eeeo-- (.190) (.404) (.090) (.144) (.245) (.700) (.038) (.133)
S—

Wt oeeeeieee--a 53.81 52.7 54.1 54.4 53.51 53.9 53.3 53.4

At ----ceeeeeao 66.32 66.01 67.16 66.93 66.73 66.79 66.91 66.57

SD ----eemea-- (.057) (.150) (.831) (.128) (.334) (-198) (.426) (.249)

Total
(Wt) -—------ 101.44 100.02 100.23 101.25 100.06 100.63 99.33 100.35

Metals/S ---------- .507 515 .489 494 .498 497 495 .503

ophiolites. However, these sequences are generally less than
1,000 m thick, are multiply deformed, and show closely
spaced changes in metamorphic mineral assemblages that
indicate presence of a steep thermal gradient in the past
(Williams and Smyth, 1973; Malpas, 1979). These are fea-
tures not apparent in the limited exposures of metagabbroic
rock near this sulfide occurrence or in extensive exposures
of similar rocks that make up the Big Craggies (fig. 1).
Alternatively, these rocks may be part of a high-
temperature, low-pressure metamorphic belt that formed
near an island-arc complex (Miyashiro, 1973). Similarities
in age and petrology between these rocks and those of the
Chetco River complex, parts of which are considered to be
part of an island arc (Nicholson, 1981), make this latter
alternative attractive. Blueschist assemblages that are the
same age as some of the younger metagabbroic rocks occur
to the west (Coleman, 1972) and could represent the compli-
mentary high-pressure low-temperature part of the paired
metamorphic belt.

A18 Contributions to the Geology of Mineral Deposits

The study of the Illinois River sulfide occurrence was
part of a larger program designed to evaluate the mineral-
resource potential of this part of southwestern Oregon (Page
and others, 1982). Although this sulfide is not economically
significant, similar sulfide occurrences in adjacent parts of
this ultramafic complex indicate that more economically
significant sulfide concentrations might be found. However,
the sulfides described here are more likely to be of interest
because they represent a rare documentation of immiscible
magmatic sulfides within a fragment of oceanic crust. This
type of mineralization may also represent the primary con-
centration of metals that are remobilized and reconcentrated
to make the Co-Ni-Cu arsenide and sulfide vein deposits
found in many altered ophiolite complexes. Although not a
well-known part of ophiolite metallogeny, vein deposits of
this type are found in the Mackinaw Mine, Washington
(Milton and Milton, 1959), Mesozoic ophiolites in Italy
(Zuffardi, 1977), the West Carpathians (Hovorka and Ivan,
1980), the Proterozoic ophiolite at Bou Azzer, Morocco
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Table 14. Metal-metal and metal-sulfur ratios from recalculated 100 percent sulfide compositions

Disseminated sulfides

Interconnected sulfides

250-2

251-3 250-3 253-3 2514

Ni/CU == -emmmmm e memmen 0.21
Ni/Co ~-------=--oecommeemo 5.00
PUPd -~--ccmmee e .30
PVAU -----emiii o 21
(Fe+Ni+Cu+Co)/S --------- 1.64
FelS --eemcmmceiaaaaa 1.41
Fe/Ni+Cu+Co ------------- 5.98

0.19 0.18 0.16 0.06
4.40 1.10 2.00 1.25
.49 29 .50 .25
1.49 1.00 7.50 25
1.69 1.49 1.50 1.50
1.31 1.47 1.43 1.45
3.40 73.8 18.3 32.6

100 250-21

251-3

Average gabbro
d

/ 251-4]
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Figure 5. Chondrite-normalized plot of PGM (platinum group
metals) and Au contents after recalculation to 100 percent
sulfides. Also shown are fields determined by Naldrett (1981)
for komatiites, Sudbury ores, and average pattern of sever-
al gabbro-hosted sulfide deposits. Detection limits greater
than the amount of Rh'present are shown by dashed line and
arrow.

A20 Contributions to the Geology of Mineral Deposits

(Leblanc, 1975, 1981), and in the Limmasol Forest Plutonic
Complex, Cyprus (Panayiotou, 1980). Of these occur-
rences, the one at Bou Azzer, Morroco, is the most signifi-
cant and, in fact, until recently was the only deposit where
cobalt was mined as the principal product.

The well-documented arsenide mineralization in part
of the Limmasol Forest Plutonic Complex, Cyprus, has
particular bearing on this type of mineralization. This com-
plex, which is part of the Trodoos ophiolite, contains two
separate mineralized areas (Panayiotou, 1980). Both have
sulfides and arsenides (mostly monoclinic pyrrhotite, chal-
copyrite, cubanite, and loellingite in the first area, and
troilite, valleriite, maucherite, chalcopyrite, and pentlandite
in the second) that are concentrated in veins and fractures.
Most of the mineralization is near the contact between
wehrlite and harzburgite and is believed to result from
arsenic-bearing fluids that remobilized magmatic sulfides
during serpentinization (Panayiotou, 1980). Small amounts
of disseminated sulfides occur above the ore zone and are
described as drops of an immiscible sulfide liquid that
formed the initial deposit and were subsequently remobi-
lized and altered by the arsenic-bearing fluids.

The sulfides in the nearly unserpentinized cumulates
along the Illinois River may, therefore, represent the protore
from which the mineralization in the Limmasol Forest Plu-
tonic Complex formed. Although the processes by which
the secondary vein deposits form, and particularly the
source of the arsenic-bearings fluids, are not well estab-
lished, the metals in these deposits were probably moved by
arsenic-bearing fluids, which were derived from outside
sources and were introduced during serpentinization and
shearing (Zuffardi, 1977; Leblanc, 1975; Panayiotou,
1980). Regardless of the process, the chemical and miner-
alogical alteration observed in the cumulate-hosted sulfides
along the Illinois River show that mobilization of Cu, Ni,
Co, and precious metals occurred.
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Figure 6. Composition of sulfides from cumulus pyroxenite plotted on the Fe-Ni-S diagram. For this diagram, proportional amounts
of cobalt have been added to nickel and iron; the compositions of 100 percent sulfides from table 13 have been further modified
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