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A B S T R A C T  

Osmium-isotope ratios were determined by an ion microprobe on the individual plat inum-group minerals (PGM) from 
placers, which are associated with ultramafic intrusions of late Precambrian to Tertiary age. Unlike Os-isotope ratios in 
large layered mafic intrusions, these lS7Os/186Os ratios are low, and within a narrow range from 0.99 to 1.12, which is 
attributed to the occurrences of the intrusions. There was no opportunity to incorporate old crustal Os because of the small 
sizes of the intrusions and the mode of emplacement  into the upper  crustal level. In addition, the interaction with the host 
volcanic rocks of similar age, if any, would not have seriously affected the lS7Os/S6Os ratios of the peridotites. 

While different phases of PGM in one grain have similar tSVOs/~86Os ratios, there is a significant variation in a given 
district. The variation is attributed to a long-term heterogeneity in R e / O s  ratios of the oceanic upper mantle.  

The lowest value in each area is lower than the value expected from the evolution of bulk Earth composition. The 
lowering may be due to primordially low R e / O s  ratios in the mantle or preferential removal of Re by partial melting to 
form the continental crust. The former model is rejected because most chondrites have higher R e / O s  ratios than type C1 
and the core -mant le  separation would not have lowered R e / O s  ratios. The low 1870s/aS6Os ratios are, therefore, 
attributed to the extraction of continental crust by preferential removal of  Re from the mantle through partial melting. The 
model is consistent with the depleted nature of oceanic peridotites (positive end, negative eSr, and low R e / O s  ratios). 

Calculations of 1870s/lS60s ratios of the mantle residue suggest that the observed data are in accordance with a model 
involving the extraction of ~ 2% melt by fractional fusion from the mantle of C1 chondritic composition at ~ 2.0 Ga. If the 
bulk Earth has higher R e / O s  ratios, as proposed by Martin [1], then the observed data require much larger degrees of 
partial melting or older mean age of partial melting at ~ 3.0 Ga. 

The variation in R e / O s  ratios in each area is ascribed to the various degrees of mixing of the depleted mantle source 
and more fertile material. This may be due to local heterogeneity in the mantle,  "marble-cake" like mantle [2] or 
replenishment of Re and Os from a more fertile source by sulphide ( + C O  2) in the mantle.  Generally higher 1870S//1860S 
ratios found in this study compared with those from the southern African sub-continental  l i thosphere [3] may be attributed 
to the nature of  the latter which is more isolated than the oceanic mantle from the rest of the mantle. 

The occurrence of S in the mantle may influence Re-Os isotope variations and the behavior of S may decouple the 
Re-Os system from other lithophile radiogenic isotope systems. 

1. Introduct ion 

Osmium is one of the platinum-group ele- 
ments (PGE) and its concentration in crustal 
rocks is generally orders of magnitude lower than 
that in peridotites. Therefore,  the contribution of 
Os from crustal rocks to the bulk Earth, either by 
recycling or partial melting processes, should not 
have had significant impact on Os-isotopes in the 
mantle. This led to the proposal of a uniform 

mantle reservoir for Re and Os and a single line 
of evolution for 1870s/1860s ratios in the mantle 
during the Earth's history [4], and to the identifi- 
cation of the type of chondrite accreted to the 
mantle after mant le-core  separation [5]. Since 
the pioneering work by All~gre and Luck [4], 
several Os-isotope studies have been carried out 
on mafic igneous bodies and mantle xenoliths. 
The results from large layered mafic intrusions 
show a significant variation in ~87Os/186Os ratios 
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within the intrusions due to the contributions of 
crustal Os: the Stillwater [6,7], Bushveld [4,8] and 
Freetown Layered Complexes [9]. The wide varia- 
tions of 187Os/186Os ratios within the individual 
intrusive bodies, therefore, invoked a problem in 
evaluating the 187Os/186Os values of the source 
mantle. 

This paper presents 187Os/l~6Os values of 
PGM associated with ultramafic intrusions in 
orogenic belts of late Precambrian to Tertiary age 
(Fig. 1). Osmium-isotope ratios of the ultramafic 
bodies are expected to be least affected by sialic 
crustal processes because of the ensimatic envi- 
ronments of their intrusion, the mode of em- 
placement in the upper crustal level and their 
relatively small size. They represent the slices of 
the depleted upper mantle which were obducted 
or diapirically intruded to the upper crustal level, 
or the cumulates of mafic magmas formed in the 
lower oceanic crusts. In either case, the magmas 
or the solid intrusions did not have an opportu- 
nity to interact with old crustal material. 

2. Analytical method 

Osmium-isotope ratios were determined on in- 
dividual PGM, mounted in epoxy by secondary 

ion mass spectrometry using the MIT-Brown- 
Harvard Cameca IMF 3f ion microprobe. Operat- 
ing conditions were essentially the same as those 
described by Allbgre and Luck [4] and Hart  and 
Kinloch [8]. Detailed operating conditions and 
reproducibilities of the analyses were described 
by Hattori et al. [9]. The primary O -  beam cur- 
rent of 4 to 20 nA was focussed to 10/zm and the 
positive secondary ions were energy filtering 
through a +50 to 110 volt window. The peaks of 
185, 186, 187, 188, and 189 masses were mea- 
sured during each analysis to correct for the 
contribution of 187Re and Os-hydrides, and to 
calculate the mass fractionation factor. Replicate 
analysis during the course of the study over a 
ten-month period shows a reproducibility (2~r) of 
_+0.6%. The precision of each result therefore 
was given as _+ 0.6% or the in-run error, whichever 
was larger. 

3. Geology and sample locations 

Most of PGM used in the study came from 
placers associated with ultramafic intrusions. Ex- 
ceptions were isoferroplatinum in chromitites 
from the Nizhni Tagil ultramafic massif, the Ural 
Mountains, and laurites enclosed in chromites in 
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chromitite from the southeastern Kalimantan, In- 
donesia. Placer occurrences include eluvial (re- 
sidual) samples, such as PGM from Joubdo, 
Ethiopia (Fig. 1). The close spatial association of 
the occurrences of the placers and ultramafic 
intrusions suggests the derivation of the PGM 
from the intrusions. The presence of exsolution 
lamellae in the PGM, which is indicative of high- 
temperature origin, and common inclusions of 
pristine olivine and sulphides in PGM confirm 
the formation of PGM in the intrusion and the 
mechanical derivation from the ultramafic rocks 
to the placers [10,11,12]. 

In this paper, we classify the ultramafic intru- 
sions into non-zoned- and zoned-types to elimi- 
nate any confusion arising from common terms 
such as Alpine-, Alaskan-, Ural-, orogenic-, post- 
orogenic- and ophiolitic-types. Non-zoned-type 
intrusions are commonly called "Alpine-type" or 
"ophiolite-type". They are lenticular in shape 
and consist of dunite, harzburgite, and lherzolite. 
A cluster of intrusions commonly form a serpen- 
tine belt. The rocks of this type are usually tec- 
tonized and partially to completely serpentinized. 
Non-zoned-type intrusions may be further classi- 
fied into high and low Ti-groups [13]. The high 
Ti-group intrusions are believed to be the ob- 
ducted slices of the depleted upper mantle, while 
low Ti-group are considered to be the cumulates 
of high-Mg boninitic magmas [13]. 

The second classification of intrusions, zoned- 
type, is commonly called "Alaskan-type", "Ural- 
type" or "orogenic-type". These intrusions dis- 
play concentric zoning with a central mass of 
dunite, surrounded by pyroxenite, and then com- 
monly by gabbro. In some cases, dioritic or syenitic 
rocks may occur in the outermost rim of the 
igneous complexes. The intrusions are not highly 
deformed and primary igneous minerals, such as 
olivine and pyroxene, are well preserved in most 
intrusions. 

The close spatial association of calc-alkaline 
volcanic rocks and the chemical compositions of 
the complexes suggest that the zoned-type ultra- 
mafic complexes are related to subduction pro- 
cesses. The origin of the lithological zoning is 
controversial and proposed opinions include (a) 
differentiation of ultramafic magmas [14], (b) dif- 
ferentiation of picritic magmas in their feeder 
pipes [15], or (c) the reaction of later intruded 

calc-alkaline magma with the pre-existing ultra- 
mafic igneous rocks [16]. In models (a) and (b), 
PGM-bearing chromitites are the early crystalliz- 
ing phase of the magmas without any crustal 
contamination. In model (c), the ultramafic bod- 
ies of zoned igneous complexes are identical to 
the non-zoned-type ultramafic intrusions. In any 
case, the studied samples should represent the 
Os-isotope values of the oceanic mantle source. 

PGM in the non-zoned-type are mostly Os-Ir- 
Ru minerals such as laurite (RuS2), erlichmanite 
(OsS2), and Os-Ir-Ru metal alloys (hexagonal os- 
mium, ruthenium and rutheniridosmine or cubic 
iridium). The nomenclature of PGM is after Har- 
ris and Cabri [17], in which commonly used 
"iridosmine" and "osmiridium" are now replaced 
by hexagonal osmium and cubic iridium or hexag- 
onal rutheniridosmine. Mineral osmium is a phase 
containing Os as the most abundant PGE. Stud- 
ied grains are commonly composed of multiple 
phases of PGM and some PGM show profound 
chemical zonings, as shown in Cabri and Harris 
[18]. 

The PGM within the zoned-type are mainly 
tulameenite (Pt2FeCu) and Pt-Fe alloys (cubic 
isoferroplatinum (Pt3Fe) or tetragonal tetraferro- 
platinum (PtFe)) and the PGE are concentrated 
in chromitites of the dunite cores of the zoned- 
type complexes. Grains of the Pt-Fe alloy com- 
monly contain crystallographically oriented exso- 
lution lamellae of Ir-Ru-Os alloys and inclusions 
of laurite/erlichmanite. Osmium-isotope analyses 
of PGM associated with the zoned-type intrusions 
were carried out on those Os-bearing inclusions 
of PGM in the Pt-Fe alloys. 

The samples associated with the non-zoned- 
type intrusions used in this study were from the 
Cambrian Adamsfield intrusions in Tasmania, the 
Carboniferous "serpentine belt" in the Cariboo 
district of southeastern British Columbia, the 
Pennsylvanian/Permian Atlin intrusions in 
northwestern British Columbia, the Cretaceous 
intrusions in Kalimantan, Indonesia, Cretaceous 
ultramafic belts in the Teshio and Onnabetsu 
districts of the central Hokkaido Island, Japan, 
and the Tertiary intrusions in eastern Sabah, 
Malaysia (Fig. 1). Among them, the Adamsfield 
intrusions [19] and ultramafic intrusions of the 
central Hokkaido Island [20] belong to the low 
Ti-group, defined by Serri [13]. The geology and 
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occurrences of PGM are described in the Ap- 
pendix. 

The zoned-type samples were from the late 

Precambrian Joubdo Ultramafic Complex in cen- 
tral western Ethiopia, the southern Ural Moun- 
tains in central USSR, the Triassic Goodnews 

TABLE 1 
187Os/lS(,Os ratios of individual POM grains 

Sample (a) Phase (b) 1870s/1860$(c) N(d) 

NON-ZONED TYPES 
Adamsfield, Tasmania, Australia 
906"0862 Ir430s47Ru10 [18] 1.028 -- .006 2 
9060863 Ir440s47Ru 9 [18] 1.017 -+ .006 5 
9060864 Ir660s27Ru 7 [18] 1.013 -- .006 5 
9060865 Ir440s42Ru14 [18] 1.014 ± .006 5 
9060866 Ir440s48Ru 8 [18] 1.020 ± .006 5 

Discovery Creek, Atlin District, Canada 

123391 Ir630s34Ru4154 ] 1.062 _+ .006 2 
ditto Ir410s55Ru4154] 1.063 -+ .006 2 
123392 Ir4oOs48Ru13154] 1 .049± .006 2 
123395 Ir360s4oRu24154 ] 1.063 -+ .006 2 
123397 Ir700s28Pt3154 ] 1.048 _+ .006 3 

Atlin, Canada 
10120,1 Ir290s37Ru34154 ] 
10120,2 Ir410s58Ru2154] 1.050 -+ ,006 
10120,3 Ir4oOs53Ru10154] 1.056 -+ ,006 2 
10120,4 Ir620s35Ru3154] 1.047 -+ ,006 2 
10120,9 Ir600s36Pt4154 ] 1.064 ± .006 11 
10120,10iridian osmium 1.039 ± .006 4 
10120,111r750s24Pt2 [54] 1.084 --_ .006 3 

Ruby Creek, Atline district, Canada 
117352 Ir240s69Ru7(54 ] 1.003 ± 006 5 
117353 Ir660s31Pt3154 ] 1.016 -+ .006 2 
117354 Ir170s81Ru2154 ] 1.060 - .006 2 
117355 Ir340s38Ru28154 ] 1.030 ± .006 2 
117356 Ir370s30Ru33154 ] 1.048 ± .006 2 
117357 Ir650s32Ru2154] 1.049 -+ .006 
117358 Ir620s32Pt6154] 1.082 -+ .006 

Atline district Canada 
123402 [I]osmian iridium 1.084 -+ .006 4 
ditto [M]lr300s55Ru15154] 1.047 + .006 5 
ditto iridium band 1.046 -+ .006 '3 
123403 Ir4oOs43Ru17154] 1.054 ± .006 3 
123404 Ir420s56Ru3[54 ] 1.083 --- .006 3 
123405 Ir380s62154] 1.050 -+ .006 6 
123406 Ir50s93Ru2154] 1.050 -+ .006 2 

Bullion deposit, Cariboo district, Canada 
142741 Ir610s30Ru9154] 1.030 -+ .006 2 

[I]iridian osmium 1.020 -+ .006 2 
142744 Ir590s34RUT[54 ] 1.039 -+ .006 3 

Pamali, SE Kalimantan, Indonesia 
26162(L) laurite 1.039 ± .010 
26163(L) laurite 1.088 ± .010 
26164(L) laurite 1.049 -+ .007 
Sungai Kalaan, SE Kalimantan, Indonesia 
2636(L) laurite 1.044 ± .010 

Riam Kanan, SE Kalimantan, Indonesia 
2698 Pt6Rh21r660s23155 ] 1.059 -+ .006 4 

Sample (a) Phase (b) 1870s/18SOs(C) N(d) 

Sungai Besar, SE Kalimantan, Indonesia 
31351 Pt9Rh3Ru31r510Sal [55] 

1.052 ± .006 5 
31352 Ru121r400s44155 ] 1.052 -+ .006 3 
3135-3 Ru41r580s33155 ] 1.041 ± .006 2 

Sungai Edam, SE Sabah, Malaysia 
3092 osmium 1.066 ± .006 3 

Teshio, Hokkaido Island, Japan 
01 iridian osmium 1.050 -+ .006 6 
02 iridian osmium 1.022 -+ .006 5 

Onnabetsu, Hokkaido Island, Japan. 
01 iridian osmium 1.033 -+ .006 4 
02 iridian osmium 1.044 ± .006 5 

ZONED TYPES 
Joubdo UItramafic Complex, Birbir district, 
Ethiopia 
24710 [E]osmium(2) 1.022 ± .006 2 

[I]osmium 1.027 -+ .006 
24712 [I]osmium 1.027 -_+ .006 2 
24713 [E]osmium 1.023 ± .006 2 

[I}osmium 1.022 ± .006 
24714 [I]osmium(2) 1.029 ± .006 3 

Choco, Colombia 
11617A Ir610s34Rus[54 ] 1.042-+.006 2 
11617B [I]iridium 1.043 ± .006 3 

Bear Creek Tulameen River. Canada 
124104 Ir870s5Ptg[54 ] 1.049 -+ .006 2 

[I]iridium 1.052 ± .007 

Granite Creek, Tulameen River, Canada 
18477 [E]osmium 1.042 ± .008 3 

[I]lr330s47Ru19154] 1.011 ± .006 
[E]lr360sssRu9154] 1.050 -+ .006 2 

Lincoln site, Tulameen, Canada 
C-236 [I]laurite 1.083 ± .008 

[E]osmium 1.087 ± .010 2 
[I]iridian osmium 1.088 +- .006 

Omutnaya River, Sissertj, Ural Mountain, USSR 
U-53 [I]laurite 1.035 ± .010 2 

[I]Os661r28Ru3Pt2164 ] 1.037 ± .011 5 

Nizhni Tagil, Ural Mountain, USSR 
U-45(L) [I]rutheniridosmine(2) 1.027 ± .006 2 

Goodnews Bay, Alaska 
14NM4 osmium rod 1.119 -+ .007 3 

[I]osmium(3) 1.109 ± .007 4 
14M4 [E]osmium(2) 1.036 ± .007 2 

[I]osmium(2) 1.043 - .007 3 
GDN1 [I]erlichmanite(3) 1.042 -+ .007 4 
GDN2 [I]osmium 1.086 ± .007 2 

[E]osmium 1.092 __- .009 2 
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Fig. 2.  I S 7 O s / l S C ~ O s  values of PGM associated with ultramafic intrusions, layered intrusions and the mantle-derived rocks. Dots 
represent  the data of PGM in this study. See Fig. 3 for the assigned ages for the plotting of the data. Lines show the range of values 
observed from layered intrusions: the Bushveld (line BU [4,8]), Stillwater (line SW [6,7]), and Freetown Layered Complexes (line F 
[9]). Crosses are values of komatiites: cross with K is Archaean komatiite in Abitibi greenstone belt [24]; crosses with G are 
komatiites from Gorgona Island [50]. Thick lines outside the right y-axis show the ranges of mantle-derived rocks: line with X is 
xenoliths from South Africa [3]; line with O1B is oceanic island basalts (Hawaii, Iceland [1] and Reunion Island and Loihi [51]; line 
with P is peridotites [1]. Dotted area indicates possible range o f  lS7Os/186Os ratios of the mantle based on 0.805 for the meteorite 

[52] and the maximum and minimum values observed from the mantle-derived specimens. 

Bay Ultramafic Complex on the west coast of 
Alaska, the Tr iass ic /Cretaceous  Choco district in 
western Colombia, and the Triassic Tulameen 
Ultramafic Complex in southeastern British 
Columbia (Fig. 1). The geology and occurrences 
of PGM in the above areas are found in the 
Appendix. 

4. Results 

The Os-isotope ratios of each phase of PGM 
are listed in Table 1. At least two spots were 
analyzed for each chemically homogeneous grain. 
When the grains are heterogeneous in Re, Os 
and Ir contents, as was common in many cases, 

TABLE 2 

Range o f  1 8 7 0 s / 1 8 ~ 0 s  ratios of PGM grains in each district 

Location Numbers  Range of 
of phases 1 8 7 0 S / 1 8 6 O s  

Adamsfield 4 1.013-1.028 
Cariboo 3 1.020-1.039 
Atlin 24 1.003-1.084 
Kalimantan 8 1.[)39-1.088 
Sabah 1 1.066 
Teshio 4 1.022-1.050 
Onnabetsu  2 1.033-1.044 
Joubdo 9 1.022-1.034 
Ural Mountains  9 1.021-1.051 
Goodnews Bay 13 1.030-1.121 
Choco 2 1.042-1.043 
Tulameen 9 1.011-1.087 

Notes to Table 1: 
~l Numbers  followed by (L) are lode samples (collected from the ultramafic rocks). 
~h~ The nomenclature of PGE alloys are after Harris and Cabri [17]. "Ir idosmine" and "osmir idium" are now replaced by osmium 

and iridium, respectively. The name "ruthenir idosmine"  is restricted for a hexagonal alloy with Ir as the major element.  
Numbers  in parentheses  are numbers  of analysed grains. [I] indicates the analyzed phase is a inclusion in isoferroplatinum or 
tetraferroplatinum. [E] indicates the analyzed phase is an exsolution lamella within isoferroplatinum or tetraferroplatinum. 

~c) The precision given in the table is the maximum of individual analyses of the phase. The precision for a single analysis is 
calculated from the ratio counting statistics or 0.6%, whichever is larger. Fur ther  explanation is given in the text. 

~d) Number  of analyses. 
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the ISTOs/lS~Os ratios of at least four areas were 
determined on individual grains. Because no vari- 
ations were found in ISTOs/lSOOs ratios within a 
grain, even in the grains with large chemical 
variations and zonings, the average values of indi- 
vidual grains are given in Table 1. 

Because the Re contents of all samples are 
low, there is essentially no contribution of radio- 
genic ~S7Os to the measured ~7Os. Therefore,  the 
measured JSTOs/~S~'Os ratios are the initial ratios 
at the time of the formation of PGM. To check 
Re contents quantitatively, one iridian osmium 
sample, which showed the highest Re abundance 
during the ion microprobe analyses (l~7Re consti- 
tuting 20% of the mass 187) was examined in the 
electron microprobe. The ReL,~ peak was not 
detected by counting for 60 s at 20 kV with the 
beam current 25 hA, which indicates that the 

concentration is less than 0.06 wt.%. Thus, the 
R e / O s  weight ratio is less than 0.001. Then, the 
increase in lSTOs/lS6Os due to the in-situ decay 
of lSYRe would be only 0.0003 in a 500 Ma 
period. The observed values are safely assumed 
to be the initial values. 

The values of 1 8 7 0 S / 1 8 0 0 S  ratios range from 
0.992 to 1.121 (Fig. 2). There is no systematic 
difference in lSVOs/lS6Os ratios between PGM 
from non-zoned- and those from zoned-types. 
The PGM within a given nugget show similar 
JSTOs/lS6Os ratios within analytical uncertainty 
independent of the mineral phases. For example, 
an iridium inclusion in an iridian osmium grain 
from Discovery Creek in the Atlin district has a 
~STOs/lS~'Os ratio of 1.062, which is similar to the 
value of the hosting osmium, 1.064 and 1.061 
(sample 12339,1; Table 1). Different inclusions of 
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Fig. 3. Minimum values of lSVOs/t~6Os for PGM and mantle evolution lines: z = minimum value of I~7Os/IS¢'Os for PGM 
associated with zoned-type ultramafic intrusions; <> = minimum value of t~7Os/tS6Os for PGM associated with non-zoned-type. 
The assigned ages for the plotting of the data are shown in parentheses and the abbreviations in the parentheses correspond to the 
alphabets in the diagram: Joubdo (J; 600 Ma), Adamsfield (Ad; 500 Ma), Ural (U; 400 Ma), Cariboo (Ca; 320 Ma), Atlin (At; 280 
Ma), Tulameen (Tu; 205 Ma), Goodnews Bay (G; 215 Ma), Choco (Ch; 180 Ma), Kalimantan (K; 115 Ma), Sabah (S; 40 Ma), Teshio 
(Te; 110 Ma) and Onnabetsu (On; 120 Ma). Typical range of 2o- for each analysis is shown in a bar. Three solid lines show the bulk 
Earth evolution of the l~VOs/~6Os ratios: solid line with CI is C1 chondritic evolution with 0.805 at 4.55 Ga [52] and 1.07 at 
present [53] with 187Re/186Os ratio of 3.70; solid line with C30  is C30  chondritic evolution which had the initial 187Os/lS6Os ratio 
of 0.805 at 4.55 Ga with the ISTRe/186Os ratio of 3.32 [5]; solid line with M is bulk Earth evolution line proposed by Martin [1]. 
Depleted oceanic mantle evolution lines are broken lines. Long dash-shor t  dash line: Cl-like evolution until 2.0 Ga, then the 
decrease in the ~S7Re/186Os ratio by 40% by fractional fusion producing 1.98% melt. Short dash line: bulk Earth evolution 

proposed by Martin [1] until 2.0 Ga, then the decrease in the lSTRe/t~6Os ratio by partial fusion producing 2% melt at 2.0 Ga. 
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osmium in Pt-Fe alloys from the Joubdo district 
have similar lS7Os/lS6Os values (samples 
BM1928-247, 10, 12, 14; Table 1). 

While the values of individual nuggets are sim- 
ilar in these ratios, there are significant variations 
in ~S7Os/~S6Os ratios among grains from one dis- 
trict (Fig. 3). The nuggets from the Atlin district, 
in which a dozen ultramafic bodies occur in an 
area of 35 km by 35 km, show 18VOs/lS6Os ratios 
ranging from 1.00 to 1.09. Nuggets from Good- 
news Bay also show a significant variation ranging 
from 1.03 to 1.12. 

5. Discussion 

5.1. Comparison with layered mafic intrusions 

Large layered intrusions such as the Bushveld, 
Stillwater, and Freetown Complexes show wide 
variations in lSTOs/lS6Os ratios (Fig. 2) [4,6,7,8,9]. 
The variations are attributed partly to intrusions 
of different magmas from different sources in the 
mantle [7], the assimilation of crustal rocks, 
a n d / o r  the incorporation of crustal Os by sub- 
solidus hydrothermal activity [8]. 

The spread of ~87Os/~S6Os ratios in the pre- 
sent samples is very limited compared with those 
for the large layered intrusions (Fig. 2). The ob- 
served small variation in 1870s/1860s ratios re- 
flects several factors: the ensimatic environments 
of these intrusions, the Os-rich nature of the 
source, and the mode of their emplacement in 
the upper crustal level. 

First, the layered intrusions were crystallized 
from tholeiitic magmas. Tholeiitic magmas con- 
tain much lower Os than ultramafic rocks [21], 
which makes ~87Os/~S6Os ratios of tholeiitic mag- 
mas susceptible to change in the isotopic ratios. 

Second, the magmas for the layered intrusions 
were emplaced in cratons, where the host rocks 
were geologically much older than the intrusions. 
The peridotites in the orogenic belts, on the 
other hand, were hosted in mafic igneous rocks 
and minor sedimentary rocks of similar ages. Due 
to much higher Os contents in peridotites than in 
the surrounding rocks and close lS7Os/~86Os ra- 
tios between the intrusions and the hosting coun- 
try rocks, the interaction with the host rocks 
would not have seriously influenced the ~STOs/ 
~86Os ratios of the ultramafic bodies. 

Third, the relatively small sizes of peridotites 
were favourable for retaining the IS7Os/IS6Os 
values of their sources because they did not have 
sufficient heat to assimilate nor to generate large 
magmatic-hydrothermal activity to incorporate 
crustal Os, as in the large layered intrusions. 

Fourth, most of the peridotitic intrusions were 
emplaced in the upper crustal level as solid intru- 
sions by obduction or diapiric processes. In par- 
ticular, the syn-orogenic non-zoned-type ultra- 
mafic intrusions in ophiolite suites are believed to 
have been obducted to the upper crustal levels as 
"cold" intrusions. There was no opportunity for 
the solid intrusions to assimilate old host rocks 
nor to incorporate crustal Os during their crystal- 
lization in the mantle. 

As described earlier, several ultramafic bodies 
are the cumulates of high-Mg boninitic magmas, 
which are the product of high degree partial 
melting of depleted mantle wedges above subduc- 
tion zones. Because Os, Ir and Ru have lower 
solubility compared with Pt, Pd and Rh, the min- 
erals of Os, Ir and Ru form in the very early stage 
of the crystallization of mafic magma [22], and 
occur in early crystallizing cumulate phases [23]. 
Therefore,  the PGM would reflect the ~SVOs/ 
186Os ratios of the source magma. In addition, 
the host volcanic rocks are similar in age and the 
assimilation would not have significantly altered 
the lS7Os/lS6Os ratios of the magmas before the 
cumulate formation. The effect of assimilation is 
further evaluated in the following discussion. 

5.2. Variation in 1870S//1860S ratios in one district 

5.2.1. Variation due to sedimentary processes 
Detailed mineralogical studies of PGM includ- 

ing exsolution textures of PGM and common 
occurrences of olivine and sulphides in the placer 
PGM grains have shown that PGM in placers 
were formed in ultramafic intrusions and that 
they were later mechanically eroded and trans- 
ported to the site in placers [10,11,12,18]. Similar 
Os-isotope ratios of PGM in chromitites in ultra- 
mafic rocks and the associated placers in Borneo 
(laurites from chromitites in Pameli and Sungai 
Kalaan, and iridium grains in streams from Riam 
Kanan and Sungai Besar) and the Ural Moun- 
tains (U-45 from chromitites at Nizhni Tagil, and 
U-53 from the Omutnaya River; Table 1) confirm 
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this interpretation. No change in ~STOs/186Os ra- 
tios took place during placer formation. The ob- 
served lS7Os/186Os ratios of PGM from placers 
in this study, therefore, represent those of the 
responsible igneous rocks. 

Although most PGM of alluvial placer origin 
occur along streams on ultramafic intrusions or 
immediately adjacent to the intrusions, some oc- 
cur several km downstream from a series of ultra- 
mafic intrusions, such as the occurrences at Atlin, 
British Columbia. The variation of lSYOs/lS6Os 
ratios may reflect the variation among intrusive 
bodies. 

5.2.2. Isotopic variation during intrusion processes 
The behaviour of PGE in magmas described in 

the preceding paragraphs suggests that Pt- and 
Pd-minerals formed later than Ru- and Os- 
minerals [22,23]. lSTOs/186Os ratios of the Pd- 
and Pt- minerals may be modified due to contam- 
ination of crustal rocks. The observed values of 
1870s/1860s ratios of PGM enclosed in Pt-Fe 
alloys are not different from those of Ir-Os alloys 
from one area, confirming that no appreciable 
change in ~87Os/~8°Os ratios took place during 
the crystallization of the ultramafic magmas. 

The small, but significant variations in ~SVOs/ 
186Os ratios from one district are attributed to (1) 
the contribution of crustal Os by assimilation or 
circulating hydrotherma! fluids, or (2) the hetero- 
geneity in the source mantle. The former model 
implies that the minimum value in each area 
should represent the best value of the contempo- 
raneous oceanic mantle source, because any 
crustal contribution would raise the 1870S/1860S 

ratios. 
The contribution of crustal rocks is considered 

below. 
Assimilation. The effect of the assimilation on 

1870s/1860s ratios may be evaluated using the 
average concentration of Os in tholeiites, 0.02 
ppb, and the average concentration of peri- 
dotites, 5 ppb [21]. The assimilation of tholeiites 
of equal weight which are 50 Ma older than the 
ultramafic rocks would raise 1SVOs/186Os ratios 
from 1.000 to 1.005. If the age of the host rocks is 
100 Ma older than the ultramafic magma, and 
tholeiites of 50% of the weight of the magma are 
assimilated, the incorporation of host rocks would 
raise the  1870s/1860s  ratio of the magma from 

1.000 to 1.005. Much higher incorporation of host 
rocks is not geologically reasonable because it 
would change the chemistry of whole rocks. 

If the ultramafic intrusion is composed of cu- 
mulates of boninitic magmas, we may expect that 
less amounts of assimilation are required to 
change the XSVOs/lS~'Os ratio of the magma. But, 
the MgO contents in boninites are high and simi- 
lar to komatiites, suggesting a similar high degree 
of partial melting in the mantle and similar Os 
contents. The contents of Os in komatiites, 2 to 6 
ppb [24,25], are compatible with those of peri- 
dotites [21]. Therefore,  it is difficult to change 
ISVOs/I~6Os ratios of boninites as ultramafic 
rocks. 

The total spread in the ~S7Os/lS~'Os ratios of 
Ir-Ru-Os grains is much larger than the variation 
expected from the assimilation, suggesting that 
the assimilation did not play a significant role in 
the observed variation in 1870S/1860S ratios. In 
addition, the occurrences of PGM in ultramafic 
intrusions suggest early formation during the 
crystallization history of magmas. The contents 
and relationships of PGE and MgO contents in 
komatiites also confirm that Ir, Ru, and Os pre- 
cipitates early [25]. The evidence above suggests 
that Ir-Ru-Os minerals were most likely formed 
before significant assimilation of host rocks and 
that their isotopic signature will reflect those of 
the source mantle. 

Hydrothermal activity. Two kinds of hydrother- 
mal activity may be considered: the first occurring 
during intrusive activity and the latter during the 
serpentinization. As mentioned, the host volcanic 
rocks are similar in age and presumably have 
similar ~87Os/~S°Os ratios. The contents of Os in 
the mafic volcanic rocks are an order of magni- 
tude lower than those of ultramafic rocks. It is 
extremely difficult to raise 187Os/~86Os ratios by 
the leaching of Os from mafic volcanic rocks 
during intrusive activity. 

If hydrothermal activity involved a significant 
mobility of PGE, then pristine olivine and pyrox- 
erie chemistry in zoned-type indicates that the 
hydrothermal activity took place within the stabil- 
ity field of igneous minerals. It is difficult to 
discount this possibility, but it appears very un- 
likely based on the evidence below. Minerals and 
metals tend to precipitate from fluids where the 
changes of temperature and pressure occur. If an 
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intrusion-related hydrothermal process was in- 
volved for the formation of PGM, the most 
favourable sites for the mineralization would be 
the outer margins of intrusions, as found for Cu 
mineralization in porphyry-type deposits. Instead, 
PGM occur in the core of ultramafic intrusions. 

The ultramafic bodies, especially the non- 
zoned-types, show varied degrees of serpentiniza- 
tion. The serpentinization is believed to have 
occurred during the obduction process of the 
ultramafic intrusions, which also obducted shal- 
low marine sedimentary rocks and volcanic rocks. 
The sedimentary rocks may contain detritus de- 
rived from older terrains, and the incorporation 
of this old crustal Os would modify the 187Os/ 
~8('Os ratios in the ultramafic rocks. But, compari- 
son of the distribution of Ir, Pt and Pd between 
less serpentinized and completely serpentinized 
rocks suggests that the serpentinization has not 
resulted in significant mobilization of Os [26,27]. 
Platinum and Pd are considered to be more solu- 
ble compared with the rest of PGE [28]. Lack of 
enrichment or depletion of Pt and Pd in serpen- 
tinized rocks compared with less serpentinized 
counterparts precludes the possibility that signifi- 
cant amounts of Os were mobile from the sur- 
rounding host rocks during serpentinization. 

The high mobility of Pt and Pd compared with 
Os and Ru in fluids suggests that Pt and Pd 
minerals may be high in serpentinized intrusions, 
if hydrothermal processes are significant for the 
formation of PGM. Contrary to the prediction, 
PGM in serpentinized non-zoned type intrusions 
are mostly Os and Ru minerals and the intrusions 
are low in Pt and Pd contents. Non-serpentinized 
zoned-type intrusions, on the other hand, com- 
monly contain Pd and Pt minerals. Hydrothermal 
processes are therefore discounted as the signifi- 
cant cause for the variation in 187Os/lS6Os in 
each district. 

5.3. Heterogeneity in the mantle. 

We conclude that the variation in 1870S/1860S 
ratios (Fig. 3) is primarily due to the heterogene- 
ity in the source upper oceanic mantle. It may be 
argued that the ultramafic sequence in ophiolites 
may represent juxtaposed slices of igneous bodies 
which were once separated in time and space. 
Peridotites of different origins may have been 

tectonically emplaced in one location: one formed 
in the ridge and one formed in supra-subduction 
zones. Some peridotites display evidence of sev- 
eral pulses of replenishing magma [23]. In any 
case, the sources of igneous rocks are oceanic 
mantle, and the spreading and obduction events 
for ophiolite formation took place in a geologi- 
cally short time without significant transport of 
the plate [29]. Considering the long half life of 
ISTRe, the spread in ~87Os/lS~'Os ratios indicates 
their variation in the oceanic mantle. 

The heterogeneity of ~VOs/l~'Os ratios in the 
mantle in a given time suggests a long-lived het- 
erogeneity in R e / O s  ratios, over 1 b.y. It also 
implies that the calculation of R e / O s  ratios and 
~S7Os/IS6Os ratios of the bulk Earth needs the 
proper assessment of mass and isotopic ratios of 
different domains in the mantle. 

5.3.1. The cause for low 1870S //1860S ratios com- 
pared with chondrite 

As mentioned, the lowest value of the ~SVOs/ 
~8~Os ratio in each district can safely be assumed 
to be the value of the mantle because no crustal 
processes would lower the values. All observed 
values, however, most likely represent those of 
the source mantle. The lowest values are gener- 
ally lower than the C1 chondrite evolution curve 
(Fig. 3), suggesting that the mantle source area 
had a lower R e / O s  ratio than C1 chondrite for a 
geologically long time (over 1 b.y.). The lowering 
of the R e / O s  ratios may be attributed to primor- 
dially low R e / O s  ratios of the mantle (model A) 
or the preferential extraction of Re from the 
mantle to the continental crustal reservoir by a 
prior partial melting process (model B). Model A 
means that the Earth's present mantle did not 
start with C1 chondritic R e / O s  ratios, as pro- 
posed by Morgan [5]. 

Model A: low primordial R e / O s  ratios in the 
mantle. High abundances of siderophile elements 
in the mantle compared to those expected from 
the core-mant le  separation are commonly at- 
tributed to the incomplete partition of the ele- 
ments during the separation or the addition of 
siderophile elements by accretion of chondrites 
after the core-mant le  separation [30]. The ratios 
of refractory siderophile elements, which are sim- 
ilar to those of chondrites, and the high ratios of 
siderophile to chalcophile elements in the mantle 
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are favourable to multiple stages of accretion and 
core-mant le  separation processes [3l]. Morgan 
[5] proposed that the accreted chondrite in the 
mantle was mostly C30  type and the primordial 
value of the JSVRe/186Os ratio of the mantle was 
3.32. This is based on the assumption that the 
evolution of lSVOs/~8°Os ratios in the mantle is 
homogeneous. The values of the evolution line of 
C 3 0  chondrite are close to the observed values of 
t h e  1 8 7 0 s / 1 8 6 0 s  ratios. However, significant num- 
bers of l~7Os/~S6Os ratios are lower than the 
C30  evolution line (Fig. 3). In addition, the ini- 
tial 1870s/186Os ratios of Archaean komatiites 
[24] are lower than the values expected from C30  
evolution. 

R e / O s  weight ratios of chondrite vary from 
0.05 to 0.12 (lSVRe/186Os ratios from 2.1 to 5.0). 
CI and C2 chondrites have relatively low R e / O s  
ratios compared with other chondrites, such as 
E-, H- and L-types [5]. If different types of chon- 
drites were accreted to the Earth, the primordial 
R e / O s  ratios would have been higher than those 
predicted from C1 and C2. Therefore,  the model 
of the accretion of different types of chondrites is 
discounted as the major cause of the observed 
low 1870S/1860S ratios. 

During the core-mant le  separation, R e / O s  
may have increased in the silicate mantle. The 
partition coefficients of Re and Ir between liquid 
silicates to S-bearing metallic liquid [32] suggest 
that R e / I r  in liquid silicates is higher, and those 
among PGE suggest that Os has an even higher 
preference for sulphide melt [22]. The data sug- 
gest preferential removal of Os during the sepa- 
ration of S-bearing metal core and silicate man- 
tie. Therefore,  such a process could not have 
resulted in lower R e / O s  ratios in the mantle. 
Primordially low R e / O s  ratios which are due 
either to the bombardment of chondrite or 
core-mant le  separation are, therefore, rejected 
as the explanation for the observed low ~87Os/ 
lS6Os ratios. 

Model B: extraction of Re from mantle to conti- 
nental crustal reservoir by partial melting as the 
cause for the low 1870s /lSOOs. The weight ratios 
of R e / O s  in basalts are over 30 [21,33]. These 
ratios are higher than those for the mantle-de- 
rived rocks, indicating that Re was preferentially 
partitioned into a melt during the partial melting 
in the mantle. After the partial melting, the resid- 

ual mantle would be variably depleted in Re, and 
the 187Os/J86Os ratio of the residue would not 
change as the rest of the mantle changed. Reten- 
tion of the melts in the continental crust resulted 
in depletion of Re in the mantle. Positive ENd and 
negative esr of mid-oceanic ridge basalts (MORB) 
and ultramafic bodies in ophiolites [34] are con- 
sistent with the interpretation that low lS7Os/ 
J~6Os ratios are due to the prior partial melting 
and the subsequent isolation from the rest of the 
mantle. The low J~7Os/l~6Os ratios are also con- 
sistent with the observed chemistry of the ultra- 
mafic rocks, such as the depletion in light rare 
earth elements [34], low incompatible elements, 
and low and varied R e / O s  ratios [35]. All of the 
isotope and trace element data suggest a long- 
lived heterogeneous oceanic mantle source region 
for these ultramafic intrusions. 

The values of the lSVOs/lS6Os ratios of the 
oceanic mantle may be modelled using the R e / O s  
ratios of the bulk Earth, the mean age of partial 
fusion, and the extent of partial melting. Because 
the data in this study show that the 1870S/1860S 
ratios of the present-day oceanic mantle are ~ 
1.02, the extent of partial melting was calculated 
at a given age and the relationship between the 
mean age of partial fusion and the degree of the 
melting is illustrated in Fig 4. Two sets of calcula- 
tions were made: one model assumes the evolu- 
tion of 1870S/1860S ratios of the oceanic mantle 
from C1 chondritic bulk Earth [4], and the other 
assumes a higher bulk Earth value recently pro- 
posed by Martin [1]. 

The calculations used the experimentally de- 
termined distribution coefficient for Re between 
clinopyroxene and melt, 0.035, by Watson et al. 
[36]. The value is within the range of the empiri- 
cal bulk distribution coefficient between the man- 
tle and melt, 0.2 to 0.001, estimated from the 
contents of Re in basalts and komatiites by 
Walker et al. [3]. Clinopyroxene is most likely the 
main hosting silicate mineral for Re in the mantle 
since it incorporates far more incompatible ele- 
ments than orthopyroxene and garnet. The distri- 
bution coefficient, 0.035 _+ 0.005, should be the 
most warranted value between the bulk mantle 
and melt. The uncertainty of the value does not 
create significant changes in the results. For ex- 
ample, partial melting of 1.98 + 0.30% is required 
at 2.0 Ga to obtain the present mantle value from 
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probable range of partial fusion [38,39]. 

the primitive mant le  of  C1 bulk Ear th  composi-  
tion (Fig. 4). 

The  calculation used the bulk distribution co- 
efficient for Os, 140, which is est imated f rom the 
contents  of  Os in basalts and komatii tes [3]. A 
small difference in the distribution coefficient for 
Os does not affect the results of  the calculations 
because the incompatibili ty of  Re  during the par- 
tial fusion primarily controls the deplet ion in 
R e / O s  ratios in the residue. 

Figure 4 illustrates that  higher degree of  par- 
tial melt ing is required if the mean  age of  deple- 
tion is younger  and that  higher bulk Ear th  R e / O s  
ratios [1] require higher degree of  melting at a 
given age. If  the bulk Ear th  has a high R e / O s  
ratio [1], the mVOs/lS6Os ratios of  the bulk Ear th  
would have at tained 1.02 at 1.23 Ga. The mean  
age for the deplet ion must  be older than the ages. 
If  the mean  age for the deplet ion is 1.5 Ga  and 
1.0 Ga, melt ing of  3.4% and 6.1 are required, 
respectively. If  the bulk Ear th  has C1 chondrit ic 
composit ion,  6.8% and 1.98% of melt  product ion 

at 1.0 Ga  and 2.0 Ga, respectively, is required to 
explain the observed values. 

Because the ultramafic intrusions were derived 
f rom the oceanic mantle,  the mantle  sources for 
these intrusions may be approximated f rom 
MORB.  Pb-isotopic arrays of  the oceanic basalts 
suggest the mean  age, 2.0 Ga  [37]. Trace  e lement  
studies [38] and other  isotope systems [39] suggest 
that  the mean  degree of  partial fusion is ~ 2%. 
These  constraints support  that  the bulk Ear th  has 
a C1 chondrit ic  R e / O s  ratio. Deple t ion of  R e / O s  
ratios in the mantle  residue by product ion  of  2% 
melt by fractional melt ing at ~ 2.0 Ga  is consis- 
tent  with the observed values [Fig. 3]. 

5.3.2. Variation in 1870S//1860S ratios in one dis- 

trict 
The next quest ion is the cause for the variation 

i n  1 8 7 0 s / 1 8 6 0 s  ratios in one district. The  varia- 
tion appears  to indicate long-lived he te rogeneous  
distribution of  Re and Os in the mantle.  The  
variation may be due to "marb le -cake"  like local 
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heterogeneity in the mantle [2], a n d / o r  due to 
the heterogeneous distribution of S in the mantle. 

Common occurrences of sulphides in mantle- 
derived rocks suggest that sulphides constitute 
common phases in the mantle [40,41]. Sulphide 
globules are also common in the quenched glass 
of MORB [42]. The negative pressure-depen- 
dence of S solubility in silicate melts [43] suggests 
that the source mantle for such basalts may be 
oversaturated in S, and that the sulphide phase 
existed at the source. The occurrences of sul- 
phide inclusions in the primary minerals in 
harzburgite and lherzolite [44] support the view 
that a part  of the depleted mantle contains sul- 
phides. But other petrographic studies suggest 
that the partial melting may result in the almost 
total extraction of S from the residuum [22,45]. 
The evidence suggests heterogeneous distribution 
of sulphide in the mantle. Because both Re and 
Os are chalcophile, their behaviour is influenced 
by the distribution and amount  of S in the man- 
tle. 

If  S is oversaturated to silicate melt, R e / O s  
ratios of the source mantle may not change after 
the partial melting because there will not have 
been significant fractionation of the metals be- 
tween the sulphide melt and silicate melts. The 
lS7Os/~86Os ratios of the mantle residues would 
change as those for the bulk Earth change. The 
observed low ~87Os/lS6Os ratios suggest that S 
was not always in the residue during partial melt- 
ing; S was impoverished. The common occur- 
rence of S in the mantle rocks, therefore, re- 
quires the introduction of S from non-depleted 
sources or early separation of S from the melt 
while it was still in the mantle. Either mechanism 
would produce heterogeneity in R e / O s  and sub- 
sequent variation in 1870S /1860S  ratios. 

The study of sulphides in mantle xenoliths 
shows that S may be present  in the mantle as 
films on grain boundaries [46], or as CO2-sulphide 
fluid [41,47]. Such S-bearing phases may be able 
to transport  Re and Os from a more fertile source 
to the depleted mantle. Sulphides in the mantle 
may be concentrated in Re and Os, and thus act 
as a storage for Re and Os in the mantle. 

The Re-Os isotopic system is similar to other 
isotopic systems, such as Rb-Sr and Sm-Nd. The 
radiogenic element is more incompatible during 
partial melting, and is stored in the continental 

crust. But, a non-lithophile Re-Os isotopic system 
may be decoupled from other radiogenic isotopic 
systems because of their chalcophile nature. 

Our data of low 1870S /1860S  ratios of the 
ultramafic rocks are generally compatible with 
the low and varied ratios of mantle xenoliths 
beneath southern Africa [3]. But, the values ob- 
served beneath southern Africa are as low as 
~ 0.90, and they are generally lower than the 
values of the present results from the PGM in 
peridotite intrusions (Fig. 2). The discrepancy 
between the oceanic mantle and the sub-con- 
tinental mantle beneath southern Africa may be 
attributed to (1) continental magmatism resulting 
in more efficient extraction of Re, (2) successive 
magma extraction from the same source area and 
isolation from the rest of the mantle, or (3) par- 
tial melting in the oceanic mantle more recent 
than the ~ 3.0 Ga for the southern African sub- 
continental mantle. The mean apparent  age of 
the oceanic mantle, ~ 2.0 Ga [37], is not as old as 
that of the sub-continental mantle, but the latter 
option alone is not sufficient to explain the differ- 
ence observed between the two mantles. Magma- 
tism, such as kimberlite formation, would not 
have removed Re from the subcontinental litho- 
sphere since kimberlites have rather low Re con- 
tents [48]. It appears  that the models (1) and (3) 
may not satisfactorily explain the low R e / O s  
ratios in the sub-continental lithosphere. The re- 
maining possibility is successive magma extraction 
and isolation. It is generally accepted that the 
cratonization and stabilization of the continents 
were accomplished through the devolatilization 
of the underlying mantle to form a refractory 
lithosphere [49]. The refractory parts have been 
physically separated in the mantle and it is likely 
that the physical nature of the refractory "keel"  
also allowed them to be chemically isolated from 
the rest of the mantle. 

6. Conclusions 

(1) PGM associated with ultramafic intrusions 
of various ages show a narrow spread in 187Os/ 
~S6Os ratios from 0.992 to 1.121, much lower than 
those observed in large layered mafic intrusions. 
Because of the mode of the intrusions and their 
geological settings, these Os-isotope values are 
considered to be those of the source mantle. 
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(2) There is a significant variation in 187Os/ 
1860S ratios in a given area. Because there was no 
change in 18VOs/t86Os ratios during placer for- 
mation and immobility of Os during serpentiniza- 
tion, the variation reflects the heterogeneity in 
1870s/1860s ratios in the upper oceanic mantle 
due to a long-lived heterogeneity in R e / O s  ratios 
(over 1 Ga). 

The heterogeneity may be due to the local 
occurrences of ancient subducted components 
(marble-cake mantle; 1), a n d / o r  the occurrence 
of sulphides in the mantle. 

(3) The lowest value from a given area is lower 
than the expected 1870S/1860S ratio for the evo- 
lution of C1 chondrite. The values are much 
lower than the ratio expected for a high R e / O s  
bulk Earth, proposed by Martin [1]. 

The low values cannot be attributed to primor- 
dially low R e / O s  ratios of the mantle. The low 
values, therefore, are explained by the preferen- 
tial extraction of Re into the continental crustal 
reservoir through partial melting processes. The 
data are consistent with the model in which the 
oceanic mantle had the initial C1 chondritic 
R e / O s  ratios until 2.0 Ga, and underwent ~ 2% 
fractional partial melting to reduce R e / O s  ratios 
by 40%. If the bulk Earth has higher R e / O s  
ratios, as proposed by Martin [1], then it requires 
larger amounts of partial melting or older mean 
age of the fusion, ~ 3.0 Ga. The former model is 
preferred because the mean age and the degree 
of partial fusion are in general agreement with 
other isotopic and trace element studies [38,39]. 

(4) The variation in ~S7Os/~86Os ratios in one 
area is attributed to local-scale heterogeneity in 
the mantle [2], a n d / o r  the presence of S in the 
mantle. 

Rhenium, which would be extracted from the 
source during partial melting, would be separated 
into S-melt while the silicate melt was still in the 
mantle. Infiltrating sulphide and CO2-sulphide 
melt in the mantle may transport Re and Os from 
a more fertile region into the depleted mantle 
source. Common occurrences of sulphides in 
mantle minerals and along grain boundaries of 
xenoliths appear to support this model. 

Much lower 1870s/1860s ratios observed in the 
sub-continental mantle by Walker et al. [3] may 
suggest that the oceanic mantle was not so iso- 
lated from the rest of the mantle. 
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Appendix--descript ion of studied areas 

Non -zoned- types 

Adamsfield, Tasmania. The Adamsfield Ultramafic Com- 
plex (AUC) is one of a dozen Tasmanian ultramafic-mafic 
complexes in the ophiolite sequence of Cambrian age in the 
Tasman Geosyncline. The AUC, which is composed of dunite 
and olivine orthopyroxenite, was originally emplaced in the 
Cambrian sedimentary rocks of the Adamsfield Troughs and 
re-intruded into the overlying Ordovician sedimentary rocks, 
forming the core of a large anticline [19]. The ultramafic rocks 
are low in TiO 2 and are believed to have formed in an 
immature arc above the subduction zone [13]. Alluvial PGM, 
mostly iridian osmium with minor rutheniridosmine, are found 
along streams as well as in the Ordovician sedimentary rocks 
overlying the AUC. Olivine and pyroxene inclusions in the 
alluvial PGM are similar in composition to those in the AUC, 
confirming the derivation from dunite. 

Atlin district, British Columbia. The area is located in 
northwestern British Columbia near the Yukon border. The 
Atlin intrusions consist of a dozen small ultramafic intrusions 
assoc ia ted  with the ophio l i t e  s e q u e n c e  of  the 
Pennsylvanian/Permian Cache Creek Group [56]. They are 
composed of peridotite and most are massive except for the 
Mt. O'Keefe intrusion, which shows crude layering of dunite 
[56]. The ultramafic intrusions are cut by the late Cretaceous 
Coast Range granites. 

Bullion mine, Cariboo Mining District, British Columbia. 
The Bullion mine is located ~ 4 miles west of the outlet of 
Quesnel Lake in southwestern British Columbia. The source 
of PGM is serpentine belts in the Carboniferous Slide Moun- 
tain Terrane. The terrane is composed of ultramafic igneous 
rocks and mafic volcanic rocks, and attaches to the western 
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margin of the Barkerville Terrane of late Precambrian to 
Paleozoic volcano-sedimentary rocks [57]. 

Goodnews Bay, Alaska. PGM grains, mainly Pt-Fe alloys, 
iridium, and sperrylite, occur along the s treams east of  the 
Goodnews Bay Ultramafic Complex, along the sea shore, and 
in the past-foreland west of the complex. The Ultramafic 
Complex, ~ 2 km by 5 kin, is concentrically zoned and forms 
a topographically high point, Red Mountain.  The Jurassic 
Complex intruded in the NE trending late Triassic to early 
Jurassic volcanic and sedimentary belt [58]. The Mesozoic 
terrane accreted to a Paleozoic volcano-sedimentary terrane 
to the north. The ultramafic rocks are partially serpentinized, 
but primary olivine and pyroxene are well preserved. 

Sabah, Malaysia. The Darvel Bay-Labuk-Pa lawan  Ophio- 
lite Complex occurs in the northcentral  part of Borneo Island 
and swings east to Darvel Bay at the eastern end of the island. 
The ophiolite complex extends north on Palawan Island in the 
Philippines. The ultramafic suite consists of harzburgite, py- 
roxenite, and serpentinized dunite. The Ar-age of metamor-  
phic minerals on Palawan Island, 36 Ma, and the host rock 
stratigraphy of Borneo Island indicate a Miocene age for the 
complex [59]. 

Kalimantan, Indonesia. Two dismembered ultramafic bod- 
ies occur in the southern part of Kalimantan,  the Meratus  and 
Bobaris Mountain Ranges.  They are composed of dunite, 
lherzolite, harzburgite, olivine clinopyroxenite, and are be- 
lieved to represent  the uppermost  part of  the oceanic mantle 
[55]. PGE-bear ing chromitites are surrounded by dunite and 
then by harzburgite [55]. The rocks were obducted during the 
subduction of the Sundaland Plate, ~ 114 Ma, following rift- 
ing of the Paleo-Sulawesi Sea [55]. PGM in the alluvial 
placers, developed in the ophiolitic assemblage, are Pt-Fe 
alloy, osmium, iridian osmium, iridium, laurite, and Pd-As 
minerals [55,60]. 

Teshio and Onnabetsu, Central Hokkaido Island, Japan. 
Two north-trending ultramafic belts run parallel to one an- 
other in the central part of Hokkaido Island: the Kamuikotan 
tectonic belt to the west and the Hidaka serpentinite belt to 
the east. The Teshio and Onnabetsu  deposits are at the 
northern end of the Kamuikotan belt, where four similar 
ultramafic bodies, which consist of dunite and harzburgite, 
intruded into the early Cretaceous Sorachi Group volcano- 
sedimentary rocks: the Horokanai,  Inushibetsu,  Takadomari ,  
and Takasu intrusions. The ultramafic rocks belong to low AI 
and Ti-type ultramafic bodies ( < 0.05 wt.% TiO 2 and < ~ 2% 
AI20  3 [19]). 

Z o n e d - t y p e s  

Joubdo, western Ethiopia. The Joubdo (Yubdo) district is 
within the Mozambique mobile belt, a late Proterozoic oro- 
genic belt in eastern Africa. Several ultramafic bodies, includ- 
ing the Daletti, Tulu Dimtu, and Joubdo Complexes, form a 
NNE-trending belt along the boundary between a high-grade 
felsic gneiss to the east and a greenschist  facies volcano-sedi- 
mentary terrane to the west, which was accreted during the 
late Proterozoic subduction [61]. The precise U-Pb zircon ages 
of granitoids from the area constrain the age of the ultramafic 

complexes, 635 to 570 Ma [6l]. The age is in accordance with 
the end of thermal activity in the area, ~ 600 Ma, based on 
K-At  data [62]. 

The intrusive body is a typical Alaskan-type with a massive 
dunite core surrounded by minor wehrlite, then pyroxenite, 
and by gabbros. Most grains of PGM were recovered from the 
capping eluvium on the central dunite body [63]. Lesser 
amounts  occur along the Birbir River whose tributaries cut 
the ultramafic complex. 

Ural Mountains. Two types of ultramafic intrusive belts are 
known in the area: one belt with ophiolitic non-zoned-type 
intrusions and another  ~ 8 0  km to the west consisting of 
zoned ultramafic bodies. One  sample came from the Nizhni 
Tagil dunite massif  in the core of a duni te-c l inopyroxeni te-  
gabbro complex, which is hosted by the pillowed lavas and 
related intrusions of the late Silurian and mafic to intermedi- 
ate calc-alkaline rocks of early Devonian time. The diapiric 
emplacement  of the ultramafic complexes in the area is be- 
lieved to be related to the early Devonian igneous activity 
[64]. 

PGM are concentrated within chromitites within dunite 
massifs, and more than 600 sites of the occurrences of PGM 
are recorded in the area [64]. In some complexes, wehrlite and 
plagioclase pyroxenite layers are found between the dunite 
and pyroxenite. The outermost  part may be quartz diorite and 
syenite. The dunite is generally free from serpentinization, 
and primary olivine and pyroxene crystals are well preserved 
[65]. The lithology of the host rocks, the occurrence of PGM, 
and the mineralogy are similar to those in the Tulameen 
Complex in B.C. 

Tulameen, British Columbia. The Tulameen Ultramafic 
Complex, ~ 6 km by ~ 20 km, is located within the south- 
western In termontane  Belt, immediately east of the junction 
of the Quesnelklia tectono-stratigraphic terrane and the 
Mount  Lytton Plutonic Complex. The intrusive suite was 
emplaced into the metasedimentary and intermediate to felsic 
metavolcanic rocks of the Upper  Triassic Nicola Group. The 
Tulameen Complex consists of  a core of chromitiferous dunite, 
olivine clinopyroxenite, hornblende clinopyroxenite, and gab- 
broic rocks [12,14]. Pyroxene syenite, which is believed to have 
been emplaced at the same time as the ultramafic intrusions, 
occurs adjacent to the ultramafic complex. The ultramafic 
intrusion is syn- to late-tectonic, and the whole suite has 
undergone ductile and brittle deformation. 

The U-Pb zircon ages of the syenitic phase give the date of 
209 Ma and (S7Sr/86Sr)initi~l ratios of 0.7030 to 0.7046 (J. 
Rublee, written commun.,  1989). PGE in the complex are 
concentrated in the chromitites in the dunite cores, and the 
comparison of PGM from placers and chromitites shows the 
derivation of placer PGM from the dunite source [12]. Studied 
samples come from Granite Creek and Bear Creek, also 
called Lawless Creek. Both run directly west of the Tulameen 
Complex. 

Choco, western Colombia. Because of the poor understand-  
ing of the geology of this area, located in the Cordillera 
Occidental, it is difficult to estimate the nature of the ultra- 
mafic intrusions at the source. But, the occurrences of PGM 
in the serpentinized dunite and pyroxenite, west of  Cerro Irro, 
and the occurrence of dunite, pyroxenite, and gabbro boul- 
ders together with PGM along the s treams in the area suggest 
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that the source igneous rocks are Alaskan-type ultramafic 
intrusions [66]. 
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