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Introduction: The ~300 years old [1] Wabar cra-

ters of Saudi Arabia (located in the desert Rub’ al-

Khali at 21°30′N, 50°28′E) are counted among the 

youngest terrestrial impact craters. The crater field was 

formed by an IIIAB medium octahedrite that impacted 

into a quartz-dominated dune sand [2]. Wabar impact 

melt lithologies comprise small, aerodynamically 

shaped, glassy ejecta fragments, as well as larger piec-

es of impact melt rock (Wabar glass) [2,3]. These 

impactites represent a heterogeneous mixture of iron 

meteorite matter and nearly pure quartz sand [2]. Pre-

vious studies on Wabar glass either focused on metallic 

projectile residues (FeNi-spheres) [4], or on heteroge-

neous dissemination of projectile matter in two distinct 

impact melt varieties, named black melt and white melt, 

which contain, on average, ~4.5 % and <1 % meteoritic 

contamination, respectively [2]. By the use of analyti-

cal techniques with high spatial resolution, however, it 

became obvious that the well-studied Wabar glass still 

has some interesting features to reveal, such as exten-

sive silicate-silicate liquid immiscibility, that justified 

further work—the major motivation for this study. 

 
Fig. 1 Wabar black melt. (a) Photomicrograph (reflect-

ed light) shows a large glassy target fragment in black 

melt. (b) BSE image shows typical black melt texture. 

(c) HAADF image (detail of b) shows two sets of Lfe 

spheres (light gray) in Lsi matrix (dark gray). (d) BSE 

image shows black melt with three different Lfe/Lsi 

emulsion textures around large FeNi-sphere. 

Samples and Analytical Methods: Two samples 

were prepared from a specimen of Wabar glass derived 

from the Center for Ries Crater and Impact Research in 

Nördlingen, Germany (ZERIN). Both samples were 

characterized by optical and scanning electron micros-

copy. Back scattered electron (BSE) imaging and quan-

titative electron microprobe analysis (EMPA) were 

acquired utilizing a JEOL JXA-8500F electron micro-

probe. Transmission electron microscopy (TEM) was 

carried out using a FEI FIB200TEM focused ion beam 

(FIB) device and a FEI Tecnai G2 F20 X-Twin elec-

tron microscope operated at 200 kV. 

Results: The specimen we studied is composed of a 

highly siliceous, vesicular, and texturally heterogene-

ous glass that shows numerous flow bands and 

schlieren of a Fe-poor (in reflected light blue or tan; in 

transmitted light tan colored) to Fe-rich (in reflected 

and transmitted light brown colored) glass which re-

sembles the black melt variety of [2], and several µm- 

to mm-sized inclusions of snow-white, partially or 

completely molten, frothy target fragments (Fig. 1a). 

We can distinguish several different melt types that 

coexist heterogeneously on mm- to μm-scale within the 

Wabar glass. Apart from some target fragments and 

local crystallization of pyroxene crystallites, the speci-

men is generally of hyaline nature. 

Target Fragments and Melts: Shattered and frac-

tured quartz grains show angular or round shapes, 

though no PDF could be observed. Progressive melting 

of these grains has produced diffuse patches and thin 

flow bands of lechatelierite, which often mix intimately 

with black melt. Ballen quartz is either present in large 

glassy target fragments, or in form of individual bodies 

in black melt. Large glassy target fragments show in-

terstitial clast melts (cf. [2]) of varying composition. 

Black Melt: Black melt comprises large parts of our 

samples and forms schlieren that intertwine with each 

other and often include vesicles, target fragments (Fig. 

1a), ballen quartz, and patches or flow bands of 

lechatelierite (Fig. 1b). In detail, Wabar black melt is 

composed of an emulsion of three compositionally 

different melts that quenched to a phase-separated glass 

(Fig. 1b–d): It is dominated by a highly siliceous glassy 

matrix (termed Lsi for silica-rich liquid) that contains 

ubiquitously and homogenously dispersed droplets and 

spheres of a Fe- and Ca-rich ultrabasic glass (termed 

Lfe for Fe-rich liquid), and numerous, but lesser fre-

quent, metallic FeNi-spheres. The typical black melt 

shows a spheres-in-a-matrix texture comprising two 

sets of ~10–20 vol% Lfe spheres with nearly constant 

diameters (0.1–0.4 µm and 10–30 nm, respectively, see 
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Fig. 1c), that, together with FeNi-spheres of varying 

diameters (mostly <1–10 µm), are dispersed in a com-

positionally dominating matrix of ~80–90 vol% Lsi 

(Fig. 1b and c). The size of Lfe droplets often increases 

due to the coalescence of individual spheres, eventually 

assuming irregular and patch-like shapes. Around large 

FeNi-spheres (>10 µm), corona-like “double emulsion” 

structures could be observed (Fig. 1d). Here, the tex-

ture of Lfe droplets dispersed in a matrix of Lsi is re-

versed: Large crescent- or corona-shaped Lfe matrixes 

contain ~20 vol% of small (1–4 μm) Lsi droplets that 

are sometimes interconnected to clusters of several μm 

width, often showing a fine Lfe sphere population in-

side. Double emulsion structures also occur as individ-

ual bodies of several 100 μm length in black melt.  

Projectile Residues: Projectile remnants occur as 

FeNi-spheres of ~1–100 μm diameter in black melt 

(Fig. 1d), but also wrapped around fragments of par-

tially or completely molten target material (Fig. 1a).  

Microchemistry: Differently colored black melt 

schlieren show highly variable amounts of SiO2 (77.1–

91.1 wt%, 87.6 wt% on average), FeO (3.5–13.4 wt%, 

6.3 wt% on average), CaO (0.9–2.3 wt%, 1.2 wt% on 

average), and NiO (0.1–0.5 wt%, 0.2 wt% on average); 

while amounts of Al2O3 (~2.3 wt%), K2O (~1.0 wt%), 

and Na2O (~0.4 wt%) remain on a very constant level, 

regardless of coloration. The average Lsi phase shows 

high amounts of SiO2 (92.5 wt%) and minor amounts 

of FeO (2.7 wt%), Al2O3 (2.1 wt%), K2O (1.1 wt%), 

and CaO (0.8 wt%). It differs drastically from the aver-

age Lfe phase, that shows high amounts of FeO (34.1 

wt%) and CaO (9.7 wt%), minor amounts of Al2O3 (2.8 

wt%) and MgO (1.8 wt%), and an average SiO2 content 

of 48.5 wt%. FeNi-spheres exist as a metallic alloy of 

Fe (36.6–82.7 wt%, 68.6 wt% on average), Ni (12.1–

60.3 wt%, 28.1 wt% on average), and Co (0.9–2.7 

wt%, 1.5 wt% on average), that shows partial crystalli-

zation of troilite (FeS) and schreibersite (FeNi3P). In 

general, with decreasing sphere size, the Ni (and Co) 

content is successively enriched over Fe (see also [4]). 

Discussion and Conclusions: It is suggested that 

the metallic projectile melt has mechanically entered 

the target. Thereby meteoritic iron partitioned preferen-

tially into the siliceous target melt, probably due to 

selective oxidation (see [2,4,5]). While losing iron and 

consequently droplet size, the meteoritic spheres got 

more and more enriched in Ni and Co, in accordance to 

previous studies [4] and recent experiments [5]. Mixing 

and melting of various amounts of projectile and target 

has produced bulk compositions that lie inside a field 

of stable immiscibility in the system CaO–FeO–SiO2 

(Fig. 2) [6]. At rather high temperatures above the sys-

tem’s upper critical solution temperature Tc, the mete-

oritic iron was likely completely dissolved in the highly 

siliceous target melt. Successive cooling or quenching 

below Tc, however, induced phase separation as the 

projectile-target-mixture passed below the binodal and 

into the miscibility gap. The average black melt streak 

is composed of 10–20 % Lfe dispersed as small spheres 

in a dominating matrix of 80–90 % Lsi, plus occasion-

ally disseminated FeNi-spheres. Around large FeNi-

spheres, however, the relative amount of Lfe increases 

significantly until the “normal” black melt texture is 

reversed and spheres and patches of Lsi nucleate in a 

dominating matrix of Lfe. Compositional variations of 

Wabar black melt mainly depend on (i) the volume 

ratio of Lfe, Lsi and FeNi-spheres, and thus on the het-

erogeneous admixture of projectile matter, and (ii) on 

slight compositional variations of Lfe phases, which 

seem to reflect natural target inhomogeneities. Based 

on the position of conjugate liquids in composition 

space, we conclude that phase separation, as well as 

dissemination and selective oxidation of metallic mete-

oritic residues, took place during quenching and down 

to temperatures as low as ~1500 °C. 

 

Fig. 2 System CaO–FeO–SiO2 (modified after [6]), 

showing mixture of Wabar target and projectile, and 

subsequent phase separation into Lfe/Lsi emulsions. 
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