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Heterogeneous Dissemination of Projectile Materials in the Impact Melts 
from Wabar Crater, Saudi Arabia 

F. Hon::1, T. H. See 2, A. V. Murali3, and D. P. Blanchard1 

We confirmed the initial observations of Spencer ( 1933a,b) that two distinct impact melts coexist 
at the 90-m-diameter Wabar crater, Saudi Arabia A dark or "black" melt contains on the order of 4% 
meteoritic contamination, while the transparent or ''white" melt contains <1%. The Fe/Ni ratios in both 
varieties exhibit considerable scatter on electron-microprobe scales, akin to those reported by others 
for metal spherules in the black melt. If the meteoritic component is subtracted, both melts are chemically 
very similar. Clasts engulfed by the Wabar melts were investigated also, as they represent the progenitor 
lithologies from which the melts formed Bwk compositions for these clasts reveal subtle differences 
in modal feldspar content within the quartz-rich Wabar target. Both melts require that a minimum of 
two target lithologies be present in the Wabar melt zone. The distinctly bimodal ~mination of 
projectile renmants in the melts is not well understood, primarily because the target stratigraphy at Wabar 
is not known in detail. It is suggested, however, that the crater size may play an important role in the 
degree of melt homogenization 
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INTRODUCOON 

The Wabar crater of south-central Saudi Arabia is one of the 
youngest terrestrial impact craters ( i.e., --6400 yr old; Storzer, 
1971). The presence of meteorite fragments (i.e., a Type IIIA, 
medium octahedrite) renders its impact origin beyond dispute 
and is the main reason Wabar played a significant role during 
the early 1960s in generating field and petrographic criteria 
indicative of shock metamorphism and meteorite impact ( e.g., 
French and Short, 1968). The crater, some 90 min diameter 
and -15 m deep, is located in the Rub' Al Khali Desert 
(latitude 21°29'59"; longitude 50°28'20"). PbiJby (1933) 
was the first to recognize the structure as an impact crater 
and to provide basic field observations, although he initially 
believed it to be of volcanic origin; SjJencer ( 1933a,b) analyzed 
the meteorite and a variety of samples collected by Philby. 
Philby's original description of the site discussed the presence 
of at least four craters, the second largest -50 m in diameter, 
the remaining some 20-30 m aero~. All but the largest crater 
had been innundated by drift sand when Holm and Barnes 
revisited the site (Holm, 1962). Since their visit in 1962, 
additional infill has occurred to the extent that the main crater 
is now substantially buried as well ( Kadi, 1986). 

1977; Grieve, 1980; Ryder, 1981; James, 1981; spudis, 1984; 
McKinley et al, 1984; and many others). Such discussions 
focused not only on the homogeni7.ation of target lithologies, 
but on the dissemination of projectile materials as well ( e.g., 
Ryder et al., 1980; Palme, 1982; Korotev, 1986; and others). 
Some limited, detailed studies of the black Wabar melt 
concentrate on the ubiquitous Fe-Ni spherules or other aspects 
related to projectile remnants (Ehman, 1962; Brett, 1967; 
Morgan et al., 1975; Gibbons et al., 1976). The white melt, 
on the other hand, has received little attention in the modern 
literature and the original descriptions by SjJencer ( 1933b) 
remain the most detailed 

Among the original observations of SjJencer ( 1933a,b) was 
the occurrence of "black'' and ''white" impact melts. Wet-
chemical analyses revealed the black melt to be highly 
enriched in Fe and Ni, derived from the meteorite. This 
dichotomy of meteorite-rich and seemingly uncontaminated 
impact melts did not receive significant attention during more 
recent discussions related to the degree of textural, minera-
logical, and compositional homogeneity /heterogeneity of 
single-event impact melts ( Dence, 1971; Phinney and Simonds, 

1Mail Code SN2, NASA.Johnson Space Center, Houston, TX 77058 
2Mail Code C23, Lockheed Engineering and Science Corporation, 2400 
NASA Road One, Houston, TX 77058 
3Lunar and Planetary Institute, 3303 NASA Road One, Houston, TX 
77058 

Cursory, macroscopic inspection of a large melt specimen 
from Wabar reminded us of Spencer's descriptions, as large 
pockets of relatively white ( i.e., transparent) melt formed 
centimeter-sized pockets and swirls in a dark melt matrix (Fig. 
1 ). This textural relationship seemingly necessitates the 

Fig. 1. General overview of Wabar Sample C illustrating the 
"marble-like" texture resulting from the pockets and swirls of 
white melt residing within the black variety. Bright (sugary) 
white objects are shocked sandstone clasts. Cube is 1 cm/side. 
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coexistence of two melts that are incompletely mixed, giving 
the specimen a marbled appearance on scales that are highly 
unusual for impact melts. Thus, the first-order effort of the 
present study was to substantiate Spencer's interpretation of 
two distinct melts. An alternative scenario might be the 
presence of incompletely digested, yet completely molten 
clasts of sandstone, a commonly observed cause of heteroge-
neities in impact melts ( e.g., Stable, 1972; Phinney and 
Simonds, 1977). 

Substantial compositional diversity of melts from single 
impacts is known only from tektite-producing events; tektite 
melts can differ substantially from the composition of those 
melts that represent the major melt volume of their parent 
craters ( e.g., moldavites and suevite melts in the Ries; 
Engelhardt et al., 1987). The Lemar (Murali et al., 1987) and 
Zhamanshin craters ( Koeberl, 1986) reveal different melt 
compositions between the main melt volume and tektite-like 
glasses as well. In all cases, these compositional differences are 
dearly caused by substantial lithologic heterogeneity within 
their respective targets. This does not seem to be the case for 
the Wabar melts that originated from a comparatively 
homogeneous, essentially monomineralic, quartz-rich target. 
Furthermore, the two Wabar melts occur in dose juxtaposi-
tion, if not intimately mixed, totally unlike the above tektite 
examples. Both melts occur fu the vicinity of the crater rim, 
if not inside the Wabar structure, and must be considered part 
of the main melt volume generated during the Wabar event. 
Therefore, detailed characterization of this unique melt 
dichotomy may prove useful in understanding the dissemina-
tion of projectile materials throughout a crater's main melt 
zone, the major motivation for this study. 

SAMPLE MATERIAIS AND PETROGRAPHY 

Acquisition of Wabar samples was influenced by a compan-
ion study related to the shock implantation of an ambient 
atmosphere into dry, porous targets (Johnson et al., 1987). 
Therefore, emphasis was placed on shocked target clasts 
because Bogard et al. ( 1986) found the highest gas-
implantation efficiencies at shock levels well below those 
necessary to cause whole-rock melting. All materials were 
furnished by the Smithsonian Institute, courtesy of K. 
Fredriksson. The largest specimen, Sample C (Fig. 1), 
unCJll)Cctedly precipitated this detailed petrographic study as 
it prominently displayed the coexistence of the black and 
white melts. 

Sample A 

Sample A is an -2-cm3 specimen predominantly consisting 
of a sugary-white, shocked sandstone clast ( Clast A) and a thin 
coat of melt (Melt A) some 1-3 mm thick that petrographically 
and chemically resembled the black-melt type. This specimen 
is the least shocked of all clasts examined but nevertheless 
contained -18% melt; we estimate a peak shock pressure of 
25-30 GPa based on the classification by Kieffer (1971) for 
Coconino sandstone. The melts within the dast are interstitial 
to shattered and fragmented quartz grains, many displaying 

planar features and/ or diaplectic glasses as illustrated in Fig. 
2a (also see Bunch, 1968). No crystalline feldspar and/or 
diaplectic feldspar glasses were observed in this or any other 
more severely shocked clasts described below. As revealed by 
detailed microprobe analyses, the small amounts of feldspar 
that were present had melted preferentially and seemingly 
quantitatively. 

SampleB 

This clast exhibited a higher degree of shock (ie., -75% 
clast melt) and displayed a pumice-like appearance; such 
textures are typical for sandstones shocked to some 40-45 GPa 
(Kieffer, 1971; Kieffer et al., 1976). Again, no trace of 
crystalline feldspar was observed. This specimen, Clast B, also 
had a thin veneer of melt that draped part of the dast ( Melt 
B). 

SampleC 

Sample C is a melt slab mentioned above and illustrated in 
Fig. 1. Most petrographic and chemical work concentrated on. 
this specimen because of the controlled geometry among the 
black and white melts and various lithic clasts. It is the only 
sample we had that contained white melt. Three "large" lithic 
dasts from this sample were studied in detail (Clasts C, D, and 
E) that contained -75%, -45%, and -70% (volume) melt, 
respectively. All were frothy and pumice-like in appearance; 
none contained crystalline feldspar. Additional, smaller (i.e., <1 
mm) clasts displaying similar levels of shock are present in 
various thin sections prepared from Slab C. For clarity, we term 
all glasses within the various clasts as "clast melts," because 
they dearly are not "interstitial" when total melt volume 
approaches 80%, and because there was a need to contrast 
them with the black- and white-melt matrices. Although the 
dasts appear sugary-white macroscopically, in thin section the 
dast melts are generally brown to black due to extreme 
vesiculation ( on small scales); however, in areas of low 
vesicularity the clast melts can be transparent. 

As seen in Fig. 1, the white glass occupies substantial surface 
areas and occurs in irregular pockets and swirls giving Slab C 
an unusual, marbled appearance. The black melt dominates the 
white variety by a ratio of approximately 3: 1 in our particular 
specimen. We do not know how representative this ratio may 
be relative to absolute field abundance, nor do we know 
whether the white melt occurs in isolated bodies or as 
coherent masses that are substantially larger than those 
observable in Sample C. The transparent melts are bordered 
by rims of macroscopically grey to tan glass of variable 
thickness (ranging from 1 to 5 mm), which is suggestive of 
minor mixing. Macroscopically, all glass is highly vesicular. 

In thin section the black melt consists of intricate schlieren 
and fl.ow patterns of tan to brown glasses, while transparent 
schlieren are less common (Fig. 2b ); on occasion, unusually 
wide bands of white melt can be found within the black variety 
(Fig. 2c ). These schlieren, typical for optically heterogeneous 
impact melts, vary considerably in length with some approach-
ing centimeters. Invariably, the dark-brown and tan schlieren 
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H(Jrz et al.: Dissemination of projectile at Wabar crater 699 

Fig. 2. Microphotographs of various features in the Wabar materials. (a) Shocked sandstone clast. Scale = 1 mm. 
(b) Typical view of schlieren-rich black melt; note abundance of clasts. Scale = 1 mm. ( c) Unusually wide bands ( schlieren) 
of white melt within the black variety. Scale = 0.5 mm. ( d) Typical view of white melt. Note high degree of vesicularity 
for this material compared to the black melt of (b). Scale = 1 mm. (e) Rare, light-tan schlieren in the white melt. Scale 
= 0.5 mm. (f) Rare, modestly-shocked quartz clasts within the white melt; note the relatively sharp contact with the 
melt. Scale = 0.5 mm. 
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TABLE 1. Modal composition (percent) ofWabar materials. 

Sand 
ClastA 
Clast C 
Clast D 
Clast E 

Quartz 

95 
82 
24 
26 
52 

Glass 

1 
18 
76 
74 
48 

Microcline 

4 

are accented by stringers and beads of opaque Ni-Fe spherules 
that most likely extend to sizes below optical resolution; these 
spherules were extensively analyzed by Brett (1967) and 
Gibbons et al. ( 1976 ). The glass color seems to vary 
sympathetically with the abundance of these opaques. 
Microscopically, the transition between the black and white 
melts can be abrupt; generally, however, it is gradational with 
the number of transparent schlieren increasing in frequency 
and width toward the transparent end member. 

The transparent glass (Fig. 2d) is surprisingly homogeneous 
in texture, although some schlieren, swirls, and flow structures 
are present. On rare occasions, very faint, light-tan colored 

• • ·• 
1~o"· • .. • •• • 

schlieren can be obsetved within the otherwise massive, 
transparent melt; such schlieren clearly have affinities to the 
black melt ( Fig. 2e). 

Both melt types contain clasts; coarse, lithic clasts were 
obsetved only within the dark variety. The monomineralic 
clasts in the white melt include subangular grains and 
fragments that exhibit relatively sharp contacts with the 
surrounding glass indicative of substantial temperature 
differences between the melt and elastic detritus. Such 
relatively "cold" clasts would not be expected if the white-melt 
pockets were the result of incompletely digested sandstone 
clasts. The latter would have had to enter the melt as a fairly 
''hot" object at or close to liquidus temperature to yield the 
homogeneous white melt. Furthermore, we would expect 
melts resulting from incompletely digested clasts to contain as 
much or more lithic detritus as the surrounding melt matrix. 
These observations provide evidence for a wide range of initial 
clast temperatures, including relatively cold materials as 
described by Stable ( 1972). Many quartz fragments within the 
white melt were not part of a highly-shocked or otherwise 
severely heated sandstone fragment (Fig. 2f). Instead, they 
were cold clasts that were injected into the melt and remained 

Fig. 3. Elemental-distribution maps of black/white glass contact in Sample C of Fig. 1. (a) Backscatter-electron image of contact zone. Gray tone is a function of density with the higher density materials being the lighter color ( i.e., white glass on top, black glass on bottom). (b), (c), and (d) Qualitative X-ray distribution maps of same region in (a) for Fe, K, and Ni, respectively. All scale bars = 100 µm 
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at relatively modest temperatures as evidenced by their 
relatively shatp contacts. These observations cast doubt that 
incompletely digested clasts produced these otherwise fuirly 
homogeneous, transparent glasses. 

Drift Sand 

Present-day drift sand (Sample SD), collected from the crater 
rim, was part of our sample suite primarily to serve as a target 
reference standard. However, it is important to point out that 
this present-day drift may be unrelated to the specific Wabar 
target as substantial dune movement has been documented for 
the general Wabar area since the time of the impact (Holm, 
1962; Kadi, 1986). Secondly, the sand contains some 1% 
(volume) of impact melt, either in the form of fragments 
and/or erosion products of more massive melt bodies (>99% ), 
or as rare glass beads and irregular melt aggregates ( <l % ). In 
addition, some 2% of all quartz grains in this drift sand are 
shocked (i.e., mosaicism and planar elements). It is of 
significance that the sand contained -4% microcline and is the 
only sample that contained modal feldspar. 

In summary, our sample suite contained the two principal 
melt types and a variety of clasts, the latter obviously part of 
the Wabar target. The drift sand is "contaminated" by impact 
products and is of an unknown (specific) relation to the actual 
Wabar target some 6400 yr ago. We have no unshocked and 
otherwise pristine target lithology from Wabar in the present 
sample suite. The modal compositions of all materials are 
summarized in Table 1. Sample designation is identical to that 
of Johnson et al. ( 1987) for ease of cross reference. 

CHEMICAL ANALYSES 

Techniques and Methods 

Major-element data was obtained using the JSC Cameca 
Camebax Electron Microprobe; data reduction was accomp-
lished utilizing the standard Cameca PAP software. Trace 
elements were obtained from the JSC INAA laboratory. The 
standards for the INAA data include NBS 1633a, USGS BCR-
1 and DTS-1, and a South African standard SARM-7; data 
reduction was accomplished utilizing an upgraded version of 
the TEABAGS computer program for instrumental neutron 
activation analysis (Lindstrom and Korotev, 1982). The 
objectives of these analyses were to identify the principal 
progenitor lithologies for the black and white impact melts and 
to characterize the level of meteoritic contamination in each. 

Clearly, the microprobe is best suited to address the 
compositional heterogeneity /homogeneity of these optically 
heterogeneous materials. Care was exercised to avoid obvious 
Ni-Fe spherules during probe analyses so as to characterize the 
melt fraction only; > 100 analyses each were performed on the 
white and black melts to yield average melt compositions. The 
bulk compositions of the clasts were reconstructed by 
combining the phase chemistry and average melt compositions 
in their modal abundances; this leads to some uncertainties, 
because individual melt spots differ substantially and 30-50 
individual analyses may not yield a reliable average for the clast 
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melts. Therefore, the bulk composition of some materials were 
analyzed by standard XRF techniques ( courtesy of M. Rhodes, 
University of Massachusetts, Amherst). It is important to note 
that XRF and INAA refer to bulk samples that include all Ni-
Fe spherules, while the microprobe work purposely attempted 
to exclude these metal particles so as to characterize the actual 
melt compositions. 

Unfortunately, not all materials could be analyzed by all 
techniques because of limited sample quantity. Microprobe 
analyses focused on Slab C, Clast A, and the Drift Sand; XRF 
was employed on the black and white melts, the Drift Sand, 
and Clast A; while INAA was performed on the black and white 
melts, Melt A, and Clasts A, B, C, D, and E. 

Major-Element Compositions 

The compositional dichotomy between the two Wabar melts 
is qualitatively illustrated in Fig. 3. Of significance in this 
backscattered-electron image (Fig. 3a) is the shatp contact 
between the melts, while Figs. 3b through 3d reveal the 
relatively homogeneous composition of each melt and their 
systematic differences in the concentration of select elements, 
especially for Fe and Ni that reflect meteoritic contamination. 

Individual microprobe analyses of NiO and FeO concentra-
tions are plotted in Fig. 4 and demonstrate that the black melt 
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Fig. 4. FeO vs. NiO diagram showing the variation in 
meteoritic contamination for the various melts. (a) Comparison 
of the overall compositional range for the black and white 
melts. Note the general clustering of the two materials into 
different regions. (b) Enlargement of inset from (a) illustrating 
the meteorite deficiency within the clast melts. 
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TABLE 2. Major-element compositions of various Wabar materials. 

Oasts Impact Melts MET-Free 
MET SD ss A C D E Black White Black White 

Nap 0.27 1.03 0.32 0.39 0.44 0.64 0.40 0.54 0.34 0.46 0.57 0.46 
KiO 0.85 1.04 0.93 1.17 1.36 1.55 1.14 1.02 1.03 1.02 1.08 1.03 
eao 0.35 1.19 0.55 0.86 1.19 2.22 1.21 1.22 0.90 1.01 1.30 1.02 
SiO2 95.71 92.06 94.68 93.70 90.86 88.12 87.21 87.87 93.55 92.97 93.28 93.92 
Al2O3 1.74 2.80 1.86 2.83 4.53 4.70 2.74 2.50 2.34 2.45 2.65 2.47 
FeO 0.24 0.79 0.24 0.34 0.49 0.37 6.16 5.33 1.08 0.77 0.41 0.41 
Fe 92.00 0.19 0.61 0.19 0.26 0.38 0.29 4.79 4.14 · 0.84 0.60 0.32 0.32 
MgO 0.16 0.45 0.21 0.20 0.25 1.27 0.38 0.45 0.30 0.45 0.48 0.45 
no2 0.03 0.12 0.03 0.03 0.14 0.06 0.13 0.12 0.08 0.11 0.13 0.11 
MnO 0.00 0.oI 0.00 0.oI 0.02 0.o2 0.02 0.oI 0.oI 0.oI 0.01 0.oI 
Cr2O3 0.oI 0.00 0.oI 0.oI 0.01 0.oI 0.02 n.a. 0.oI n.a. 0.02 0.01 
NiO 0.02 0.00 0.oI 0.04 0.03 0.06 0.69 n.a 0.19 n.a 0.03 0.03 
Ni 7.30 0.02 n.a 0.oI 0.03 0.02 0.05 0.59 n.a 0.15 n.a 0.02 0.02 
P2Os 0.oI n.a 0.oI n.a n.a n.a n.a 0.oI n.a 0.oI 0.oI 0.oI 
Technique X X p p p p X p X 

Except for the meteorite (MET) and sandstone (SS) data (Spencer, 1933b), all compositions were determined during 
this study. All values are in wt.% oxide except Fe and Ni, which are elemental concentrations. 
X = XRF data provided by M. Rhodes (University of Massachusetts) for this study. 
P = Microprobe data generated at JSC. 

is substantially enriched in siderophiles, as was previously 
observed by Spencer (1933b), Ehmann (1962), Brett (1967), 
and Morgan et al. ( 1975 ). However, the newly analyzed white 
melt contains substantial quantities of Fe and Ni as well ( also 
see Figs. 3b,d). While some overlap exists between the black 
and white melts, they nevertheless form discrete compositional 
clusters (Fig. 4a). As detailed in Fig. 4b, the clast melts display 
different Fe and Ni concentrations than either the black or 
white melts, with most of the Ni concentrations for these clast 
melts approaching or lower than the sensitivity of the electron 
microprobe. 

Of importance is the average of -1 % FeO and --0.1 % NiO 
for the white melt ( see Table 2 ); such high concentrations 
clearly mandate dissemination of meteoritic contaminants 
when compared to the bulk compositions of the diverse clasts. 
Neither the Fe nor Ni concentrations for the transparent melt 
could possibly be derived from any available target lithology. 
The presence of this meteoritic contamination constitutes a 
strong, chemical argument in support of two distinct melt 
types at Wabar. Thus the white melt cannot represent 
incompletely digested, albeit totally molten, clast materials. 
Both melts seem to have been part of the crater's melt zone 
and, although of poorly defined dimensions, this melt zone 
must be subdivided into two subzones: one rich in meteoritic 
contamination, the other revealing only modest contamination 
levels. 

The absolute levels of meteoritic contamination are 
nevertheless substantial, even in the white melt, when 
compared to impact melts from other terrestrial craters. Only 
the melt from Qear Water Lake, East (Palme, 1982) and 
materials associated with the KT boundary (Alvarez et al., 
1980; Kyte and Brownlee, 1985) yield higher average 
meteorite concentrations for single, terrestrial impact events. 
The black Wabar glass, on the other hand, averages -5.5% FeO 
and --0.6% NiO ( see Table 1) and rank with the Clear Water 
Lake, East impact melts ( ie., 7 -8% meteoritic contamination; 

Palme, 1982) as among the most contaminated terrestrial 
impact melts. Indeed, some individual microprobe analyses of 
the black melt revealed meteorite concentrations approaching 
-12% (see Fig. 4a). 

The Fe/Ni ratio is highly variable for both Wabar melts, as 
evidenced by the large scatter of oxide concentrations in Fig. 
4. In detail, the range of Fe/Ni ratios varies from 0.1 to 222 
for the black melt and from 0.1 to 53 for the white variety; 
the average Fe/Ni ratio of the Wabar projectile is 12.6 
(Spencer, 1933a,b; see Table 2). Qualitatively similar scatter of 
Fe/Ni ratios was observed by Brett ( 1967) and Gibbons et al. 
( 1976) for the Fe/Ni spherules of the black Wabar melt. These 
studies ascribed the highly variable Fe and Ni contents to 
selective oxidation during the actual melting of the meteorite, 
possibly during dissemination of the meteorite-melt droplets. 

Brett ( 1967) describes Fe fractionation within the metal 
spheres and postulates dilfusion of this Fe into the melt as the 
"loss" mechanism; thus, the melts should be enriched in Fe. 
Our microprobe data suggest a general Fe depletion for the 
melts as well ( see Fig. 4a ); the glasses yield average Fe/Ni 
ratios of 8.1 and 5.6 for the black and white varieties, 
respectively. Such observations argue for Fe fractionation in all 
Wabar melt materials. Unfortunately, the absolute Ni concen-
trations obtained by microprobe are not substantiated by the 
INAA analyses ( see Table 3). Generally, the INAA analyses yield 
a factor of 2 lower Ni values than do the probe data, in spite 
of the additional and abundant metal spheres included in the 
INAA results. To further confuse matters, Morgan et al. ( 1975) 
report 1NAA analyses of bulk Wabar melts (black?) that have 
Ni concentrations of 0.49% and 0.66%, the latter compatible 
with our microprobe results. We ascribe these seeming 
inconsistencies to sample selection and natural heterogeneities 
as well as to analytical precision We conclude therefore that 
the overall mass balances for Fe and Ni cannot be made with 
confidence for the Wabar melts at present. 
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TABLE 3. Trace-element data (in ppm except Na, K, Ca, and Fe which are weight percent oxide concentrations) for 
various Wabar materials. 

White Black Wabar 
Glass Glass Sand OastA ClastB Clast C OastD OastE Melt A Meteorite 

Nap 0.424 0.434 0.110 0.450 0.300 0.260 0.409 0.422 0.490 
K20 0.860 0.880 0.530 1.000 0.500 
eao 0.720 0.730 0.300 0.560 0.620 
FeO 1.010 5.470 0.110 0.300 0.300 0.336 0.485 0.370 3.930 92.000 
Sc 1.233 1.310 0.270 1.200 1.000 0.650 0.900 0.950 1.800 
Cr 72.800 87.200 9.000 29.000 10.000 209.000 159.00 55.000 86.000 58.000 
Co 28.500 210.600 1.100 1.600 1.400 2.460 3.430 3.050 141.000 2200.000 
Ni 426.000 3040.000 15.000 0.000 0.000 64.000 49.000 47.000 1700.000 74770.000 
Rb 23.700 22.900 8.000 24.000 15.000 21.000 22.000 21.000 20.000 
Cs 0.438 0.420 0.100 0.300 0.300 0.350 0.450 0.460 0.500 
Sr 91.000 0.000 0.000 0.000 0.000 0.000 
Ba 242.000 271.000 145.000 245.000 200.000 230.000 330.000 220.000 240.000 
La 4.450 4.460 2.320 4.200 3.970 3.460 4.400 4.530 4.990 
Ce 8.430 8.080 3.700 7.000 6.500 7.500 10.500 10.000 9.300 
Nd 4.100 3.500 2.300 4.700 3.800 2.500 4.600 4.200 
Sm 0.788 0.763 0.390 0.700 0.790 0.530 0.710 1.060 0.850 
Eu 0.211 0.213 0.100 0.200 0.200 0.140 0.190 0.180 0.220 
Th 0.092 0.077 0.055 0.110 0.110 0.o70 0.110 0.180 0.043 
Yb 0.429 0.406 0.140 0.350 0.380 0.230 0.310 0.510 0.580 
Lu 0.067 0.060 0.022 0.055 0.065 0.035 0.049 0.o70 0.085 
Zr 79.000 81.000 13.000 40.000 0.000 24.000 74.000 43.000 120.000 
Hf 2.590 2.610 0.500 1.400 1.300 0.780 1.900 1.400 4.200 
Ta 0.107 0.139 0.050 0.110 0.060 0.085 0.110 0.180 0.300 
u 0.450 o.400 0.220 0.400 0.600 0.360 0.370 0.730 0.700 
Th 1.166 1.280 0.400 0.800 1.000 0.710 0.730 1.540 1.400 
As 0.000 o.410 0.000 3.550 
Sb 0.117 0.064 0.000 0.000 0.100 0.200 0.035 
Ir 0.034 0.308 0.001 0.000 0.003 0.001 0.320 0.097 6.700 
Au 0.008 0.009 0.001 0.000 0.010 0.006 0.535 

All data except that for the meteorite were obtained in this study. Meteoritic data were obtained from the literature 
( e.g., Buchwald, 1973 ). 

Having demonstrated the existence of two melt types at 
Wabar, we attempted to identify their potential progenitor 
lithologies. The bulk compositions of all candidate materials 
available to us are listed in Table 2. 

The SiO2 and K2O variations of individual microprobe 
analyses, as well as their averages, are displayed in Fig. 5. A 
range of SiO2 and K2O contents is observed that obviously 
negates our first-order assumption of a relatively homogeneous, 
if not essentially "monomineralic," target. While similar ranges 
of SiO2 and K2O are observed for both the black and white 
melts, their distribution patterns differ in detail. The white melt 
is more compatible with a simple, two-component mixture of 
an essentially pure SiO2 end member and potassium feldspar; 
the black melt seems to be more compatible with progenitors 
of relatively constant microcline content, yet variable SiO2, 

based on its flattened distribution pattern. Identical trends are 
observed if Al2O3 (instead of K2O) is plotted against SiO2 in 
Figs. 5a and 5b, substantiating that different mixing trends may 
be related to modal feldspar content rather than to selective 
vaporization of K2O, a possible intetpretation of Figs. 5a and 
5b. The clast melts (Fig. 5c) are heavily biased toward 
microcline melts in this illustration; nevertheless, many 
analyses coincide with the pure quartz end member. It is 
obvious that feldspar melted preferentially and that the clast 
melts are poorly-mixed mineral melts rather than ''whole-rock" 

melts. In addition, many clast melts do not represent simple 
two-component mixtures; another phase must have contrib-
uted, pulling many data points off the quartz-microcline mixing 
line. The average melt compositions are compared to possible 
parent lithologies (Table 2) in Fig. 5d The K2O averages for 
the black and white melts are essentially identical but there 
remains a substantial difference in SiO2• This difference is 
caused by the substantially higher meteoritic component (i.e., 
5.5% FeO ), rather than by systematically different modal 
concentrations of quartz in the progenitor materials. High FeO 
values also cause the black melt to possess lower SiO2 than 
any progenitor candidate. As a minimum, a quartz-rich end 
member, such as the Drift Sand or Clast A, seems to be mixed 
with a K2O-rich, silica-poor material such as Clast E. 

The potential contributions of phases other than quartz are 
illustrated in Fig. 6, albeit in a greatly amplified fushion ( i.e., 
illustrated oxides generally combine to <4% of the total). 
Nevertheless, subtle variations in modal content or composi-
tion of accessory phases, in particular feldspars, become 
obvious. The black glass exhibits the tightest duster, followed 
by the white melt, while the dast melts exhibit the largest 
scatter. Importantly, a Ca-bearing phase must have participated, 
most likely secondary calcite in the form of a cement within 
the sandstones (Smith, 1933) or as surface deposits on loose 
sand grains. A third possible source for the Ca may have been 
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Fig. 5. SiO2 vs. K2O diagram of melt materials within the 
various Wabar samples. (a) Black melt; note that the majority 
of compositions fall between 83% and 90% SiO2 and 1 % and 
1.5% K2O. (b) White melt, which exhibits similar ranges in 
composition as the black melt; however, the white melt seems 
to represent a two-endmember mixing line between quartz and 
feldspar. ( c) Clast melts revealing a three-component mixture 
of quartz, microcline, and some CaO-rich end members. Note 
changes in both scales. (d) Comparison of data in (a)-(c) with 
potential progenitor materials. 

a Ca-rich, Na-poor plagioclase as indicated by the high Al2O3 
contents of some materials (i.e., Clast E); however, no 
plagioclase was observed within any of our Wabar materials, 
and the source of Na2O ( typically <0.5%) is unclear. The Drift 
Sand is relatively rich in K2O and SiO2 (Fig. 5d) and therefore 
appears to be an excellent candidate for one progenitor 
lithology; Clast E is the best source for CaO, as well as an 
endmember candidate for low SiO2• However, none of the 
depicted target materials can positively be excluded from 
having contributed to the melts, a conclusion that applies to 
Fig. Sd as well. Judging from Fig. 6, the black and white melts 
could have identical progenitors, with the black melt 
somewhat better homogenized than its white counterpart. 
However, such an interpretation is not necessarily consistent 
with the mixing trends displayed in Figs. Sa and Sb. 

Figures 5 and 6 employ analyses that were not corrected 
for meteoritic contamination, including the glass averages. Even 
after correction for meteoritic contamination, the general 
mixing trends described above would not change substantially, 
as only minor corrections to K20, Na2O, and CaO would result. 
However, we did calculate average melt compositions on a 
meteorite-free basis for the two impact melts (see Table 2) 
and consider this the best means to determine whether the 
melt progenitors differed between the black and white melts. 
For this purpose we used the bulk-melt compositions 
determined via XRF and assumed an indigenous FeO content 
of 0.41 %, the average for all target lithologies analyzed. These 
meteorite-corrected melts yield virtually identical compositions 
with the black melt only subtly enriched in Na2O, CaO, and 

Al2O3 (i.e., calcite and/or plagioclase). The increased Al2O3 
content of Clast E can be construed as a strong argument for 
plagioclase. 

While we have emphasized subtle differences in melt 
compositions and their implications for different progenitors 
or variable mixtures thereof, the meteorite-free melt composi-
tions indicate that the black and white melts at Wabar could 
have the same progenitors. In the absence of detailed target 
information, it is not clear whether the observed compositional 
differences among clast materials relate to discrete strata, and 
thus to some stratigraphy, or whether they merely reflect 
spatially random pockets that have subtly different populations 
of accessory minerals or secondary alteration products. Very 
detailed field studies would be required to answer this 
question Furthermore, no single Wabar lithology matches the 
meteorite-corrected composition of the white melt; the white 
melt does not represent incompletely digested clasts but 
reflects a mixture of lithologies. 

Siderophile Elements 

Results of the INAA analyses can be seen in Table 3 and 
include many elements that were inaccessible by microprobe 
techniques. The first-order results corroborate the microprobe 
analyses of substantially enriched siderophile-element concen-
trations in both melts. Figure 7 illustrates some major 
inferences by normalizing the measured concentrations in the 
melt to siderophile contents reported for the Wabar meteorite 
(i.e., Fe, Ni, and Co, spencer, 1933b; Ir, Scott et al., 1973), 
or modeled for 1'),pe IIIA, medium octahedrites ( i.e., Au, Scott, 
1972). Figure 7 portrays the siderophile concentrations 
(observed) and calculated values (corrected) that account, by 
subtraction, for the indigenous component( s) of the target 
clasts. The corrections are insignificant except for Au; there 
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Fig. 6. 1bree-component diagram illustrating the relative 
differences among the various materials that are apparently 
related to minor minerals phases (feldspar?). Note the scatter 
for the white melt and clast melts compared to the black 
variety. Inset compares the average composition for these 
materials with those of various target candidates. 
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Fig. 7. Relative depletion of selected siderophiles in the black 
and white melts relative to the Wabar projectile. The 
"corrected" values account for the indigenous component 
based on average clasts concentrations. Note that both 
distributions are relatively flat indicating minimal fractionation; 
Au appears to be heterogeneous within the various progenitor 
materials, and thus varies considerably; see Table 3. 

is considerable variance in Au concentrations within the 
various target lithologies (Table 3; Clasts A and B), while the 
melts exhibit similar Au values despite systematic differences 
in all other siderophiles. The first-order conclusion from Fig. 
7 is that depletion factors of -21 and -120 result for the black 
and white melts, respectively, relative to the Wabar projectile. 
In contrast, depletion factors for most terrestrial impact melts 
are >1000 (Palme, 1982). Condensation temperatures (Scott, 
1972) were used to plot the siderophiles in the order depicted 
in Fig. 7 to illustrate potential fractionation trends by selective 
vaporization. The distribution patterns for both melts are 
relatively flat, again with the exception of Au, indicating the 
projectile did not fractionate during melting/vaporization We 
consider this an important result, as it relates to exemplary 
pristine and well-preserved impact melts that have not been 
significantly altered by secondary processes. 

Rare Earth Elements 

Rare earth elements (REE) resulting from the INAA analyses 
are listed in Table 3; REE are particularly well suited to assist 
in identifying suitable target lithologies and their contributions 
to the melts. The results are plotted in Fig. 8, normalized in 
traditional fashion relative to chondritic values. All materials 
display grossly similar distribution patterns, yet different 
concentration levels of REE. The differences between the black 
and white melts are minor. Melt A, a black-melt-type draping, 
exhibits somewhat elevated heavy REE concentrations and is 
unique among all samples. The Drift Sand displays the lowest 
REE concentrations; however, this does not preclude a 
relatively local derivation from materials akin to the clasts, 
because differential erosion of feldspars and other REE-bearing 
accessories may lead to REE depletion (Murali et al., 1988). 
Clast E possesses the highest REE concentrations and is the 
only sample analyzed that has a distinct, negative Eu anomaly. 

Horz et al.: Dissemination of projectile at Wabar crater 705 

This argues for substantial feldspar content within this clast as 
is also indicated by elevated alkali concentrations. It is difficult 
to determine which of the target candidates may have 
contributed to the melts; however, Clast E and the Drift Sand 
appear as extremes in Fig. 8, consistent with the major-element 
analyses. Most other clasts are more or less coincident with 
the melts. 

PROGENITORS OF TIIE WABAR IMPACT MEil'S 

We conducted multivariate mixing calculations utilizing the 
program (MIXER) that is based on the weighted, least-squares 
mixing model of Bryan et al. ( 1969) as modified by Korotev 
( unpublished data, 1984) and applied by Morris et al. ( 1986 ). 
The endmember compositions were those listed in Tables 2 
and 3. The calculations focused on the proper mix( es) of 
target lithologies giving rise to the melts ( i.e., black and white 
impact melts). For the purposes of these calculations, we 
preferred XRF over microprobe data that were available; trace 
elements were limited to Ni, Sc, Cr, Co, La, Sm, Eu, Yb, Lu, 
Hf, and Th, in part based on their analytical precision and in 
part on their diagnostic value related to target lithologies. 

Not surprisingly, unique solutions could not be produced in 
these calculations because the candidate materials only differ 
in subtle ways and lack substantial, diagnostic compositional 
contrast. Indeed, it was possible to derive plausible end-
member lithologies ( i.e., Clasts A, C, or D) from other 
candidate lithologies ( e.g., Clast E and the Drift Sand). This 
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Fig. 8. REE distribution plot for all Wabar materials. Note the 
REE depletion of the Drift Sand (SD) compared to all other 
materials, while Clast E is slightly enriched. 
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TABLE 4. Results of mixing calculations ( in percent). 

Black White 

Meteorite -4 <l Meteorite 
ClastA -68 -78 Drift Sand 
Ciast E -26 -22 Ciast E 

E.W.R. • 2.03 1.95 E.W.R. • 

•E.W.R. =Average error weighted residual. 

suggests that all Wabar target lithologies may have similar if 
not identical source areas. As a result, the mixing calculations 
were redirected in order to establish the minimum number 
of measured lithologies that could result in the obseived melt 
compositions. 

The first series of calculations combined single target 
lithologies with the meteorite ( i.e., a simple two-component 
mixing model) for purposes of positively excluding the 
derivation of the melts from only one target lithology. All two-
component calculations resulted in unworkable solutions that 
commonly yielded negative contributions, thus suggesting that 
a minimum of three components were required Therefore, 
our next series utilized two target lithologies in addition to 
that · of the meteorite ( i.e. a three-component mixing model); 
Table 4 lists the best fits based on the smallest average error 
weighted residuals (EWR). In the first example only clasts 
were used (i.e., the Drift Sand was purposely excluded), as 
they demonstrably must have been part of the target. Not 
swprisingly, the clast compositions that are the most quartz-
( Clast A) and feldspar-rich (Clast E) yielded the best solutions; 
other combinations yielded workable solutions, yet substan-
tially larger EWR The second three-component example 
employed the Drift Sand ( corrected for the minor impact-melt 
component) as one end member because it makes geologic 
sense to utilize an unconsolidated surface sand for Wabar. The 
combination of the Drift Sand and Clast E resulted in the 
overall best fit; the Drift Sand is clearly similar to Clast A (Table 
2) in its quartz-rich nature. Finally, we explored four-
component mixes; as in the three-component case, we utilized 
only elastic materials in one series, while the second series 
assumed the Drift Sand as one end member. The last example 
in Table 4 displays the best fit resulting from these calculations. 
As in the three-component models, Clast E plus Clast A (plus 
-12% Clast C) yielded the best solution. Four-component 
calculations employing the Drift Sand produced slightly inferior 
fits to those of the clasts-only mixtures. It should be noted that 
many three- and four-component mixtures yield reasonable 
melt compositions and comparable yet modestly inferior EWR 

The results of the mixing calculations can be summed as 
follows: ( 1) A minimum of three components ( i.e., two 
components plus the meteorite) are required; ( 2) all modeling 
attempts revealed that the black melt contains -4.3% 
meteoritic component, while the white variety consistently 
possessed --0.4%; and (3) other than the meteorite, Clast E 
was a necessary component because of its apparent modal-
feldspar content, while Clast A or the Drift Sand was necessary 
because of their modal-quartz contents. 

Black White Black White 

-4 <l Meteorite -4 <l 
-63 -73 ClastA -59 -70 
-31 -27 Clast C -13 -12 

ClastE -22 -18 
3.52 3.66 E.W.R. • 2.10 2.03 

It is difficult to defend any specific mixing model, and 
especially difficult to assign geologic if not stratigraphic 
meaning and/ or inferences to the results. Furthermore, it is 
clear that the Wabar target is not compositionally homogene-
ous ( as we had assumed in the introduction), as subtle 
differences exist, primarily in modal quartz and feldspar 
concentrations. It is not known whether the analyzed 
lithologies represent meaningful stratigraphic horizons within 
the -15-m vertical profile at Wabar, or whether they merely 
reflect spatially random pockets generated during primary 
deposition of these sediments. Nevertheless, the mixing 
calculations demonstrate that the Wabar melts are mixtures of 
rather similar end members, one characterized by high modal 
quartz, the other by elevated modal feldspar. Within this 
context it is important to note that both melts can be 
generated from the same materials, albeit in subtly different 
proportions. This is especially significant for the white melt, 
as it provides further evidence that it did not originate by 
incomplete digestion of a single clast lithology. 

DISCUSSION 

This report verifies the coexistence of two distinct impact 
melts at the Wabar crater as described by Spencer ( 1933a,b ). 
Our efforts concentrated on demonstrating that the white melt 
does not simply represent incompletely digested clast material 
as is commonly observed in other terrestrial and/or extrater-
restrial impact melts. Macro- and microscopic textural 
observations in support of two discrete yet incompletely-mixed 
melts are strongly supported by chemical analyses. 

Both melts contain appreciable amounts of meteoritic 
contamination ( i.e., -4.5% and --0.5% for the black and white 
melts, respectively); these are very high contamination levels 
for single-event impact melts ( e.g., Palme, 1982). In general, 
incompletely digested clast melts are not expected to contain 
traces of the projectile, certainly not at the obsetved levels; 
analysis of almost completely molten Wabar clasts substantiate 
this assumption. Neither melt can be derived from a single 
target lithology, but both melts apparently originated from 
similar if not identical progenitors; a minimum of two 
lithologies are required While our sample suite is limited for 
target lithologies, it is significant to note that it consisted 
entirely of shocked clasts that must have resided in or very 
near the melt zone. 

Both Wabar melts must be considered part of the crater's 
main melt zone; this observation renders these melts distinct 
from chemically dissimilar melts found in association with 
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other, single-event impacts. The latter refer to comparisons of 
the "main" melt volume and distal ejecta, either in the form 
of tektites ( e.g., Ries crater) and/ or tektite-like glasses ( e.g., 
Lc>nar and Zhamanshin craters). The compositional differences 
between such melts are clearly related to lithologic stratifica-
tion and chemical contrast within their respective targets. 

What renders the Wabar melts different, if not unique, 
relative to previously analyzed impact melts is a systematic 
difference in the levels of meteoritic contamination For most 
impact melts a relatively homogeneous distribution of 
meteoritic elements has been reported or postulated ( e.g., 
Morgan et al., 1975; Grieve, 1980; Palme, 1982). Wabar is an 
important exception to this rule. 

Unfortunately, the current database seems insufficient to 
evaluate whether substantial fractionation of the projectile 
occurred during the Wabar impact. Clearly, the Fe/Ni ratios 
changed in all Wabar materials analyzed to date (Brett, 1967; 
Gibbons et al., 1976); a relative loss of Fe is indicated. On 
the other hand, other siderophiles do not display pronounced 
fractionation as illustrated in Fig. 7; there is no significant 
depletion for other elements, much less some systematic 
trends related to relative volatility. Apparently, a larger sample 
suite and inclusion of additional elements is required to 
provide for a better mass balance before potential fractionation 
trends can be characterized. We feel confident that the Fe 
depletion observed in the Wabar metal spherules (Brett, 1967; 
Gibbons et al., 1976) is not compensated by Fe-rich glasses, 
assuming that our samples are representative ( i.e., typical) of 
melts at Wabar. 

A proper interpretation of the two distinct melts at Wabar 
requires a detailed understanding of the target stratigraphy; 
unfortunately, we have little information on this topic. We do 
not know whether there was any drift sand at the site ---6400 
yr ago and how thick it may have been For an -90-m-diameter 
crater, the melt zone is expected to reside within the upper 
10 m ( e.g., St6ffler et al., 1975; Grieve and antala, 1981). 
The target stratigraphy at Wabar is simply not known in 
sufficient detail (i.e., <1-m resolution) and could only be 
reconstructed with considerable field efforts. 

Compared to most terrestrial structures, Wabar is clearly a 
very small crater, especially relative to those for which sizable 
melt volumes are known ( e.g., Phinney and Simonds, 1977; 
Grieve, 1982). A comparatively small melt volume is implied, 
and relative motion of discrete target zones and fractional 
volumes within the melt zone must have been comparatively 
modest at Wabar. Wholesale mixing of impact melts may only 
be typical for "large" craters, where substantial displacement 
of unmelted crater bottoms and walls occurs that subsequently 
results in central-peak formation and collapse of the transient 
cavity walls. These latter processes attest to substantial mass 
movement at large craters that will be absent in smaller 
structures. Increased mechanical agitation during the formation 
of large craters can only aid in the mixing and homogenization 
of melts. In addition, large melt volumes possess less specific 
free-surface area for radiative heat loss to take place and will 
simply remain hotter and molten longer than do small melt 
volumes, promoting more intense mixing and homogenization 

H6rz et al.: Dissemination of projectile at Wabar crater 707 

Thus we conclude that differences in crater size may affect the 
degree of melt homogenization. Projectile dissemination may 
be initially heterogeneous for all impact craters, but these 
heterogeneities can be destroyed during additional cavity 
processes that characterize and dominate large-scale events. 

Additional factors may have caused and/ or contributed to 
the observed melt dichotomy at Wabar. 

1. Composition and temperature will affect a melt's viscosity 
(e.g., Carmichael et al., 1974) and thus, its susceptibility to 
efficient mixing. The silica-rich Wabar melts may have been 
more viscous than most (all?) other major impact melts 
analyzed (most generally <65% Si02). However, the initial melt 
temperature remains poorly defined and any viscosity 
argument, based on purely compositional grounds, may be 
irrelevant. 

2. Impact velocity will control peak pressure and thus melt 
temperature. The fu.ct that substantial chunks of unmolten 
projectile were found in association with the Wabar structure 
may indicate modest collision velocities, although projectile 
fragmentation during atmospheric deceleration seems to 
account for the presence of most meteorite fragments. 

3. The Wabar target was relatively dry and the effects of 
volatiles, as described by l(jejfer and Simonds ( 1980 ), may be 
minimized. If present, such volatiles are expected to be 
liberated (violently) upon pressure relaxation, further 
promoting mechanical agitation and mixing. 

4. Unconsolidated drift sands that overlaid competent 
sandstone( s ), albeit to unknown depth, may have provided 
sufficient strength discontinuity to result in a "terraced" or 
''benched" crater as described by Oberbeck and Quaide 
( 1968). Dissemination of the impactor may proceed with 
different efficiency in such contrasting materials. 

5. Shock-induced temperature increases with porosity ( e.g., 
/(jeffer, 1971) and •different rock porosities may exist at Wabar. 

Any combination of these factors may have contributed to 
the unusual nature of the Wabar impact melts. However, we 
intuitively sense that crater size and total kinetic energy had 
the greatest effects. 

The Wabar example nevertheless provides evidence that 
wholesale mixing and complete compositional homogenization 
of projectile remnants throughout an impact melt volume may 
not be a foregone conclusion for all impact events. It is clear 
that improved understanding of these observations necessitates 
substantially better field information of the Wabar site. 
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