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Abstract-Seven large (10 g) impact melt rock samples from boreholes from the Boltysh impact crater (Ukraine) 
and six samples from the East Clearwater crater (Canada) were analyzed for Os, Ir, Ru, Rh, Pd, Re and Au 
by the nickel sulfide technique in combination with neutron activation. Earlier analyses of Clearwater East 
impact melt rocks have shown that they are strongly enriched in Ir, Os, Pd and Re. In this work, I confirm 
earlier findings and demonstrate similarly high enrichments of Rh and Ru. The average Os/Ir, Rdlr, PdIr, 
Rh/Ir and Ru/Rh ratios of the melt rock samples from Clearwater East are CI-chondritic and yield an average 
Ir content of 25.2 2 6.5 ng/g relative to an average upper crust concentration of 0.03 f 0.02 ng/g Ir. The 
amount of meteoritic component corresponds to 4 to 7% of a nominal CI component for Clearwater East. 

The impact melt rock samples from a bore hole from Boltysh are low in Ir with an average of 0.2 & 0.1 
ng/g. The CI-normalized abundances increase from the refractory to the more volatile siderophile elements (0s 
< Ir < Ru < Rh - Pd - Au - Ni - Co). Because of the low Ir anomaly and uncertainties in making corrections 
(correlations are weak) for indigenous siderophile elements, no clear projectile assignment can be made. 

INTRODUCTION 

In -20 terrestrial impact structures, the type of the impacting 
projectile has been tentatively identified from abundances of sidero- 
phile and highly siderophile elements (HSEs) and their interelement 
ratios (Grieve and Shoemaker, 1994). The reliability of impacting 
body identification in many of the craters is generally based on rela- 
tively few HSEs and elemental ratios. For example, Janssens et al. 
(1977) proposed that the Rochechourt (France) meteorite was an IIA 
iron meteorite based on abundance ratios of Os, Ir, Ni and Pd. 

In the East Clearwater impact structure, high concentrations of 
Os, Re, Ir, Pd, Ni, Co, Cr and Au have been detected in melt rocks 
by Palme et al. (1 978, 1979), Grieve et al. (1980) and Evans et al. 
(1993). The flat chondrite-normalized pattern of all nonvolatile si- 
derophile elements and a similar relative enrichment factor for Cr 
suggested the presence of -7% of a chondritic component in the 
sampled portion of the impact melt layer of East Clearwater. This 
hypothesis required the addition of -2% of ultramafk rocks to the 
East Clearwater impact melt (Palme et al., 1979). An iron meteorite 
as projectile type was ruled out by Palme et al. (1978) because of 
the simultaneous enrichment of Cr. Iron meteorites have usually 
<50 pg/g Cr (Choi et al., 1995). In comparison, the Cr content of 
CI chondrites is 2646pg/g (Palme and Beer, 1993). 

From Boltysh, so far only eight samples have been analyzed for 
Ir; three contain <1 ng/g Ir and five contain -0.1 ng/g Ir (Gurov et 
al., 1986; Grieve et al., 1987). Grieve et al. (1987) concluded that 
the impactor could have been a stony projectile if the Ni (43 &g), 
Cr (56pg/g) and Ir enrichments are meteoritic in origin. 

The purpose of this study was to better characterize the meteoritic 
signatures of these two craters by additional analyses of highly si- 
derophile elements (especially the less often analyzed elements, Os, 
Ru, Rh and Pd), which can be used in some cases to distinguish be- 
tween magmatic iron meteorites, nonmagmatic iron meteorites and 
chondrites. The major compositional difference between magmatic 
and nonmagmatic groups is observed in log-log Ir-Ni trends, for 
which the slopes in magmatic groups range from -20 to 40, whereas 
those in the nonmagmatic groups are -5 (Choi et al., 1995). The 

trace-element fractionations in magmatic iron meteorites seem to be 
best modeled by fractional crystallization of an iron melt during 
solidification of iron cores in the parent bodies (Scott, 1972). Non- 
magmatic iron meteorites have escaped the fractionation process 
and did not form a single molten core (Scott, 1972). 

IMPACT STRUCTURES AND SAMPLES 

The Clearwater samples are aliquots from rock samples from the 
same section of the melt sheet as analysed by Palme et al. (1979). 
The Boltysh samples, which were obtained from E. P. Gurov (Kiev), 
have been described previously by Grieve et al. (1987). 

Clearwater Lake is situated in northern Quebec (Canada), which 
is some 150 km east of Hudson Bay (56"5'N, 74'7'W). The age of 
the cratering event is 290 2 20 Ma. The topograhic diameter of the 
structure is -22 km (Grieve, 1991, and references therein). 

Samples examined in this study were obtained from drill holes 
2-63 and 2-64 (see Palme et al., 1979). I have included one basement 
rock (quartz-monzonite) in this study to infer the contribution to the 
siderophile element contents of the impact melt. 

The Boltysh impact crater (Ukraine), located at (48'45'N, 
32"10'E), which is some 850 km southwest of Moscow, is a circular 
depression in the Proterozoic Precambrian crystalline basement of 
the Ukrainian Shield, which is composed primarily of porphyritic, 
aplitic and Rapakivi granites with associated migmatites, along with 
a small amount of biotite gneiss. Boltysh was ascribed to impact 
origin on the basis of form and the occurrence of shock metamorphism 
(Masaitis, 1974; Yurk et al., 1975). Bolthysh is a complex crater, 
-24 km in diameter, with a 6 km diameter central uplift rising some 
550 m above the autochthonous basement of the crater floor. Fis- 
sion track dating of the impact melt rocks indicates ages ranging 
from 96 2 10 to 105 2 13 Ma (Komarov and Raykhlin, 1976). The 
samples for this study come from drill hole, B50, which is located 
3.5 km from the crater center. Characterization of the Boltysh impact 
melt rocks is given by Grieve et al. (1987). Chemically, the melt 
rocks are relatively homogeneous (HBlker and Deutsch, 1996) and 
correspond to a mixture of granites and gneisses in the ratio of five 
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to  one  (Grieve et al., 1987). The  impact melt rocks, which have an 
estimated volume of - 10 km3, can be  classified on the basis of ma- 
trix textures into two main types: microcrystalline and glassy matrix 
melt rocks. The  sampled sequence of impact melt rocks lies between 
574 to  734 m below the surface. 

ANALYTICAL TECHNIQUES 

Whole rock samples were cleaned with distilled water. No clasts were 
removed. After crushing with a hammer wrapped in polyethylene, samples 
were ground in an agate mill, and 10 g aliquots (-30 pm) of the homogen- 
ized samples were used for analysis. The highly siderophile elements were 
analysed by the fire assay neutron activation method using nickel sulphide 
as a collector, following the analytical procedures described by Schmidt et 
al. (1997a). The INAA procedure involved two irradiations: a short ir- 
radiation for Rh and a long irradiation for the other elements. Samples were 
first placed in a polycarbonate rabbit and irradiated for 5 min at a thermal 
neutron flux of 1.7 x 10l2 neutrons cm-* s-l in the RP2 hydraulic rabbit 
facility of the Maim TRIGA Reactor. For the short irradiation times, sample 
and standard were put together in one ca sule. After a delay time of 2 min, 

5 1 keV was used for the Rh-determination. A Rh standard was measured 
for 3 min in the same counting position as the actual sample. After completion 
of the first irradiation, samples were sealed together with chemical stan- 
dards into a clean capsule and irradiated for 12 h in the core of the reactor at 
a flux of 4 x 10l2 neutrons c w 2  s-l. After a decay time of 16 h, y-spectra 
of the samples and standards were taken to determine Io9Pd, IssRe, Pt as 

samples were counted for 500 s.  The I ! 4mRh (TIl2 = 4.41 min) y-peak at 

IwAu and 19*Au. After a second decay time of three weeks, the sam les 

Analyses were performed with two Ge(Li) detectors (efficiencies: 57.1% 

Concentrations of Os, Re, Ir, Ru, Rh, Pd and Au are given in Table 1. 
The values obtained for two replicates (2 g) of the international reference 
gabbro (WMG-1) are included in Table 1. Analytical uncertainties (f lo) 
reflect the propagation of errors due to counting statistics and uncertainties 
of elemental abundances in the reagents. Precisions estimated from count- 
ing statistics corresponding to one standard deviation for the analyzed 
elements are roughly: 0 s  f 1%, Re f lo%, Ir f O.l%, Ru f I%, Rh f 
2%, Pd f 2%, and Au k 1%. Upper limits are shown for abundances be- 
low detection limits defined as background plus three standard deviations. 
Except for Pt, Au and Ir, reagent blanks of the Pt-group elements (PGEs) 
were below the detection limits. For Pt, we found unusually high blank 
values. Up to 500 ng/g Pt have been found in the flux material Li2B40, 
obtained from the Merck Company. Therefore, the Pt values could not be 
used in this work. Iridium and Au concentrations have been corrected for 
blank values in Table 1. 

and standards were measured again to determine 19%, 1920s, and lo P Ru. 

and 29.2%). 

CONTENTS OF SIDEROPHILE ELEMENTS 
IN BASEMENT ROCKS 

A prerequisite for the identification of extraterrestrial material in 
impact melts is the knowledge of the amount of siderophile elements 
that is  provided by basement rocks. Although only one  basement 
rock (quartz-monzonite) from Cleanvater East crater (see Table  1; 

TABLE 1.  Concentrations of Os, Re, Ir, Ru, Rh, Pd and Au of melt rocks and basement quartz-monzonite (DCW-1-64-472) 
from East Clearwater (Canada) and Boltysh (Ukraine) and from platinum group element reference material WMG-I, 
as determined by neutron activation analysis. 

Cleanvater East 0 s  Re Ir Ru Rh Pd Au 
Impact melt rocks ng/g ndg ng/g ng/g ng/g ng/g ng/g 

DCW-2-63-965 
DCW-2-63-972 
DCW-2-63-1005 
DCW-2-63-1039 
DCW-2-63-1110 
Average 
Std. Dev. (a) 

Boltysh 
Impact melt rocks 
501580 
5 0165 8.5 
501574 
501627.8 
5 01600.3 
501734 
501696 
Average 
Std. Dev. (0) 

Gabbro standard 

DCW-1-64-472 

WMG-1 (A) 
WMG-1 (B) 
WMG-I# 

CI-chondrite* 
Continental Crust 

18.6 f 0.1 
34.0 f 0.1 
30.6 f 0.1 
30.3 f 0.4 
21.2 f 0.1 

26.94 
6.65 

0.03 f 0.01 

<o. 1 
<o. 1 
<o. 1 
10.1 
<o. 1 
<o. 1 
<o. 1 

27.8 f 0.4 
25.8 f 0.4 

24s 

486f24 
0.05t 

0.55 f 0.04 
0.68 f 0.05 
0.21 f 0.03 
0.91 f 0.05 
0.53 f 0.01 

0.58 
0.25 

0.16 f 0.01 

<0.02 
0.06 f 0.01 

<0.07 
0.05 f 0.01 
0.08 f 0.01 

<0.01 
<0.01 
0.06 
0.02 

18.0 f 0.3 
18.0 f 0.4 

n.d. 

38.3 f 2.7 
0.04-0.48t.i 

16.96 f 0.01 
32.12 f 0.01 
28.69 f 0.04 
28.39 f 0.04 
19.80 f 0.01 

25.19 
6.47 

0.03 f 0.03 

0.07 f 0.03 
0.25 f 0.03 
0.26 f 0.03 
0.07 f 0.03 
0.24 f 0.03 
0.33 f 0.03 
0. I5  f 0.03 

0.20 
0.10 

49.82 f 0.04 
47.57 f 0.04 

46 f 4 

459f14 
0.03t 

25.4 f 0.3 
46.7 f 0.3 
44.3 f 0.4 
43.7 f 1.0 
30.5 f 0.3 

38.12 
9.52 
<O.l 

<0.2 
0.53 f 0.1 1 
0.64 f 0.07 

<0.2 
0.77 f 0.08 
0.83 f 0.05 

<0.3 
0.61 
0.21 

30.0 f 1.4 
31.3 f 1.3 

35 f 5 

714f71 
1.18 

7.11 f 0.12 
12.33 f 0.14 
9.24 f 0.13 

11.23 f 0.16 
8.01 f 0.13 

9.58 
2.18 

1.71 f 0.07 

1.48 f 0.08 
1.49 f 0.07 
1.74 f 0.08 
1.56 f 0.08 
1.97 f 0.08 
1.72 f 0.08 
1 .OO f 0.07 

1.57 
0.30 

27.36 f 0.63 
26.41 f 0.53 

26 f 2 

140f4  
0.38'f 

27.1 f 0.9 
42.2 f 1.2 
29.7 f 0.6 
33.8 f 1.2 
28.2 f 0.4 

32.20 
6.14 

1.6 f 0.1 

2.10 f 0.12 
2.59 f 0.12 
2.00 f 0.18 
2.41 f 0.15 
2.18 f 0.16 
2.64 f 0.34 
2.84 f 0.21 

2.39) 
0.31 

363 f 7 
370 -t 8 
382 f 13 

556f56 
2.05 

4.57 f 0.20 
7.68 f 0.20 
3.62 f 0.20 
3.82 f 0.20 
4.79 f 0.20 

4.90 
1.63 

0.20 f 0.20 

0.54 f 0.20 
1.21 f 0.20 
0.69 f 0.20 
0.67 f 0.20 
0.78 f 0.20 
0.82 f 0.20 
0.45 f 0.20 

0.74 
0.25 

31.7 f 0.2 
45.8 f 0.2 
110 f 11" 

152f7  
0.1-2.51 

Iridium and Au concentrations have been corrected for blank values; 0.19 ng/g for Ir and 0.4 ng/g for Au. All other values are below 
the detection limit of 0.2 ng/g for Ru, Rh and Pd, of 10 pg/g for 0 s  and 20 pg/g for Re. 
*Data from Palme and Beer (1993). The solar system abundance of Rh is from Jochum (1996). 
tTurekian and Luck (1984); Walker et al. (1991) and Esser and Turekian (1993). 
$Schmidt and Pernicka (1994). 
$Schmidt et al. (1997a); Schmidt and Palme (1997). 
$A,B) Replicate analysis of certified reference material WMG-I on 2 g samples from this work. 
Certified reference values from gabbro reference material (CANMET, 1994), Sprovisional value. 

"Spettel (Max Planck Institute for Chemistry) determined on two 100 mg aliquots 71 f 2 ng/g Au. Possibly, the certified Au value of 
the reference material WMG-I is too high. It seems also that Au is inhomogeneously distributed in this reference material. 
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Nature of the impacting bodies from PGEs in borehole samples from Clearwater and Boltysh 763 

DCW-1-64-472) has been analysed in this study, it is sometimes 
possible to infer the contribution to siderophile element contents of 
the impact melt rocks by using correlations of HSEs (Schmidt et al., 
1997a). This indigenous component has to be subtracted from the 
melt content of siderophile elements to obtain the net meteoritic 
contribution. Among the HSEs, Ir and 0 s  have the lowest CI-nor- 
malized abundance in crustal rocks ( i e . ,  their contribution to a melt 
rock contaminated with a meteoritic component is lower than for any 
other element). If the meteoritic component is homogeneously dis- 
tributed, correlations such as, for example, Rh vs. Ir allow the deter- 
mination of the indigenous contribution of Rh, given that indigenous 
Ir is negligible. The indigenous contents of Rh, Pd, Au and Ru were 
calculated from linear correlations with Ir (Fig. la-k). The excess 
siderophiles in Boltysh impact melt rock samples are very low, barely 
above background. This allows reasonably good estimates of the 
indigenous component, but the small difference between melt rock 
and basement makes a characterization of the projectile component 
practically impossible (see below). The indigenous contributions of 
HSEs calculated by this method may better represent the average 
siderophile element contribution of the basement than analyses of 
individual basement rocks. The latter method requires analyses of 
all types of basement rocks as well as the knowledge of their rela- 
tive proportions in the melt. The correlation method is limited by 
the fact that small variations in the absolute concentrations of HSE 
in impact melt rock samples with high concentrations of strongly 
siderophile elements have a large influence on the y-intercept (at Ir 
= 0), as can be seen in the next sections. 
CHARACTERIZATION OF METEORITIC COMPONENTS 

AND PROJECTILE IDENTIFICATION 
Clearwater East 

The major element composition of the analysed samples is rather 
constant (Table 3, in Palme et al., 1979), which is in agreement with 
observations of a large number of terrestrial impact craters (e.g. ,  
Grieve, 1987, and references therein). The five analyzed impact melt 
samples from Clearwater East are highly enriched in PGEs relative 
to average upper crust concentrations (Table 1). Palme et al 
have found Ir and Au contents in five samples from the 
same core section as analysed in this work in the range of 
23.8 to 45.0 nglg and 5.0 to 8.6 ng/g, respectively. One 
basement sample (quartz-monzonite) has been analyzed to 
infer the PGE contribution to the siderophile element con- 
tents of the impact melt (Schmidt et al., 1997b). We have 
found a high Rh (1.71 f 0.07 ng/g) content in this sample 
in comparison with an average Rh content of -0.4 ng/g in 
crustal rocks (Schmidt et al., 1997a) and -1 ng/g in mantle 
rocks. The Rh content in the basement sample agrees with 
estimates from the regression (1.8 -C 1.9 ng/g Rh). After 
subtraction of the indigenous component, the Rh/Ir ratio of 
East Clearwater is clearly chondritic (Fig. la). Other si- 
derophiles in the basement sample are in the range of crus- 
tal abundances. 

The y-intercept for Pd in Clearwater East is 9.0 2 5.2 
ng/g, which is much higher than the Pd content of the 
basement sample DCW-1-64-472 (1.6 2 0.1 ng/g). In this 
sample, Palme et al. (1978) found 7.4 ng/g Pd, which is 
significantly higher than estimates of crustal rocks and the 
value obtained in this work. For Ru and Os, with excel- 
lent regressions (r2 = 0.99), the y-intercepts are 1.55 f 
2.53 ng/g and 1.70 f I .03 ng/g, respectively. The content 

(1 979) 

for Ru is at the upper range of estimates of the upper crust (Schmidt 
et al., 1997a), but the 0 s  y-intercept is much higher than the upper 
crustal content of -0.05 ng/g (Turekian and Luck, 1984). From two 
melt rock samples, DCW-2-63-1039 and DCW-2-63-980.5, Palme 
et al. (1978) determined by radiochemical neutron activation analyses 
(RNAA) Os/Ir ratios of 1.03 and 1.10, respectively. The five differ- 
ent melt rock samples analysed in this study show an excellent cor- 
relation of 0 s  and Ir (r2 = 0.99) with Os/Ir of 1.07 f 0.01 (Table 2), 
which is not distinguishable from O a r  determined by RNAA. Never- 
theless, the indigenous component of Os, Ru and Pd is difficult to 
evaluate; as can be seen from Fig. 1 M, a small change in the slope of 
the 0s-Ir, Pd-Ir and Ru-Ir correlation has a large influence on the in- 
digenous contribution. This demonstrates that the correlation method 
is too limited for melt rock samples with small (-4% of a nominal 
CI component) meteoritic contaminations to get reasonable indige- 
nous Pt-group element estimations. 

An alternative explanation for the excess 0 s  would be the ad- 
dition of a terrestrial component with high Os/Ir. Since both 0 s  and 
Ir are highly refractory elements, large fractionations (a factor of 
two have been determined in a plagioclase-wherlite from Zabargad) 
between 0 s  and Ir have never been observed in terrestrial rocks. 
Nevertheless, proper interpretation of siderophile element contents 
in the Clearwater East impact melt requires the assumption of a 
small fraction of a Ni- and Cr-bearing ultramafic component, which 
had not been sampled (Palme, 1980). 

Rhenium may be volatilized during terrestrial impact processes 
(Morgan, 1978). The five samples studied in this work may have 
also lost Re and Au during terrestrial weathering. The Re concen- 
trations in this study contrast with values obtained by Palme et al. 
(1 979). The average of five analyses from Palme et al. (1 978) and 
Palme et a!. (1979) gives a IrRe ratio of 15 f 1.7, which is only 
slightly higher than the CI-ratio of 12. The corresponding Ir/Re 
ratio from this work, without the high ratio of sample DCW-2-63- 
1005, is 37 f 8 (Table 1, Fig. le). In contrast, the Re concentration 
of the basement sample DCW-1-64-472 from this work is 0.16 ng/g, 
which is 4x the content obtained by Palme et al. (1978). There is, 

TABLE 2. Element ratios of melt rocks from East Clearwater (Canada) and Boltysh 
(Ukraine) compared to CI ratios. 

Samples 

DCW-2-63-965 
DC W-2-63 -972 
DCW-2-63-1005 
DCW-2-63-1039 
DCW-2-63-1110 
Average 
Std. Dev. (a) 
Net ratio* 

501580 
50/658.5 
501574 
501627.8 
501600.3 
501734 
501696 
Average 
Std. Dev. (0) 

CI-chondrite 

Osflr RuAr Rh/Ir Pd/lr ldAu RdRh IrRe 

1.09 1.49 0.42 1.60 3.72 3.57 31 
1.06 1.45 0.38 1.31 4.19 3.79 47 
1.07 1.54 0.32 1.03 7.93 4.79 137 
1.07 1.54 0.40 1.19 7.44 3.89 31 
1.07 1.54 0.40 1.42 4.14 3.81 37 
1.07 1.51 0.38 1.31 5.48 3.97 57 
0.01 0.04 0.04 0.21 2.03 0.48 45 
1.07 1.51 0.31 1.22 5.36 4.84 60 

<1.43 <2 21.1 30.0 0.13 <0.14 >3.5 
<0.40 2.12 5.96 10.4 0.21 0.36 4.2 
<0.38 2.46 6.69 7.7 0.38 0.37 >3.7 
<1.43 <2 22.3 34.4 0.10 <0.13 1.4 
<0.42 3.21 8.21 9.1 0.31 0.39 3.0 
<0.30 <4.2 5.21 8.0 0.40 0.37 2.9 
<0.67 2.00 6.67 18.9 0.33 0.02 1.4 

2.4 10.9 16.9 0.3 0.30 2.6 
0.5 7.5 11.2 0.1 0.16 1.2 

1.06 1.56 0.31 1.21 3.02 5.1 12 

*Net ratio = indigenous component (DCW-1-64472; Table 1) is subtracted. 
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however, some discrepancy between the absolute abundances of Re 
found in the two different studies. The difference indicates that Re 
is quite heterogenously distributed in the samples. Similar results 
were obtained for the distribution of 0s  and Ir within impact melts 
from Chicxulub crater, Mexico (Sharpton et al., 1992; Koeberl et al., 
1994) and the Manson crater, USA (Pernicka e f  al., 1996), where 
significantly different abundances of Ir and 0s  were found in differ- 
ent splits. Two core samples of melt rocks from drill hole DCW-2-63 
(5 g sample) were also analyzed by Evans et al. (1993), who found 
strong enrichment of PGEs in sample DCW-2-63-1045 (Ir = 29 ng/g, 
Au = 35 ng/g, Pd = 124 ng/g; in this sample, Palme ef al. (1979) ob- 
tained 35.8 ng/g Ir and 6.7 ng/g Au; see also Fig. If), which con- 
trasted sharply with the value for DCW-2-63-1022 (Ir = 0.12 ng/g) 
and confirms heterogeneously distributed Ir and Au in the melt sam- 
ples from Clearwater East. 

0s Re Ir Ru Rh Pd A u  Ni Co 

FIG. 1. (a-k) Plots of highly siderophile elements against Ir. The CIchondrite 
ratios are indicated. Regressions are indicated by dashed lines. Boltysh sam- 
ples show little excess siderophiles, but the indigenous contents (at Ir = 0) 
are well defined. The higher concentrations in the Clearwater East samples 
indicate clear excess in HSE. However, the uncertainties in the slopes of the 
correlations indicated are large; hence, reasonable indigenous components 
cannot be derived from these data. Assuming basement values from quartz- 
monzonite (Table 1 ;  DCW-1-64-472) leads to chondritic RMr (a), OsAr (b), 
RulIr (c) and Pdnr (d) ratios for Clearwater East. Large filled triangles are 
data from Palme el al. (1978) and Palme ef 01. (1979). If no error bars are 
plotted, then errors are smaller than symbol sizes. 

(I and m) Chondrite-normalized HSE diagrams for impact melts. Ele- 
ments are arranged in the order of decreasing melting points. The relative 
abundances of HSE in Clearwater East are C1-chondritic after subtraction of 
the indigenous contents. The large error for the corrected Ni and Co is 
caused by the large standard deviations of 37% and 27%, respectively (see 
Palme el  al., 1979). 

The average Os/Ir, RdIr  and Pd/Ir ratios of the melt samples are 
CI-chondritic, if we take into consideration the estimated accuracy 
for Ru and Pd of 10% for CI-chondrites (see Table 1). The average 
Rh/Ir ratio is -23% higher and the average Ru/Rh ratio is -22% 
lower than the CI-ratio (Table 2). After subtraction of the indige- 
nous Rh content of 1.71 ng/g (Table I), the Rh/Ir and R u m  ratio is 
0.31 and 4.84, which is not different from the CI ratios (Table 2). 

The amount of meteoritic component corresponds to 4 to 7% of 
a nominal CI component (Fig. I). The HSE patterns from Clearwater 
East are flat (CI-chondritic) with some depletion of Re and Au and 
some Cr enrichment relative to CI-chondrites. From Ni-Ir correla- 
tions, Palme (1980) calculated indigenous Ni and Co contents of 
158 f 38.6 ug/g and 18.59 2 4.84 ug/g, respectively. The Ni con- 
tent derived by correlation is much higher than the highest Ni con- 
tent determined in a basement sample (34 pg/g Ni, Palme e f  al. 
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1979). The Co content of 21.5 pglg from this sample is in agree- 
ment with the value derived by correlation. Hische (1994) reported 
for basement lithologies in drill core 164 Ni and Co contents in the 
range of 5 to 155 pg/g and 30 to 164pg/g, respectively (XRF analy- 
ses; n = 20). 

After correcting the Ni and Co contents for indigenous Ni and 
Co, the CI-normalized values are 0.062 and 0.058, which is not sig- 
nificantly different from the CI-normalized PGE values of the five 
melt samples analysed in this work (0.053 to 0.056; see Fig. I). 

The CI-normalized Cr of the melt samples is 0.113 (not shown 
here), which is 2x the PGE values. On the basis of the Cr/Ir ratio, 
we cannot argue that the projectile is a chondrite, although a high 
fraction of a meteoritic component is diluted in the melt, and in former 
studies Cr has been shown to be critical for distinguishing between 
stony and iron projectiles (Palme, 1982). On the other hand, iron 
meteorites have much lower Cr/Ir ratios than chondrites. Therefore, 
we conclude that a large fraction of -130 pg/g Cr in the samples is 
terrestrial in origin. 

In summary, I conclude that the nonfractionated CI-chondritic 
PGE ratios from Clearwater East are compatible with a chondritic 
meteorite as projectile. 

Boltysh 
Chemically, the melt rocks are relatively homogeneous and cor- 

respond to a mixture of Kirovograd granites and gneisses in the ratio 
of five to one (Grieve et al., 1987, Table 2). The contents of highly 
siderophile elements obtained in the present study are plotted vs. Ir 
in Fig. Ig-k. The excess siderophiles in the seven borehole samples 
from Boltysh are very low (Ir = 0.2 f 0.1 ng/g), which is barely 
above the background. 

Figure Ig-m demonstrates that the low fraction of meteoritic 
components in Boltysh impact melts can, if at all, only be seen in Ir, 
which is the most sensitive indicator element for most types of 
meteoritic material, due to the low indigenous abundances in crustal 
rocks of 0.03 f 0.02 ng/g. However, the Rh/Os ratio of Boltysh 
melts (Rh/Os > 15.7) is clearly nonchondritic (Rh/Os,-I = 0.29). 
Subtracting the unusually high content of 1.3 ng/g of Rh from these 
samples does not bring them to the chondritic line. There is excess 
Rh compared to 0 s  and Ir. 

Five of seven impact melt samples have lower Os/Ir ratios than 
the chondritic value of 1.06 (Table 2). In most meteorite groups, 
both elements are found in CI-ratios (Kallemeyn and Wasson, 1981; 
Kallemeyn et al., 1989). In magmatic iron meteorites, low O a r  ratios 
are not uncommon (Pernicka and Wasson, 1987). Depletion of 0 s  
was also observed in melt rock samples from Rochechouart (France) 
by Janssens et al. (1977), in impact melt samples from Wanapitei 
Lake (Canada) by Wolf et al. (1980) and in impact melt samples 
from Brent (Canada) by Palme et al. (1981). Recently, we have 
measured low Os/Ir ratios in three Scandinavian craters (Sti&sjtirvi, 
Mien and Dellen; Schmidt et al., 1997a). If the low OdIr ratios in the 
analysed melt samples would reflect original fingerprints of surviv- 
ing relicts of the projectile, I would favour a magmatic iron meteorite 
as projectile. However, I cannot exclude loss of 0 s  during the impact. 

The indigenous content of Pd (2.32 2 0.30 ng/g) is in agree- 
ment with other estimates of Pd in the upper crust (Schmidt et d., 
1997a). As can be seen from Fig. Ih, the indigenous component of 
Ru is more difficult to evaluate. The two samples lowest in Ir show 
only upper limits for Ru. The five samples highest in Ir have Ru 
concentrations (Ru = 0.62 f 0.21 ng/g) in the range of the upper 
crust. 

In Fig. Im, I have plotted both the average CI-normalized con- 
centrations of meteoritic elements in Boltysh melt rock samples and 
concentrations after subtraction of the indigenous component. For 
Ni and Co, I have taken the concentrations from Grieve et al. ( 1  987) 
(melt samples: Ni = 43 pg/g, Co = 21 pg/g, Cr = 56 pg/g, average 
of four basement samples: Ni = 16 pg/g, Co = 25 pg/g, Cr = 26 
pg/g). Hblker and Deutsch (1996) have found in the impact melt 
rocks (drill cores B-50, and B-11475) 30 2 3 pg/g Ni, 5 f 1 pg/g 
Co and 36 f 2 pg/g Cr (n = I 1). As pointed out in an earlier paper 
(Schmidt et al., 1997a), the identification of Cr as a meteoritic ele- 
ment requires a comparatively high fraction of a meteoritic component 
(in general >3% of a nominal CI-component). Impact melts should 
have at least 100 pg/g Cr of meteoritic origin to identify meteoritic 
Cr. Therefore, in the case of the Boltysh impact melt, we can rule 
out an extraterrestrial Cr contribution. The HSE pattern from Boltysh 
is somewhat fractionated relative to CI-chondrites. The amount of 
meteoritic component .would correspond to 0.015 to 0.07% of a nomi- 
nal CI component. Normalized abundances increase from the re- 
fractory to the more volatile siderophile elements ( 0 s  < Ir < Ru < 
Rh - Pd - Au - Ni < Co). Because of the low Ir anomaly and un- 
certainties in making corrections (correlations are weak) for indige- 
nous siderophile elements, no clear projectile assignment can be made. 

CONCLUSION 

Impact melt rock samples from Clearwater East (Canada) and 
Boltysh (Ukraine) were analyzed for highly siderophile elements. 
Melt rock samples from Clearwater East are strongly enriched in Os, 
Ir, Ru, Rh and Pd relative to crustal concentrations. This work con- 
firms earlier findings and demonstrates similarly high enrichments 
of Ru and Rh. The average Os/Ir, Ru/Ir, Rh/Ir, Pd/Ir ratios of the 
melt samples from Clearwater East are CI-chondritic. The nonfrac- 
tionated, flat (CI-chondritic) HSE pattern from Clearwater East is 
compatible with a chondritic meteorite as projectile. The amount of 
meteoritic component corresponds to 4 to 7% of a nominal CI com- 
ponent for Clearwater East. The Boltysh samples are, if at all, only 
slightly enriched in Ir (0.2 f 0.1 ng/g). No clear projectile assign- 
ment can be made for this crater. 
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