ISSN 0016-7029, Geochemistry International, 2007, Vol. 45, No. 9, pp. 857-881. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © O.A. Lukanin, A.A. Kadik, 2007, published in Geokhimiya, 2007, No. 9, pp. 933—-961.

Decompression Mechanism of Ferric Iron Reduction

in Tektite Melts during Their Formation in the Impact Process

O. A. Lukanin and A. A. Kadik

Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences,
ul. Kosygina 19, Moscow, 119991 Russia

e-mail: lukanin @ geokhi.ru
Received March 1, 2006

Abstract—The analysis of available data on the Fe*/Fe?* ratio of impact-produced glasses showed that tektites
and some other types of impact glasses are reduced compared with the precursor target material. Possible rea-
sons for the change in the degree of iron oxidation in the impact process are still debatable. Based on the anal-
ysis of redox reactions in relatively simple systems with iron in different oxidation states (Fe—O and SiO,—FeO—
Fe,0;) and the available data on the influence of temperature, oxygen partial pressure (pO,), and total pressure

(P, on the Fe3*/Fe?* ratio of silicate melts, a model was proposed suggesting that the lower Fe3*/Fe?* values
of tektites formed in the impact process compared with the initial target material could be related to the char-
acteristics of oxygen regime during the decompression stage following shock compression. One of the main
prerequisites for the occurrence of reduction reactions involving iron and other elements is the attainment of
high temperatures (>1800-2000°C) at a certain stage of decompression, providing the complete melting and
partial evaporation of the material. When the vapor pressure in the system becomes equal to the total pressure
during adiabatic decompression, a further decrease in P, will be inevitably accompanied by a decrease in pO,

and, correspondingly, partial reduction of Fe** to Fe?* in the melt. The reactions of decompression reduction
occur under closed-system conditions and do not require oxygen removal from the system. The higher the tem-

perature and Fe3*/Fe?* ratio of the melt, the more extensive iron reduction can be observed during the final
stages of decompression. If the temperatures attained during decompression after an impact event are sufficient
(>2500-3000°C) for the complete evaporation of the material, the melt produced during subsequent condensa-
tion must be significantly more reduced than the initial material. The final stage of the impact process is char-
acterized by a catastrophic expansion of the explosion cloud, condensation, and rapid cooling. During this stage,
the system is already not closed. The quenched glasses of this stage record the redox state of earlier melts. In addi-
tion, they can contain microinclusions of the products of nonequilibrium vapor condensation with iron compounds

of different oxidation states, including metallic iron and iron oxides (wiistite, magnetite, and hematite).

DOI: 10.1134/S0016702907090029

INTRODUCTION

Much of the interest in the investigation of impact
phenomena, whose traces are preserved in the Earth’s
crust, stems from the fact that they may serve as a nat-
ural model for the processes that occurred during the
early stages of Earth formation, when intense meteorite
bombardment was among the main factors of planetary
differentiation. The investigation of impact products
and their experimental reproduction under laboratory
conditions by applying ultrahigh pressures and temper-
atures to materials suggest that target rocks may expe-
rience significant chemical transformations during
major impact events [1-4]. One remarkable chemical
consequence of impact processes is the possibility of
the occurrence of redox reactions involving changes in
the oxidation state of iron and other elements. Such
reactions are evidently responsible for the reduced
character of tektite glasses, which are considered by
most researchers to be produced by impact events on
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the Earth’s surface during the last ~35 Myr of geologic
history [3, 5-7, etc.]. Tektites show extremely low
Fe**/Fe?* values, much lower than those of felsic volca-
nic rocks of similar compositions and other terrestrial
rocks that could serve as target sources during impact
events.

Particular reasons for the impact-related changes in the
degree of iron oxidation remain debatable [3, 6, 8-10].
Various mechanisms of Fe** reduction were proposed.
(1) Processes of impact melt vaporization. Oxygen can
be removed with a vapor phase during the melting and
vaporization of the aluminosilicate material of a target
under the high-temperature conditions (>2000°C) that
are reached during impact events and characterize tek-
tite formation. (2) Degassing of impact (tektite) melts
with the release of gases of the C-O-H system. (3)
Influence of the reduced material of an impactor
(metallic iron and carbonaceous material) on the redox
state of impactites produced by mixing the target and
impactor materials. (4) Melting is accompanied by
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reduction reactions owing to the presence of internal
reducers in the initial target material, such as carbon
(graphite), sulfur, and their compounds (hydrocarbons
and sulfides). (5) Some researchers argued that tektite
melts were formed by the condensation of a high-tem-
perature vapor formed in the impact process. In their
opinion, one possible reason for the reduced character
of tektites is the fractionation of iron ions during the
condensation of the vapor phase, i.e., preferential cap-
ture of Fe?* by the melt compared with Fe** under the
conditions of very rapid cooling.

This paper develops our concept that the main rea-
son for the reduced state of tektite and some other
impact-related glasses is reduction reactions involving
iron and other element ions, which are controlled by
regular changes in oxygen regime during the melting
and evaporation of materials affected by an intense
impact. Such reactions must inevitably occur during
decompression under extremely high temperatures
independent of the degree of system opening [10-12].
Therefore, the mechanism of ferric iron reduction in
tektites considered here is probably more universal than
the other mechanisms mentioned above. Before analyz-
ing possible impact-related redox reactions involving
iron ions, consider briefly the available data on the
degree of oxidation and speciation of iron in impact
glasses.

VALENCE STATE OF IRON
IN TEKTITE AND IMPACTITE GLASSES

Fé’*/XFe in Tektites

Tektites are natural glass bodies varying from a few
millimeters (microtektites) to a few centimeters in size
and having shapes suggesting, to a varying extent, aero-
dynamic ablation. They occur in extended strewn fields
in various world regions. The very low contents of Fe**
and water in tektite glasses compared with the rocks of
the Earth’s crust served as a basis for the suggestion on
the origin of tektites by the impact melting of strongly
reduced and extremely dry lunar rocks [13-15]. How-
ever, the geochemical evidence that has been accumu-
lated up to now suggests that at least the main varieties
of tektites were formed under terrestrial conditions
owing to large impact events [1-3, 5-7]. Some tektite
types were correlated with the formation of particular
meteorite craters on the Earth’s surface, which reliably
constrained the compositions of the rocks that served as
precursor materials for these tektites. This can be exem-
plified by moldavites, tektites from Central Europe,
which were probably related to the impact event
responsible for the formation of the Ries crater in
southern Germany [6], and Ivory Coast tektites (west-
ern Africa), which were genetically connected with the
Bosumtwi impact crater [7]. However, in contrast to
glass-bearing impact rocks, parental impact craters and,
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correspondingly, target rocks are not reliably known for
the majority of tektites.

One remarkable feature of the chemistry of tektite
glasses is that their Fe**/XFe ratio is significantly lower
than that of the target rocks that supposedly served as
their precursors. Figures 1 and 2 summarize the avail-
able data on the degree of iron oxidation in the glasses
of tektites and impactites as well as in the crustal rocks
that potentially could serve as targets during impact
events. The Fe**/ZFe values determined by the most
accurate chemical methods and Mdssbauer spectros-
copy range within 0.02-0.12 in tektites and >0.20-0.25
in the target rocks of various compositions and impact

glasses found in or near impact craters.' The average
Fe**/ZFe values of felsic volcanic rocks that are chem-
ically most similar to tektites are 0.25-0.50 (Fig. 2).

In general, tektites from different strewn fields
(North  America, Australia—Asia region, Central
Europe, and West Africa) show no significant differ-
ences with respect to the degree of iron oxidation.
There are probably some differences between the
splash-form tektites and Muong Nong-type tektites,
which have a layered texture and often show no distinct
evidence for aerodynamic ablation on their surface. The
Muong Nong-type tektites are chemically more hetero-
geneous and more often contain glasses with relatively
high Fe** concentrations [19, 25]. The heterogeneity in
the degree of iron oxidation may be observed within a
single sample [20]. It should be noted that the unusually
high values of Fe**/ZFe > 0.35 that were reported from
Muong Nong-type indochinites by Koeberl et al. [25]
were probably significantly overestimated, which is
suggested by the results of subsequent investigations of
tektites of this type using more sophisticated analytical
methods. Moreover, a comparison of splash-form and
Muong Nong-type tektites [8, 25] did not reveal any
significant differences in terms of the iron oxidation
state. Muong Nong-type tektites are widespread among
indochinites and less common among other Australa-
sian tektites. They are very rare in North America and
Europe. It is supposed that Muong Nong-type tektites
must occur closer to the parental impact craters com-
pared with splash-form tektites, which may be dis-
persed by hundreds and even thousands of kilometers
from the crater [5, 7].

No statistically significant difference in the degree
of iron oxidation was ever detected within particular
regional groups of splash-form tektites occurring
within a single strewn field. This can be exemplified by
the moldavites of Central Europa occurring in two

' Fe3*/$Fe was determined in tektite and impact glasses by vari-
ous methods of wet and instrumental chemistry and by Moss-
bauer spectroscopy (MS). As the typical Fe>* contents of tektites
are low, some chemical methods overestimate their Fe’*/ZFe
ratios compared with MS [8, 26]. The analysis of the obtained
data supported the existence of real, although minor, variations in
the Fe’*/ZFe ratio of tektites, not related to the accuracy of the
analytical methods.
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Fig. 1. Fraction of Fe>* in the total iron content (Fe>*/SFe)
of tektites and tektite-like glasses (irghizites) from various
regions of the world. The analyses were obtained by wet
chemistry (circles) and Maossbauer spectroscopy (dia-
monds). Mean and extreme values reported by various
authors are shown in the diagram. (I) Tektites of North
America: 1—bediasites, 21 samples [16]; 2—bediasites, six
samples analyzed by wet chemical methods [17, 18] and
one sample investigated by Mdossbauer spectrometry [19];
and 3—georgiaites, three samples [20]. (II) Tektites from
the Australasian strewn field: 4—australites, 31 samples
[21, 22] and 34 samples from the Australasian region [18];
S5—australites and javanites, 12 samples [23] and average
for four australite samples [14]; 6—three australite samples
[24]; 7—philippinites and thailandites (Muong Nong type)
[8]; 8—Muong-Nong-type tektites from the Australasian
region, 18 samples [25]; 9—two indochinite samples [24];
10—indochinites from Vietnam, 12 samples [15]; 11—phil-
ippinite-riasalite, one sample [19]; 12—two samples from
Malaysia and two thailandite samples [26]; 13—three indo-
chinite samples from Vietnam [27]; and 14—six indochinite
samples [19]. (IIT) Tektites from Central Europe (moldav-
ites): 15—22 samples [28]; 16—four samples [24]; 17—
one sample [19]; 18—[26]; and 19—three samples [27].
(IV) Tektites from West Africa (Ivory Coast): 20—seven
samples [29]. (V) Tektite-like glasses (irghizites) from the
Zhamanshin crater, Kazakhstan: 21—three samples [30]
and 20 samples [15] analyzed by wet chemistry and two
samples investigated by Mdssbauer spectroscopy [27].
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Fig. 2. Fraction of Fe>* in the total iron content (Fe3*/SFe)
of igneous, metamorphic, and sedimentary rocks of the
Earth’s crust and glasses of impactites and their initial target
rocks from various impact craters. The rocks of the Earth’s
crust and the crustal rocks or their mixtures that supposedly
served as precursors of impact melt rocks are indicated by
circles, and the compositions of impact melt rocks are indi-
cated by diamonds. (I) Igneous rocks: 1—granites; 2—fel-
sic volcanic rocks (rhyolites, ignimbrites, and obsidians);
3—granodiorites and diorites; and 4—dacites and andesites
[33]. (II) Metamorphic rocks: S—felsic schists; 6—amphi-
bolite-facies gneisses, and 7—granulite-facies gneisses and
charnockites [34]. (III) Sedimentary rocks: 8—sandstones
and graywackes and 9—shales [34]. (IV) Initial impactites
and proposed precursor target rocks: 10—Wabar crater,
Saudi Arabia [1]; 11—Aouelloul crater, western Sahara [1];
12—New Quebec crater, Canada [35]; 13—Wanapitei
structure, Canada [35]; 14—EI’gygytgyn crater, Chukchi Pen-
insula, impact bombs, scoria, and pumices [1]; 15—Ries cra-
ter, Germany, impact bombs and impact melt rocks (suevites)
[36]; 16—Janisjarvi crater, Russia [1]; 17—Kara crater, Russia
[1]; 18—Popigai structure, Russia (Masaitis et al., 1976, cited
after [1]); 19—Boltysh crater, Ukraine [1, 37]; 20—Char-
levoix crater, Canada (Rondot, 1971, cited after [1]); 21—
Manicougan crater, Canada [35]; and 22—Morokweng
structure, South Africa [35]. The arrows indicate Fe**/SFe
variations during the formation of impact melts (glasses) at
the expense of initial target rocks.
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regions of Bohemia and Moravia more than 100-150
km apart; the tektites of the Australasian region from
Indochina, Indonesia, and Australia; and the bediasites
and georgiaites of North America.

The reduced state of iron in tektite glasses was sup-
ported by the electrochemical measurements of intrin-
sic oxygen fugacity (fO,) of tektite glasses at 500—
1150°C, which appeared to be 1.5-2.0 logarithmic units
lower than the fO, values of the magnetite—wiistite
(MW) buffer and, correspondingly, much lower than
the fO, values of the fayalite—magnetite—quartz (FMQ)
buffer, which are characteristic of volcanic rocks near
the Earth’s surface [10, 31, 32].

Fe’t/XFe of Impact Glasses

Glasses formed by rapid cooling of impact melts
were described in various types of impactites, which
occur near to or directly within meteorite craters.
Among them are centimeter- and meter-sized impact
bombs consisting of almost pure glass. Tektite-like
impactites from the Zhamanshin impact crater in Kaza-
khstan (irghizites) can be assigned to the same type.
Another variety is represented by massive impact melt
rocks (tagamites) with widely varying glass contents
occurring directly within impact craters.

Compared with tektites, the impact glasses show
significantly higher Fe**/EFe values, mainly within
0.25-0.59 (1V in Fig. 2). Many authors have compared
the chemical compositions of impact glasses with those
of target rocks, which served as a source material for
impact melts. The obtained data were summarized in a
number of monographs and review papers. Some of
them reported data on the redox state of iron in impac-
tites and supposed precursor target rocks [1, 3, 35, 38],
which allowed us to conclude that the formation of
impact melts was often accompanied by the reactions
of ferric iron reduction, resulting in a decrease in
Fe**/ZFe compared with the initial rocks [1, 3].

It should be noted that the problem of a change in
the chemical composition and redox state of initial
materials during impact events requires a sophisticated
analysis of the composition of impactite and presum-
able target rocks. This is primarily important, because
the sources of impact melts are usually mixtures of sur-
face crustal rocks of sedimentary, metamorphic, and
magmatic genesis. The model composition of target
rocks is usually reconstructed as the most probable
mixture of several components with different composi-
tions and, correspondingly, different degrees of iron
oxidation. The impactor material can also contribute to
this mixture. In the case of an iron meteorite consisting
of almost pure metallic iron, even a small admixture of
the impactor material can significantly affect the oxida-
tion state of iron in the impact melts, especially when
the target rocks have very low contents of iron oxides.

The average contents of components, including FeO
and Fe,0;, usually show rather large standard devia-
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tions both in impact glasses and target rocks. Therefore,
conclusions drawn from a comparison of the composi-
tions of impact glasses and target rocks should be con-
sidered in many cases as approximate tendencies in the
transformation of initial materials, which require more
detailed studies for their verification in particular com-
plexes. The following general regularities (more pre-
cisely, tendencies) in relative changes in the redox state
of iron during the formation of impact melts (glasses)
can be deduced from the available data.

(1) Impact glasses formed mainly at the expense of
strongly oxidized rocks (usually of sedimentary origin:
sandstones, clayey rocks, etc.) in relatively small
impact craters show a significant reduction of Fe** dur-
ing their formation. This can be exemplified by impact
glasses from the Henbury (5-160 m in diameter),
Wabar (91 m in diameter), and Aouelloul (350 m in
diameter) meteorite craters, which have Fe*/>Fe val-
ues of 0.25-0.40 and were formed by the impact melt-
ing of sedimentary rocks, mainly sandstones, with
Fe**/ZFe > 0.7. A possible reason for the reduced com-
position of some of these glasses is the contribution of
the meteorite impactor material to their formation.
Indeed, the presence of iron meteorite material in the
dark-colored (black) varieties of impact glasses from
these craters was supported by their geochemical signa-
tures. It should also be noted that, in addition to black
glasses, the Wabar and Aouelloul craters contain light
colorless glasses, which are also reduced relative to the
target rocks but show no evidence for a significant con-
tamination with meteoritic iron [1, 3, 38] (16 and 17 in
Fig. 2). Thus, the leading role of contamination with
meteoritic material for the reduction of iron in these
glasses is not evident, and other mechanisms can be
proposed for Fe** reduction during their formation.

Contamination with meteoritic material of chon-
dritic composition can be exemplified by glasses genet-
ically related to the New Quebec (3.4 km in diameter)
and Wanapitei (~8 km in diameter) impact craters in
Canada. These glasses have rather low Fe**/ZFe values
0f 0.25-0.27 (18 and 19 in Fig. 2), and it can, therefore,
be supposed that their formation was accompanied by
the partial reduction of Fe** from the targets, which
were composed of granitoid gneisses and metasedi-
ments. An admixture of up to 2% chondritic material
(Cl-type for the glasses of the New Quebec crater) is
supposed for both glass types [35]. It is not yet clear
whether the presence of the impactor material is the
main factor responsible for reduction during the forma-
tion of these impact melts.

Thus, it can be concluded that the aforementioned
impact craters contain impact glasses of rather diverse
compositions. Some of them were obviously signifi-
cantly contaminated with meteoritic material. In the
cases of a significant contribution from iron meteorite
material, the resulting glasses show a notable increase
in total iron content and a significant decrease in
Fe**/ZFe. There is little doubt that the redox state of
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iron in such impact glasses was affected by the impac-
tor material. On the other hand, relatively reduced
glasses not affected by any significant contamination
with meteorite material may occur in the same craters.
Other mechanisms can be supposed for the reduction of
such glasses.

(2) In some relatively large impact craters, the effect
of Fe** reduction during the formation of impact melts
is established rather reliably by a comparison of the
compositions of target rocks and glasses from impact
bombs, which may occur both within and outside the
impact craters. It should be emphasized that they usu-
ally do not show compelling evidence for a significant
contamination with the impactor material. This can be
exemplified by impact bombs from the El’gygytgyn
crater in the Chukchi Peninsula (18 km in diameter),
which show much lower Fe**/ZFe values than the initial
material, 0.23 and 0.64, respectively (14 in Fig. 2). A
similar situation was observed in the Ries impact crater
in southern Germany (24 km in diameter, Fig. 3a),
where Fe*/ZFe values of glasses from impact bombs
occurring both within and outside the crater are signif-
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icantly lower than in the precursor basement rocks
(Fig. 3b).

It is evident that tektite-like irghizite glasses can
also be assigned to this group. They occur near the Zha-
manshin crater in Kazakhstan (13 km in diameter) and
are usually similar in shape and size to volcanic lapili.
Their Fe**/ZFe value ranges within 0.15-0.30. This is
much lower than the Fe**/ZFe value of their supposed
precursor rocks, which were dominated by loess-like
sediments [3, 15] (V in Fig. 1). Note that the most
reduced irghizite samples are similar in terms of
Fe**/ZFe values to Muong Nong-type tektites.

(3) The major portion of melt phase produced dur-
ing the formation of large impact craters remains within
the craters as impact melt rocks (tagamites). Their iron
oxidation state is practically identical to that of the tar-
get rocks. This can be exemplified by tagamites from
the Janisjarvi (Russia, 14 km in diameter), Kara (Rus-
sia, 65 km in diameter), Popigai (Russia, 100 km in
diameter) [1], and Boltysh (Ukraine, 25 km in diame-
ter) impact craters [1, 37]. The impact melt rocks of the
Ries crater contain 40-50% glasses, which are much
less reduced than the glasses of impact bombs. Within
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the analytical error, their Fe3*/ZFe values are identical
to those of the target rocks, which are dominated by
granitic gneisses and minor amphibolites (Fig. 3).
Impact melt rocks from the older giant impact craters of
Morokweng (South Africa, 70-80 km in diameter) and
Manicouagan (Quebec, Canada, 100 km in diameter)
show relatively high Fe**/ZFe values of 0.4-0.6 [35]. If
these values correspond to the initial state of impact
melts, it can be concluded with confidence that the tar-
get rocks were not significantly reduced during the
impact event.

The following conclusions can be drawn from the
short overview of the available data on the relations of
various valence states of iron in tektite and impactite
glasses. (1) The highest degree of reduction of target
rocks during impact events is observed in tektite melts
(glasses). (2) The formation of the major portion of
impact melt rocks experiencing only minor displace-
ments (tagamites) was accompanied by negligible
changes in the degree of melt oxidation compared with
the initial rocks. (3) In terms of the degree of reduction,
the melts of impact bombs, including such tektite-like
objects as irghizites, occupy an intermediate position
between tektites and impact melt rocks. In general, the
degree of impact melt (glass) reduction compared with
their precursor target rocks increases in the following
sequence: impact melt rocks (tagamites)—impact bombs—
tektite-like impactites (irghizites)-Muong Nong tektites—
splash-form tektites.

Various types of impact melts, which are repre-
sented by the glasses of tektites, impact bombs, and tag-
amites, were formed under different thermodynamic
conditions, which allowed some researchers to interpret
them as products of different facies of the impact pro-
cess [3]. Temperature is obviously among the main fac-
tors controlling their chemical characteristics and struc-
tural state. Tektites are the highest temperature objects.
According to various estimates, the temperatures of
their formation were higher than 2000°C and could be
as high as several thousand degrees [1-3]. Impact
bombs were formed at much lower temperatures, prob-
ably no higher than 1800-2000°C. Tagamites are char-
acterized by the lowest temperatures in this sequence.
Complete melting was usually not attained in them, and
their temperature was probably no higher than
1600-1800°C.

IRON SPECIATION IN TEKTITE AND IMPACTITE
GLASSES: STRUCTURAL POSITION OF IRON
IN GLASSES AND IRON-BEARING
MICROINCLUSIONS

The previous section presented data obtained by the
analysis of iron in natural tektite and impactite glasses,
which were carefully picked to avoid sample contami-
nation with foreign phases occurring in glasses. How-
ever, during the analysis by wet chemistry methods and
Maossbauer spectroscopy, the presence of submicro-
scopic mineral phases in the samples cannot be fully
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ruled out. Moreover, it should be noted that iron-bear-
ing phases were found as microinclusions in impact
glasses and can be used as indicators of redox condi-
tions during their formation. In this context, it is
instructive to consider the available data on iron speci-
ation in the glass structure and occurrence as micro-
scopic and submicroscopic inclusions.

Structural State of Fe’* and Fe’*

According to the data of Mossbauer spectroscopy
(MS), the average hyperfine interaction parameters of
the most abundant iron ions (Fe?*) in impact glasses are
intermediate between the values characteristic of octa-
hedral and tetrahedral oxygen polyhedra in iron-bear-
ing mineral phases [19, 24, 26, 27, 41]. The coordina-
tion number of the major portion of Fe?* in tektites is
estimated as between 6 and 5 [19, 41] or close to 5 [26].
Some researchers used recent sophisticated methods
for the processing of Mossbauer spectra and concluded
that ferrous iron may occur in tektite glasses in both
near octahedral (most abundant) and tetrahedral (about
10%) coordinations [19, 26]. The investigation of
glasses by EXAFS and XANES showed that the aver-
age coordination number of Fe?* in tektites can be
between 4 and 5 [42]. Thus, in both types of impact
glasses, the oxygen environment around Fe?* probably
approaches a significantly distorted octahedron. In gen-
eral, the data of MS, EXAFS, and XANES investiga-
tions suggest that the degree of structural ordering if
Fe?* in glasses increases in the sequence tektite—impact
bombs—impact melt rocks (tagamites) [24, 41, 42].

In impact bombs and tagamites as well as in tektite-
like glasses (irghizites), Fe** occurs mainly in tetrahe-
dral oxygen coordination [24, 41]. The Fe** content of
tektite glasses is fairly low, and the MS data on its struc-
tural state are controversial. Depending on the applied
methods of the description and interpretation of MS
spectra, Fe** is assigned either to mainly tetrahedral
[24] or octahedral coordination [41]. According to the
data of Dunlap et al. [19], the structural position of Fe**
cannot yet be determined by MS because of the low
Fe* content. Moreover, Rossano et al. [26] even ques-
tioned the validity of MS for the determination of the
fraction and structural state of Fe** in reduced tektite
glasses, for instance, in moldavites. They suggested
that Fe* is either completely lacking in them or its con-
tent is below the sensitivity limit of MS. On the other
hand, the investigation of tektites by electron paramag-
netic resonance (EPR) provided compelling evidence
for the presence of ferric iron in the glass structure,
although its quantitative analysis by this method is a
difficult task [3, 8, 43]. The presence of the (Fe’**-0,)
structural groups in the glasses of moldavites and indo-
chinites was established by EPR spectroscopy [3].
Thus, there is no reason to doubt that some fraction of
iron occurs as Fe’* even in the structure of the most
reduced tektite glasses.
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Submicroscopic and Microscopic
Iron-Bearing Inclusions

In addition to iron ions incorporated in the glass
structure, the EPR method reveals submicroscopic or
cryptocrystalline iron-bearing phases, whose sizes are
estimated as about 100 A. According to Mineeva et al.
[44], such phases in tektite glasses (moldavites and
indochinites) are represented by magnetite and hema-
tite, and impact glasses from the El’gygytgyn crater
contain also jacobsite (MnFe,O,) and probably other
unidentified phases. Raikhlin et al. [43] investigated
tektite and impactite glasses by EPR spectroscopy and
concluded that ferric iron occurs in them both in the
glass structure and “as Fe’* associations in magnetic
clusters” and submicroscopic magnetite grains.
According to their results, both types of glass contained
very small amounts (if any) of submicroscopic hematite
inclusions. It was noted that the content of iron in mag-
netic clusters and/or submicroscopic magnetite inclu-
sions in impact glasses and irghizites is much higher
than in tektites.

Even a wider set of iron-bearing phases was
revealed in impact glasses as microinclusions (acces-
sory minerals) varying from several micrometers to
hundreds of micrometers in size. In addition to magne-
tite and hematite, the impactite glasses contain titano-
magnetite in association with ilmenite, armalcolite
(Fey sMg,sTi,05), and iozite (FeO) replaced by magne-
tite [3, 45]. Of special interest are the findings of spher-
ical metallic Fe—Ni microinclusions in impact glasses.
They were described in glasses from many impact cra-
ters: Wabar, Bosumtwi, Ries, Aouelloul, Ilyinets, Bolt-
ysh, Kara, and Lappajarvi [3, 45-49]. Their metallic
phase (kamacite) coexists with troilite, schreibersite,
iozite, and cohenite. It is noteworthy that, in addition to
the inclusions of metallic Fe—Ni phase in which Ni con-
tent is higher than several weight percent, spherules of
native iron with low Ni content (<0.1-0.4 wt %) were
found in impactite glasses. They contain tiny grains of
wiistite, occasionally with cohenite inclusions (Zapad-
nyi, [lyinets, Rotmistrovsky, Boltysh, and Kara craters,
as well as the Janisjarvi and Gardnos craters of the Bal-
tic shield) [3, 45, 50]. In such inclusions, metallic Fe
makes up the cores of spherules and is mantled by more
oxidized minerals, up to maghemite (oxymagnite). The
inclusions of native iron in these glasses coexist with
magnetite spherules with pores in the central part. It is
interesting that similar metallic and iron oxide inclu-
sions were found in volcanic rocks, where their forma-
tion was attributed to the activity of relatively reduced
magmatic gases and fluids [51].

Spherical microinclusions of metallic iron with a
nickel impurity, ~1-800 wm in diameter were found in
some tektite glasses. They were first discovered in some
samples of Philippine tektites and, then, in the indoch-
inites of Vietnam [52, 53]. Most of the inclusions con-
tain kamacite, schreibersite (Fe;P), and troilite. Their
external appearance, internal structure, and mineral com-

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 9

863

position are similar to those of Fe—Ni inclusions in
impactites. However, a detailed examination of the com-
position of the metallic phase showed that its Ni content
is significantly lower than in the similar inclusions from
impactites. The concentration of Ni is 1-3 wt % for the
Philippine tektites and 4—-6 wt % for the Vietnam indo-
chinites. For comparison, the contents of Ni in Fe-Ni
inclusions in glasses is 9.6 wt % in the Aouelloul crater
[48] and 8-14 wt % in the Wabar crater, reaching
32—-40 wt % in some inclusions [54].

In contrast to impactites, inclusions of native iron
with very low Ni contents were never detected in tektite
glasses. Inclusions of native iron replaced by magnetite
were documented in glasses from the Libyan Desert,
but they are not typical tektites [13, 55]. On the other
hand, several authors described magnetite microinclu-
sions in tektite glasses [13, 56, 57].

The presence of submicroscopic inclusions of
metallic iron in tektite glasses was supposed on the
basis of the measurements of their magnetic properties.
Thorpe and Senftle [58] measured the magnetic suscep-
tibility of 18 samples of tektite glasses from various
regions of North America, Central Europe, Thailand,
Indochina, and the Philippines and concluded that the
obtained data could be best interpreted by assuming the
presence of submicroscopic (<1 pwm) inclusions of
metallic iron similar to larger metallic inclusions found
in some samples of Philippine tektites. The same
authors analyzed the available spectrophotometric data
for tektite glasses and supposed that variations in tektite
color from brown to black could be related to the pres-
ence of finely dispersed colloidal particles of hematite
and/or metallic iron in glasses. On the other hand, an
investigation of the magnetic susceptibility of a large
group of tektites, including 166 samples of australites,
indochinites (including Muong Nong-type tektites),
and moldavites performed by Werner and Borradaile
[59] showed that the ferromagnetic contribution is very
small compared with the paramagnetic one, and, there-
fore, the content of ferromagnetic phases (magnetite,
metallic iron, or metallic nickel) is negligible in all of
the samples.

In summary, the above data allow us to make the fol-
lowing conclusions concerning the speciation of iron in
impact glasses. (1) In tektite and impactite glasses, Fe*
and Fe’* occur both in certain positions in the glass
structure and in cryptocrystalline phases and mineral
microinclusions, which are much more common in
impactite glasses than in tektites. (2) In addition to the
mineral microinclusions of magnetite, hematite, wiis-
tite (iozite), and other iron oxides (containing also Ti
and Mn), many impactite glasses contain spherules of
metallic iron with high (>8-9 wt %) and very low
(<0.4 wt %) Ni abundances. (3) Magnetite microinclu-
sions were found in tektite glasses. In addition, their
EPR spectra and magnetic properties suggest the pres-
ence of submicroscopic hematite grains in them.
(4) Up to now, metallic Fe—Ni microinclusions with
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Fig. 4. Thermal reduction of ferric iron in the Fe—O system.
The influence of temperature on oxygen partial pressure
(pO,) and total vapor pressure (P,,) for various phase assem-
blages in the iron—oxygen system [63, 64]. Phase abbrevia-
tions: I, iron; H, hematite; M, magnetite; and W, wiistite.
Bold lines 1-5 indicate variations in oxygen partial pressure
for various phase assemblages: 1, hematite—-magnetite
(HM); 2, magnetite—wiistite (MW); 3, magnetite—iron oxide
melt (ML); 4, congruent transformation of wiistite from a
condensed (crystalline or liquid) to a gaseous state; and 5,
wiistite—iron (WI). The thin lines marked by numbers with
asterisks show P, variations for the same equilibria: 1%,
HM; 2%, MW; and 4*, congruent melting and evaporation of
wiistite. Line 1* is shown in the inset only, because it almost
coincides with line 1 on the scale of the diagram, which is
related to the fact that the vapor phase consists of almost
pure O, i.e., Py = pO,. Variations in P, for the IW assem-
blage are not shown to avoid overcrowding. The arrow-
headed dashed lines show pO, variations with increasing
temperature at a constant total pressure (Py,). Three cases
are shown for the heating of the initial hematite—magnetite
mixture at Py, of 107/, 107>, and 1 atm. The inset in the
lower right illustrates the position of P, and pO, trends dur-
ing the heating of the hematite—magnetite mixture approxi-
mately at temperature 7, and Py, = 10~ atm. The solid line
with arrows shows P, variations, and the dashed line with
arrows is the trend of pO,. When temperature #{ is reached,
the vapor pressure for the hematite—magnetite mixture
becomes equal to the total pressure, P, = P, = 10 7 atm.
Further temperature increase at P, = P, = const is accom-
panied by a minor decrease in pO, in the system. See text
for further explanation.

<4—6 wt % Ni, which is much lower than the Ni con-
tent of the Fe—Ni inclusions of impactites, have been
found only in rare samples of Australasian tektites.
Inclusions of Ni-free metallic iron were never detected
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in tektite glasses. The magnetic properties of tektite
glasses indicate the possible presence of very small
amounts of colloidal size particles of native iron. It is
not yet clear whether such a phase exists and, if it does,
how much Ni it contains.

It is important to emphasize that the glasses of
impact origin contain microscopic and submicroscopic
inclusions of iron-bearing mineral phases, some of
which obviously cannot be in equilibrium with each
other. The coexistence of metallic iron (and/or wiistite)
with hematite and magnetite may serve as an example.
Such associations probably owe their existence to non-
equilibrium processes during various stages of tektite
and impactite formation: protolith melting, condensa-
tion, cooling, and complete solidification of impact
melts. The Ni-rich metallic inclusions coexisting with
schreibersite and troilite are evidently related to a mete-
orite source [53, 54]. However, the mechanisms of their
formation and the influence of such inclusions on the
redox state of the host glasses are not fully understood.
The metallic inclusions with negligible or minor Ni
contents could probably be related to a different, non-
meteoritic source. It was supposed that the presence of
reducers in the initial materials (for instance, carbon
and its compounds) could be responsible for the forma-
tion of such inclusions. On the other hand, they could
be produced by the nonequilibrium condensation of an
impact-generated vapor phase, which contains zero-
valence iron and other metals.

REDUCTION OF FERRIC IRON
IN OXIDE SYSTEMS IN RESPONSE
TO CHANGES IN P-T CONDITIONS

Before discussing the possible reduction mecha-
nisms of tektites and impactites, which usually have
complex multicomponent compositions, we consider
some important features of redox reactions accompany-
ing changes in P—T parameters in relatively simple sys-
tems containing iron in different oxidation states: Fe—O
and SiO,—FeO-Fe,0;.

Fe—0O System

Let us begin with the simplest Fe—O system, which
is rather well studied both experimentally and theoreti-
cally [60-65]. Figure 4 shows variations with tempera-
ture in total vapor pressure (P,) and oxygen partial
pressure (pO,) in equilibrium with phases containing

iron in different oxidation states.” At a constant total
pressure (P,), initial compositions containing mainly
ferric iron must be reduced at increasing temperature in

2 P, = Xp;, where p; is the partial pressure of component i in the
vapor phase. The main components of the vapor phase in the
Fe—O system are O,, O, Fe, and FeO. If total pressure in the sys-
tem (Py,) is imposed by an inert gas, then P, equals the sum of
the partial pressures of all components of the Fe—O system in the
gas phase and P, > P,. If P, is imposed by an inert condensed
phase and P, > Py, there is no vapor (gas) phase in the system.
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both closed and open systems, when the gas phase pro-
duced by reduction is removed from the system. This
process of thermal reduction (or thermal dissociation
according to a more general nomenclature by Kulikov
[63, 64]) can be observed in more detail in Fig. 5. This
diagram presents isobaric sections of the Fe—O system,
which were constructed by us on the basis of the ther-
modynamic analysis of phase equilibria in this system
[64] and, in particular, calculations of partial pressures
for the main components of the vapor phase.

For initial composition a consisting of a hematite
(H)—magnetite (M) mixture with the prevalence of the
former at P,,, = 10”7 atm (Fig. 5a), P, and pO, increase
with increasing temperature (>1000°C). The condition
P, = P, is reached at ¢,. Since the vapor phase in equi-
librium with the hematite—-magnetite assemblage is
composed of almost pure molecular oxygen at this tem-
perature, the pO, value of the system approaches P,
(inset in Fig, 4). Upon further heating, temperature
increases only after the complete decomposition (disso-
ciation) of hematite with the formation of the magnetite
solid solution. As a result, the Fe3*/Fe?* ratio of the con-
densed phase decreases dramatically. As temperature
increases above t,, the composition of the magnetite
solid solution (Mss) changes to lower Fe**/Fe?* values.
The fraction of iron atoms in the vapor phase increases,
iron partial pressure (pFe) increases, and pO, decreases
accordingly. The composition of the vapor is enriched
in iron, and its Fe/O ratio increases. At a temperature of
t,, magnetite becomes unstable and is reduced to the
wiistite solid solution. An increase in temperature is
accompanied by an abrupt decrease in the Fe/O and
Fe*t/Fe?* values of the condensed phase. A further tem-
perature increase is accompanied by a gradual reduc-
tion of the wiistite solid solution and a considerable
increase in pFe. The degree of the thermal reduction of
the condensed phase depends on whether the system is
closed or not. In a closed system, the initial material is
completely vaporized at a temperature corresponding
to point V, (Fig. 5a). The maximum reduction that can
be reached in the condensed phase corresponds to the
wiistite composition W,. Under open-system condi-
tions, when the gas phase is removed from the system,
the degree of condensed phase reduction can be some-
what higher. In such a case, the resulting Fe**/Fe?* val-
ues can correspond to the composition of wiistite (W)
which evaporates congruently at #;. Thus, all the initial
compositions of the system with oxygen contents
higher than that in point W, undergo thermal dissocia-
tion and reduction at isobaric heating. However, the
most reduced composition of the condensed phase can-
not contain less oxygen and, correspondingly, Fe** than
the composition of W,,.

A temperature increase under isobaric conditions at
higher P, values also leads to the reduction of compo-
sition a and other oxidized initial compositions
(Figs. 5b, 5¢). As P, increases, the temperatures of
hematite and magnetite decomposition corresponding
to abrupt decreases in the Fe**/Fe?* ratio of the con-
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densed phase increase. In contrast to the case with
P, = 107" atm, the decomposition of magnetite at P, =
107 and P, = 1 atm is accompanied by the formation
of oxide melt, L, rather than wiistite. The composition
of L,, becomes progressively more reduced with
increasing temperature. The extreme Fe**/Fe?* ratio of
this melt corresponds to the composition of L, which
evaporates congruently similar to the W, wiistite com-
position. The compositions W, and L, become
enriched in iron with increasing P,., approaching the
stoichiometric FeO composition.

It should be noted that the existence of a temperature
maximum on the vapor line at W, and L, provides a
possibility for the thermal oxidation of iron-rich initial
compositions lying on the composition axis left of the
maximum points (Figs. Sa-5c¢). Indeed, during the heat-
ing of the iron—wiistite mixture (I + W), atomic iron is
the main component of the vapor phase, and the stabil-
ity temperature of the metal phase (solid or liquid) is
therefore lower than that of the oxide phase. As a result,
the metallic phase disappears first during a temperature
increase, and the residual oxide phase is enriched in
oxygen and, correspondingly, Fe**

It is important for the solution of the problem of rea-
sons for the reduction of tektite and impactite glasses
that a temperature increase under isobaric conditions is
not the only way to change the degree of iron oxidation.
A characteristic feature of the Fe—O and other systems
containing iron in different oxidation states is the pos-
sibility of redox reactions induced by a decrease in the
total pressure of the system. This is especially impor-
tant for the analysis of the behavior of materials in
impact processes, because the melting and vaporization
of materials affected by an impact event take place in
such a case during the stage of unloading under near
adiabatic decompression conditions.

Figure 6 presents a section of the Fe—O system at a
temperature of 1870°C constructed using the data of
[64], which illustrates a change in the oxidation state of
Fe in oxide melts affected by isothermal decompres-
sion. As can be seen from the phase diagram shown in
Fig. 6, initial composition a, which contains mainly fer-
ric iron and corresponds to hematite in Fe/O ratio, pro-
duces an oxygen-dominated vapor phase when pressure
decreases below P;~10 atm. As pressure further
decreases, the composition of the condensed phase
changes along the line of liquid toward the L, point,
corresponding to the composition of liquid congruently
evaporating under this temperature. The oxide melt is
enriched in iron and becomes more reduced toward L,
and the fraction of atomic Fe in the equilibrium vapor
increases (Fig. 7). Under closed-system conditions, the
melt evaporates completely at P, (~1072 atm). The
composition of vapor corresponds under this pressure
to the initial composition of the oxide melt, and the last
portion of melt has a wiistite composition, L,, very
similar to L, (Fig. 6). Under open-system conditions
when the released gas phase is removed instantly from
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Fig. 5. Isobaric temperature—composition sections for the
Fe—O system at various total pressures: (a) P, = 107 atm,

Tz

(b) Pyt = 1073 atm, and (c) Py = 1 atm. Temperatures #{—
tg are the same as in Fig. 4. Phase abbreviations: I, iron; H,
hematite; M, magnetite; V, vapor (gas); and W, wiistite.
Dash—dot line a—a shows phase transformations in the ini-
tial hematite—magnetite mixture with increasing tempera-

ture. The sections were constructed on the basis of experi-
mental and thermodynamic data for this system [63, 64]; the
phase fields with a vapor phase (V) are drawn approxi-
mately. See text for further explanation.
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on the basis of data of [64]. (b) An enlarged fragment of the same isothermal section. Phase abbreviations: L, metallic iron melt;
Ly, iron oxide melt; and L, the composition of iron oxide melt congruently evaporating at decreasing pressure. The horizontally
lined phase fields include assemblages with melt and equilibrium vapor (gas). The dashed line shows the decompression path for

composition a. Other symbols are the same as in Fig. 5. See text for further explanation.

the system, the compositions of the melt and vapor
phases can reach L,,. The same effect will be observed
during the decompression of any other initial melt more
oxidized than L, i.e., lying right of L, in Fig. 6. Note
that the decompression evaporation of initial reduced
iron-rich melts (lying left of L, in Fig. 6) results in their
oxidation. Under open-system conditions, the composi-
tion of residual melt will also approach L, during
decompression oxidation.

An increase in the decompression temperature of
oxidized melt causes an increase in the pressure of the
beginning of incongruent evaporation and, correspond-
ingly, reduction. The pressure of the complete evapora-
tion of melt also increases (Fig. 8). According to
approximate estimates based on extrapolations, the
incongruent evaporation of a melt similar in composi-
tion to hematite at temperatures of 2200 and 2500 K
begins at pressures of more than 1000 and 30000 atm,
respectively. A pressure decrease to 1 atm under such
temperatures leads to the reduction of the major portion
of initial oxidized iron in the melt to Fe?*. Note that the
higher the temperature, the closer L, to the composi-
tion of stoichiometric wiistite, FeO, i.e., the more
reduced the extreme melt composition, to which the ini-
tial oxidized melts tend during decompression.

We considered above the cases of decompression
reduction at a constant temperature. It is also important
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to keep in mind that pressure-induced reduction or oxi-
dation reactions must occur not only under isothermal
conditions but also at concurrent changes in pressure
and temperature, if the trend of P-T variations inter-
sects the lines of redox equilibria in the log P —1/T dia-
gram (Fig. 4).

Si0,-FeO-Fe,0; System

Consider now melts in the SiO,—FeO-Fe,0; system
(Fig. 9). They provide a more realistic model for natural
impact melts, which contain SiO, as the dominant com-
ponent (up to 80 wt %) and usually from 1.5 to 5-7 wt %
iron oxides. The vapor phase in equilibrium with SiO,
melt consists mainly (at least up to 30004000 K) of
SiO and molecular oxygen. The mole fraction of atomic
oxygen is no higher than 0.1 under such temperatures,
and the concentrations of other components are negligi-
ble [63] (Fig. 10). Consider the influence of the addition
of an iron oxide mixture with a variable Fe,O5/Fe ratio
on the composition of the gas phase under isothermal
conditions. Figure 11 shows the contents of major com-
ponents in vapor in equilibrium with melts of the
Si0,—W,, section at 1873 K, where W, has the compo-
sition of congruently evaporating wiistite melt (L., in
Fig. 6). Figure 12b shows similar relations for a higher
temperature of 2200 K assuming ideal mixing in the
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according to the data of [64]. M, magnetite; and L, iron
oxide melt that evaporates congruently upon decreasing
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liquid and vapor phases. With increasing W, content in
the melt, the fraction of atomic iron in the vapor
increases at the expense of SiO, while the content of O,
remains essentially constant at X(O,) ~ 0.28-0.29.
When iron oxides corresponding to the magnetite com-
position (M), which evaporates incongruently produc-
ing a vapor enriched in molecular oxygen, X(O,) >
0.95, are added to SiO, melt, the relationships change
fundamentally. An increase in M concentration in the
melt leads to a significant increase in the X(O,) value
of the vapor. The mole fraction of atomic iron in the
vapor remains rather small for all iron-bearing compo-
sitions of this section (Fig. 12a). The addition of com-
position Wy, which is more reduced than W, and corre-
sponds to wiistite in equilibrium with metallic iron
under a given temperature, to SiO, results in a signifi-
cant decrease in X(0O,) in the vapor phase, while X(Fe)
increases more rapidly than in the case of the addition
of W,, (Fig. 12c¢). Thus, an increase in the Fe,0;/FeO
ratio of melt (at a constant SiO, fraction) is accompa-
nied by a significant change in vapor composition, with
the main effect being an increase in O/(Fe + Si).

Similar to the Fe—O system, the described composi-
tional features of vapor phase above the melts of the
Si0,-FeO-Fe,O; system provide conditions for
changes in the redox state of iron in response to a tem-
perature increase or a pressure decrease. The O/(Fe + Si)
ratio of the gas phase formed during the decompression
of relatively oxidized melts with Fe,O;/FeO ratios
higher than that of W, (lying to the right of the
SiO,~W,, line in Fig. 9) starting from the moment of
P, = P, must be higher than the O/(Fe + Si) of the melt.
As a result, the Fe,05/FeO ratio of melt must decrease
with decreasing pressure, i.e., the melt will become
progressively more reduced. On the other hand, the
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Fig. 8. Total vapor pressure above iron oxide melts of the
FeO-Fe,O3 join at temperatures of 1870-2500 K. The
dashed curves are extrapolated from the data on the Fe—O
system [64]. The point of minimum pressure P, corre-
sponds to the composition of melt that evaporates congru-
ently under the given temperature (L,). The L, composi-
tion shifts toward FeO with increasing temperature.

decompression evaporation of reduced melts (lying to
the left of the SiO,—W , line in Fig. 9) must lead to the
formation of a vapor with [O/(Fe + Si)],p0: < [O/(Fe +
Si)] e and be accompanied by partial iron oxidation in
the melt. Similar to the Fe-O system, the Fe,0;/FeO
(Fe**/Fe**) of melt tends to the limit in which [O/Fe +
Si)]yapor = [O/(Fe + Si)] 1 during decompression reduc-
tion or oxidation. However, it should be noted that for
the limiting Fe,O;/FeO value for SiO,—FeO-Fe,04
melts and impact melts of more complex compositions
will be evidently different from that of Fe—O oxide
melts owing to the influence of other components.

The pressure of vapor phase (P,) above SiO,—Fe, O
melts depends on the composition of the system and
temperature. P, increases with increasing degree of
iron oxidation, iron content in melt, and temperature.
Thus, the more oxidized the initial melt and the higher
the decompression temperature, the earlier (i.e., at a
higher total pressure) the processes of melt evaporation
and reduction begin. Approximate estimates of P, for
compositions with a Si0, mole fraction of about 0.9 are
shown in Fig. 13. Although the fraction of iron oxides
in the melt is relatively small, the P, of oxidized melts
may range from a few tens to thousands of atmospheres
at high temperatures. For instance, at 2500 K for melts
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Fig. 9. Compositions of main compounds in the SiO,—FeO-Fe,O3 system and in the more general system Fe—-Si—O. Phase abbre-
viations: Fa, fayalite; W, wiistite composition that evaporates congruently under the given temperature (its composition shifts
toward FeO with increasing temperature); M, magnetite; and H, hematite. The arrows show variations in the composition and redox
state of melts during their evaporation in response to a temperature increase (P, = const) or a pressure decrease (7 = const).

containing the magnetite or hematite component, P, is
~40 and 3.2 x 10% atm, respectively. In addition to SiO,,
FeO, and Fe,0;, natural impact melts may contain other
volatile component, the presence of which can lead to a
significant increase in P,. Thus, the pressure range of
the evaporation of impact-generated melts can be even
more significant under such temperatures.

The above analysis of the processes of melt evapo-
ration in relatively simple systems containing iron in
different oxidation states demonstrated that redox reac-
tions inevitably occur in them during high-temperature
decompression owing to the incongruent evaporation
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Fig. 10. Influence of temperature on the composition of
vapor phase above SiO, liquid according to the data of [63].
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and variations in partial pressures of components in the
gas phase, primarily of O, and Fe. This conclusion is
obviously valid for more complex natural compositions
as well. Calculations performed for the natural compo-
sitions of supposed moldavite sources, sedimentary
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Fig. 11. Variations in the composition of vapor phase above
melts in the Fe,O-SiO, system as a function of SiO, mole
fraction in the melt at 7= 1873 K. The diagram shows a sec-
tion of the SiO,—FeO-Fe,O3 system in which the Fe, O
component is compositionally similar to the iron oxide melt
that evaporates congruently under the given temperature.
The dashed lines show the approximate compositions of
vapor for melts with SiO, mole fractions, X(SiO,), higher
than 0.65, i.e., in the compositional interval with a wide lig-
uid immiscibility field under the given temperature.
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(M). (b) The composition of Fe,O corresponds to the oxide liquid evaporating congruently at 2200 K (W,,). (c) The composition
of Fe,O corresponds to the oxide melt of the wiistite composition in equilibrium with metallic iron melt (Wy). The diagrams were
calculated on the basis of extrapolations using the data for the Fe—O system [63, 64] and assuming ideal mixing in the liquid and

gas phases.

rocks containing only ferric iron, showed that the vapor
phase generated under the P-T conditions of adiabatic
decompression (at temperatures of 6000-2000 K and
pressures of 10*-1073 bar) is enriched in oxygen rela-
tive to the equilibrium liquid and starting material [66].
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Fig. 13. Variations in vapor pressure (P,) with increasing
temperature for the SiO,—FeO-F,05 system in equilibrium
with a melt with an SiO, mole fraction of 0.9. The line
labeled H corresponds to the composition in the SiO,~Fe,O3
section in which iron oxide is represented by hematite; the
line labeled M corresponds to the composition in the
Si0,—Fe304 section in which iron oxide is magnetite; and
the line labeled W, corresponds to the composition in the
Si0,—-Fe, O section in which iron oxide is congruently evap-
orating wiistite.
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Thus, it is supposed that the melting and evaporation of
materials affected by a strong impact event must pro-
duce melts more reduced than the precursor material.
The quenching of such melts gives rise to reduced tek-
tite glasses.

Up to now, a number of experimental studies have
been carried out on element fractionation during the
evaporation and condensation of silicate melts, as a
major factor of the chemical differentiation of matter
during the formation of planetary bodies [4, 9, 67-74,
etc.]. Some of these studies focused on the elucidation
of the character of chemical transformations during
impact and explosion processes [4, 9, 68, 73]. In the
next section, we consider the most important results of
these studies that have a direct bearing on the problem
of iron oxidation state in tektites and impactites.

MEASUREMENT OF IRON OXIDATION STATE
IN EXPERIMENTS
ON THE HIGH-TEMPERATURE EVAPORATION
OF SILICATE MELTS

Various approaches have been used for the experi-
mental simulation of vaporization and condensation
processes. For our purposes, of special interest are
vaporization experiments in vacuum or in a neutral
medium and experimental reproduction of the evapora-
tion and condensation of materials during impactor—
target interactions using a metallic impactor or a laser
pulse.

Evaporation of Silicate Melts in Vacuum
or an Inert Medium

Most experiments on the evaporation of silicate
melts in vacuum were conducted at a total pressure of
10#-10"% atm temperatures of 1600-2100°C [67, 68,

No.9 2007



DECOMPRESSION MECHANISM OF FERRIC IRON REDUCTION

70, 72]. In some cases, evaporation was modeled under
ambient pressure in an inert gas (argon) atmosphere
[69]. Vapor phase was condensed on special plates
mounted in the cold parts of the reaction chamber. After
the experiments, the degree of evaporation of the initial
material and the composition of residual melt were
determined. When possible, the condensate was also
analyzed. The starting materials were represented by
natural and synthetic melts of complex compositions,
with significant variations in iron content and oxidation
state. Such experiments simulated dynamic evapora-
tion, i.e., both evaporation and condensation occurred
concurrently. Part of the vapor phase, primarily its most
volatile gas components, could be lost during conden-
sation. Thus, the composition of vapor estimated on the
basis of these results does not correspond to equilib-
rium conditions. Evaporation experiments in a Knud-
sen cell apparatus [71] provide more reliable informa-
tion on the composition of a vapor phase in equilibrium
with melt. However, even in such a case, the composi-
tion of the vapor phase may be modified by interaction
with the materials of experimental setup (container,
heater, etc.). This factor must be accounted for during
the estimation of the partial pressures of components in
vapor and, especially, of such an important parameter
as oxygen partial pressure.

Figure 14 summarizes the results of experiments in
which the Fe**/Fe?* ratio of melts was determined after
their partial evaporation. At first glance, the experimen-
tal results are controversial: evaporation may be accom-
panied by both reduction and oxidation of iron in the
melt. However, a more detailed analysis allowed us to
reveal some features that can be explained on the basis
of phase relations in the Fe—O and SiO,~FeO-Fe,0;
systems considered above.

In all of the experiments with silicate melts in which
the fraction of ferric iron was high, partial reduction
was observed during evaporation. During the evapora-
tion in argon at 1 atm of initial silica-rich melt corre-
sponding to moldavite in major-element composition
but containing mostly ferric iron, Fe** was almost com-
pletely reduced (1 in Fig. 14) [69]. The resulting
Fe**/ZFe values of the experimental melts approached
the level of typical tektites. Partial reduction of Fe’*
was also observed in experiments on the evaporation in
vacuum of basalts with initial Fe3*/>Fe > 0.3 (3 and 4 in
Fig. 14) [68]. The analysis of condensates from these
experiments revealed the presence of metallic iron,
which was absent in residual melts.

When reduced melts, in which all or nearly all iron
was Fe?*, were used as starting materials in evaporation
experiments, the residual melt showed partial oxidation
of iron. In particular, the oxidation of residual melts in
the FeO-MgO-SiO,—CaO-ALO; system [70, 72]
resulted in the appearance of magnetite crystals among
the phases formed during melt quenching (4 in Fig. 14).
The same tendency toward ferrous iron oxidation was
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Fig. 14. Variations in Fe**/sFe during the evaporation of
silicate iron-bearing melts according to experimental data.
Circles show the Fe3+/ZFe values of initial melts, and
crosses are Fe’t/SFe values of residual melt after experi-
ments. The arrows indicate variations in the degree of iron
oxidation in the residual melt durmg evaporation. The
shaded area corresponds to the Fe +/2Fe values of tektite
gasses (Fig. 1). Tektite melts: 1—model melt of initial mol-
davite composition obtained by melting of natural shales
(Si0, =73.2 wt %, FeO,=2.0 wt %, T = 1700-2100°C, and
Pio =1 atm Ar) [69] and 2—melt of natural tektite-philip-
pinite (SiO, = 70.6 wt %, FeO, = 4.8 wt %, T =2060—
2090°C, and P, = 10~ mm Hg) £67] Basaltic melts (7 =
1700 and 1600°C at P = 2 X10™° mm Hg) [68]: 3—iron-
rich basalt from northern Tanzania (SiO, = 43.3 wt % and
FeO, = 14.6 wt %); 4—basalt from Klyuchevskoy Volcano,
Kamchatka (SiO, = 52.2 wt % and FeO, = 8.8 wt %); and
S5—synthetic composition in the FeO-MgO-SiO,—CaO—
Al,O5 system (SiO, = 35 4 wt %, FeO, = 35.0 wt %, T =
1800°C, and P, = 10~ mm Hg) [70].

observed in experiments on the evaporation of the nat-
ural melt of a philippinite tektite (2 in Fig. 14) [67].

Thus, it can be seen that the direction of redox reac-
tions accompanying evaporation (similar to the Fe-O
and SiO,—FeO—Fe,0; systems) depends on the degree
of iron oxidation in the initial melt. The evaporation of
oxidized initial melts leads to the reduction of ferric
iron, which results in that the vapor phase is relatively
enriched in oxygen and the O/(Fe + Si + Al + other cat-
ions) value of the vapor is higher than that of the resid-
ual melt. In contrast, reduced initial melts are partly
oxidized during evaporation, because the released
vapor phase is relatively enriched in atomic iron and its
O/(Fe + Si + Al + other cations) ratio is lower than that
of the melt. As was shown above by the example of sim-
ple iron-bearing systems, the O/(Fe + Si + Al + other
cations) ratios of vapor and melt phases may converge
during equilibrium evaporation under open-system
conditions and become equal at a certain moment. After
that, further evaporation must not affect the Fe**/Fe**
value of the residual melt. It should be noted that in the
case of complex silicate melts, such limiting Fe**/Fe?*
values can be significantly dependent both on melt
composition and P-T conditions. It should also be
taken into account that the chemical compositions of
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melts change significantly during evaporation owing to
the selective vaporization of major components. There-
fore, the limiting Fe**/Fe?* values in residual melts may
vary to some extent during evaporation. In the experi-
ments considered above, evaporation processes were
modeled for melts of different compositions at various
P-T parameters under far-from-equilibrium conditions.
This is probably why the residual melt from all these
experiments could not tend to the same universal
Fe**/Fe?* value during evaporation.

Hashimoto [70] argued on the basis of his experi-
mental data that the main reason for the oxidation of
ferric iron is the preferential vaporization of atomic Fe
relative to oxygen. He suggested that Fe?* can be oxi-
dized in melt via the following disproportionation reac-
tion:

3Fe* (melt) = Fe’(metal) + 2Fe**(melt). ()

Thus, tiny inclusions of metallic iron must be
present in the melt. These metal inclusions occur as a
transitional phase and disappear during melt cooling
probably owing to the rapid reverse reaction (metal
phase was not found in quenched products).

Melt Evaporation in Impact Simulation Experi-
ments. There is little experimental data in this field
[4, 9, 73, 74]. We mention here only those results that
have a direct bearing on the change of the oxidation
state of iron and other elements during the vaporization
and condensation of silicate materials. In this context,
of particular importance are experiments in which the
occurrence of redox reactions during evaporation is not
affected by the presence of strong reducers, such as
metal or graphite, in the impactor and/or target materi-
als. Very instructive are experiments on the evaporation
of iron-bearing silicate materials under the influence of
pulsed laser irradiation, which were conducted in an
inert gas (helium) atmosphere at 1 atm. Temperatures
of about 4000°C were reached in these experiments,
providing evaporation under near equilibrium condi-
tions. The analysis of condensates from these experi-
ments revealed the presence of both Fe?*, Fe**, and
zero-valence iron. In addition to Fe?, the reduced spe-
cies of other elements were detected: Al°, Si%, Si**, etc.,
the fraction of which is usually no higher than ~10 at %
of the total content of the given element. Layer-by-layer
analysis revealed variations in the proportions of
reduced and oxidized species of iron and other ele-
ments with depth in the condensate film, which is
related to the kinetics of the condensation process
[73, 74]. The investigation of a vapor cloud generated
during pulse evaporation suggests that the vapor com-
position is rich in free oxygen, part of which remains in
an unbonded gas state after the condensation of the
vapor phase. This is in good agreement with the Knud-
sen cell mass spectrometry of vapors above silicate
melts [71] and with thermodynamic calculations [75].

Yakovlev et al. [73] reported experiments on the

laser evaporation of the analogs of lunar rocks with
some carbonaceous chondrite material and observed
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melt drops quenched to glass spherules in the conden-
sates. These melts were evidently ejected from the cra-
ter hollow of the sample. Microscopic globules of
metallic iron were observed on the surface of some
spherules. It was suggested that their formation was
related to liquid immiscibility phenomena in the melt
and the kinetics of reduction owing to the preferential
evaporation of zero-valence iron from the melt. If this
is the case and the formation of metallic iron in melt
was not due to the presence of a reducer (admixture of
carbonaceous matter) in the target material, it can be con-
cluded that the observed quenched phase corresponds to
a transitional stage of melt evaporation with the forma-
tion of metallic iron similar to that proposed previously
by Hashimoto [70]. On the other hand, there is another
viable mechanism for the formation of iron microglob-
ules by the condensation of the gas phase, which was
observed in melt evaporation experiments [68].

Summarizing the available experimental data, it can
be concluded that the processes of high-temperature
evaporation of complex silicate melts are selective and
cause changes in the oxidation state of iron and other
elements. Iron and some other elements may occur in a
zero-valence state in a vapor phase. The presence of
reduced element species in a vapor is manifested during
its rapid nonequilibrium cooling: the reduced species of
iron and other elements were also observed in the con-
densate produced from the vapor. Evaporation also
induces changes in the oxidation state of iron in the
residual melt. The occurrence of evaporation-related
oxidation (increase in Fe’*/Fe**) or reduction (decrease
in Fe**/Fe?*) in melts is controlled by the redox state of
the initial material. During the evaporation of initially
both oxidized and reduced compositions, the Fe**/Fe**
value of residual melts probably tends to a certain lim-
iting value, which depends on the composition of melt
and P-T conditions of evaporation. Evidence on simple
iron-bearing systems suggests that the higher the tem-
perature, the lower the limiting Fe**/Fe** value. The
experimental data discussed above suggest also that the
rapid cooling of a melt—vapor mixture may produce a
quench phase (melt + condensate) containing elements
with different oxidation states, including zero-valence
species of iron and other elements.

INFLUENCE OF T-P-pO, PARAMETERS
ON THE Fe*/Fe** VALUE
OF IMPACT MELTS

There are extensive experimental data on the influ-
ence of T-P-fO, parameters on the Fe**/Fe?* ratio of
natural silicate melts of various compositions and elec-
trochemical measurements of pO, for natural tektite
glasses with known Fe?*/Fe?* ratios. Using these data,
let us consider possible relations between temperature,
total pressure, oxygen partial pressure, and Fe**/Fe?* in
silicate melts produced by impact events.
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Model

As a first approximation, it can be assumed that,
similar to other iron-bearing silicate melts, the pO, =
AT, P) dependence for tektite and other impact melts of
a given composition with a constant value of
R, = Fe**/Fe?* within a wide range of 7P parameters
has the same form as that for solid-state buffer equilib-
ria, like fayalite—-magnetite—quartz (FMQ), magnetite—
wiistite (MW), iron—quartz—fayalite (IQF), etc.:

log(pO,) =a;=bIT + (P — DIT, 2
where a,, b, and ¢ are the coefficients. The value of q;
depends on the R; of the melt. If R, > R,, then a, > a,,
i.e., the higher the Fe**/Fe?* ratio of melt, the higher
pO, under given T and p3

The above assumption can be justified by the fol-
lowing data. First, there is experimental and theoretical
evidence for the influence of 7 and P on the valence
state of iron in igneous melts. The dependence of melt
Fe**/Fe** on pO,, T, and major element contents in
melts is well described at 1 atm by empirical relation-
ships [76—78]. These relations suggest that for a given
melt composition with a constant Fe**/Fe?* ratio, varia-
tions in pO, as a function of temperature (at least up to
1400-1550°C) are similar to those of buffer equilibria,
such as FMQ and MW, i.e., they can be described by
Eq. (2) with b values similar to the respective coeffi-
cients of the FMQ and MW buffer equilibria. Experi-
mental data on the volume effect of the Fe** —= Fe?*
transition in silicate melts [79] and pressure influence
on Fe**/Fe?* under closed-system conditions [80] indi-
cate that, within a wide range of P-T parameters, an
increase in pO, with increasing P, (at constant 7" and
Fe’*/Fe? in the melt) approximately parallels the
pO,—P,., curves of the FMQ and MW buffer equilibria,
i.e., the coefficient ¢ in Eq. (2) for iron-bearing silicate
melts is similar to that describing the FMQ and MW
buffer equilibria. The coefficient a of Eq. (2) depends
on the oxidation state of iron in the melt and, in the
more general case, on the concentrations of all other
components. The value of a can be estimated from the
available empirical relations for the melts of basalt and
basaltic andesite compositions [78]. However, these
relations are not valid for felsic melts. Therefore, the
values of @ cannot yet be reliably constrained for tektite
and impactite melts.

Another compelling argument supporting the above
assumption comes from the results of electrochemical
measurements of intrinsic oxygen fugacity for tektite
glasses (moldavites and indochinites), which were car-
ried out at 1 atm and temperatures of 800-1150°C.

They showed that the log(pO,) /A(1/T) slope for tek-

3In Eq. (2) for buffer equilibria, oxygen fugacity (fO,) is often
used instead of pO,. Hereafter, we assumed pO, = fO,, which is a
reasonable approximation for high temperatures and relatively
low pressures and does not affect the results of analysis under the
assumptions discussed above.
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tites is very similar to that of the MW buffer, and the
lines of tektites approximately parallel the MW
curve in the log(pO,)—1/T diagram. The absolute
values of pO, for the majority of tektites studied are
1.5-2.0 orders of magnitude lower than pO,(MW) at
the same temperature [10, 31, 32] (e.g., Fig. 1 in [10]).

Thus, pO, variations can be described to a first
approximation as a function of temperature, pressure,
and Fe**/Fe** ratio in tektite and impactite melts using
expressions similar to Eq. (2), where the coefficients b
and ¢ are similar to the respective parameters for the
MW buffer. The above assumptions imply that the
pO, = f(T, P) dependencies for impactite melts of cer-
tain compositions with constant Fe**/Fe?* ratios parallel
the lines of the MW buffer equilibrium in the
log(p0O,)—1/T and log(pO,)-log(P,,) diagrams.
The value of a equals log(pO,) for a melt with the
given Fe**/Fe?* =R, minus log(p0,) (MW), i.e., it cor-
responds to the difference in logarithmic units between
the pO, values of the impact melt and the MW buffer at
a given temperature. Using the accepted model, con-
sider some principal characteristics of variations in pO,
and iron oxidation state in impact melts in response to
changes in the P-T parameters of the system.

Thermal Reduction

Figure 15 presents schematic relations between T
and pO, for a model melt similar in major-element
composition to tektites and felsic impactite glasses.
Lines R,—R; parallel to the MW buffer show pO, vari-
ations with temperature for this melt at different
Fe¥*/Fe?* ratios. Compositions R;, R,, and R; have rel-
atively high Fe**/Fe?* ratios, corresponding to those of
the target rocks (=0.2-0.3), and R, and Ry are melts
with Fe**/Fe?* values typical of tektites (<0.12). Similar
to the Fe-O and SiO,—-FeO-Fe,0O; systems, relatively
oxidized initial melts can be reduced upon heating or
high-temperature = decompression. Indeed, under
closed-system conditions, the values of P, and pO,
above melts with constant Fe**/Fe** = R, increase dur-
ing isobaric heating and approach P,. For strongly oxi-
dized initial melts, molecular oxygen is the main com-
ponent of the vapor phase and pO, approaches P..
When the condition P, = P, is met (in the case shown
in Fig. 15, at P,,, = 107 bar), a further increase in tem-
perature under equilibrium conditions will be accompa-
nied by a gradual reduction of Fe** in the melt and a
corresponding decrease in Fe**/Fe** from R, to Rs
(trend shown by arrows in Fig. 15). The value of pO,
will decrease owing to an increase in the fraction of
atomic iron and other components in the vapor. By
analogy with simple iron-bearing systems, it can be
suggested that, owing to an increase in pFe in the vapor
with increasing temperature, a limiting value of melt
Fe**/Fe** (R,,) can be attained, after which the degree of
iron oxidation in the melt remains invariant during fur-
ther evaporation. The data for the Fe—O system suggest
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Fig. 15. Diagram showing the mechanism of thermoreduc-
tion of iron-bearing silicate melts of the tektite composition
during their heating at a constant total pressure. MW and
FMQ are the magnetite—wiistite and fayalite—-magnetite—
quartz buffer equilibria, respectively. Lines Ry, RE"'Ri
show pO, variations for melts with different Fe’*/Fe?
ratios. The bold line with arrows shows the trend of pO,
changes with increasing temperature for a melt with the ini-
tial ratio Fe**/Fe”* = R, under a constant total pressure of
Py = 107" atm. Other symbols are the same as in Fig. 4. See
text for further explanation.

that the pO, values corresponding to R, must be about
2-3 orders of magnitude below pO,(MW) (Fig. 15).

The extent of iron reduction in melts during heating
under closed-system conditions is a function of both
temperature and total pressure. The lower the P, in the
system, the lower the temperature at which the condi-
tion P, (=p0,) = P, is met and partial reduction of Fe**
begins during the heating of oxidized initial melts. The
low Fe**/Fe?* values (close to R, and Rs) of reduced
melts generated at high temperatures can be retained in
quenched glasses in the case of a rapid nonequilibrium
cooling with simultaneous decreases in P, and pO,,
when interaction with the gas phase is strongly
depressed, or under open-system conditions, when the
gas phase is removed from the system.

Decompression Reduction. In contrast to heating at
a constant pressure discussed above, impact melting
and evaporation are accompanied by a pressure
decrease under adiabatic (isentropic) conditions.
Therefore, the possibility of the decompression reduc-
tion of silicate melts generated by impact events
deserves special attention. The temperature of material
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after unloading (residual temperature) depends on the
initial pressure of the shock wave. The higher the pres-
sure, the higher the temperature at the unloading stage
[1, 2]. If temperature values characteristic of tektite
melt formation (=1800-2000°C) are reached during
decompression, further pressure release will inevitably
trigger reduction reactions involving iron and other ele-
ments, which will be demonstrated below. Consider the
main factors controlling the oxidation state of iron dur-
ing adiabatic decompression.

Figure 16 shows schematic pO, variations for a
model impact melt as a function of total pressure, tem-
perature, and melt Fe**/Fe’* ratio under the above
assumptions. The P, interval corresponds to the for-
mation of tektites and impactites during the final stages
of release after strong shock compression [1, 2]. Let the
temperature of totally molten material be =2250°C at a
pressure of more than 30—40 kbar during the unloading
stage. The Fe**/Fe?* ratio of the melt is taken to be equal
to the pO, value of the MW buffer (in our notation,
Fe*/Fe’* = R(mv); Fig. 16). The adiabatic gradient of
silicate melt is =1°C/kbar [81]. As a first approximation,
the initial stages of adiabatic decompression, when the
mass of condensed phases is much higher than that of the
gas phase, can be considered as isothermal. With

decreasing P, the log(pO,) value of melt with

Fet/Fe?* = R(mv) follows a trend shown in Fig. 16, and
the difference between pO, and P, decreases. At point
b (Fig. 16b), the vapor pressure becomes equal to the
total pressure, and a further decrease in P, will cause
melt evaporation, which is accompanied by a decrease
in pO, in the system and, correspondingly, partial
reduction of Fe**. The value of P, for this model melt is
not known, and the position of point b cannot be deter-
mined. The value of P, can be roughly estimated using
the data for the Si0,—FeO-Fe,0; system. At a constant
melt SiO, content, the higher the Fe**/Fe?* ratio of the
melt, the greater the fraction of molecular oxygen in the
vapor, the smaller the difference between pO, and P,,
and, correspondingly, the closer point b must lie to
points a and ¢ (Fig. 16b). With decreasing Fe**/Fe?* in
the melt, the fraction of O, in vapor decreases, but even
in this case, pO, is no lower than 0.3-0.5 of P, (Figs. 11
and 12). Thus, P, can be about 2-3 times higher than
pO, for relatively reduced melts. It should be kept in
mind that, owing to the presence of other volatile com-
ponents, the fraction of O, in the vapor coexisting with
natural melts can be significantly lower than in the
vapor phase of the SiO,—FeO—Fe,0; system. Despite
the above-described uncertainties in the estimation of
the onset of evaporation, there is a definite tendency in
variations in the degree of melt oxidation during iso-
thermal decompression: as P,, decreases below the
value corresponding to the condition P, = P, (point a
in Fig. 16b), pO, and, correspondingly, Fe**/Fe?* in the
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(b) Schematic diagram showing pO, variations during the isothermal decompression of melt with Fe 3 /Fe?t
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decrease results in a decrease of both P, and pO, in the system. See text for further explanatlon

melt decrease. At P, < 1.0-0.5 atm, the melt Fe3*/Fe?*
ratio approaches R(mv-2) (Fig. 16a), i.e., the ratio cor-
responding to the pO, value two orders of magnitude
lower than pO,(MW) under the given temperature.
Note that similar pO, values were estimated for tektite

melts on the basis of electrochemical measurements
[10, 31, 32].

Under a given temperature, the higher the initial
Fe**/Fe?* ratio of the melt, the higher the pressure at
which the condition P, = P, is met during decompres-
sion and melt evaporation and reduction begin. On the
other hand, the higher the initial temperature of a melt
with the given Fe**/Fe?* ratio, the higher the total pres-
sure at which the condition P,= P, can be satisfied, and
the more significant is the relative reduction of the melt
during isothermal and adiabatic decompression to a
certain pressure value. As can be seen from Fig. 17,
during the decompression of R(mv) melts at tempera-
tures below 1750°C, the trend of pO, variations inter-
sects the P* line corresponding to the attainment of
the P, = P, condition only at rather low pressures of
<1072 bar. Thus, the decompression of relatively low-
temperature impact melts is not accompanied by Fe’*
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reduction up to fairly low P, values, which can hardly

be observed during impact processes.4

DISCUSSION. A SIMPLIFIED SCENARIO
FOR VARIATIONS IN Fe**/Fe?* DURING IMPACT
MELT FORMATION

The main features of changes in the redox state of
iron in impact melts can be viewed in a generalized
form in Fig. 18. This diagram presents the P—T condi-
tions of impact melt evaporation depending on the ini-
tial Fe**/Fe?* ratio. The lines designated R(mw % n) cor-
respond to the P-T parameters at which the condition
P, = P, is met for melts with Fe**/Fe** = R(mw =% n) at
a pO, value differing by n orders of magnitude from
pO,(MW). Since molecular oxygen is one of the main
components of the vapor phase coexisting with iron-
bearing aluminosilicate melts, these lines were calcu-
lated assuming that, to a first approximation, P, = pO,.

4 The Fe**/Fe?* ratio of melt will not change only if decompres-
sion will be accompanied by a considerable decrease in tempera-
ture. For the case shown in Fig. 17, when the initial melt shows
Fe>*/Fe’* = R(mw) at 2250°C, the redox state of iron must not be
significantly modified if a change in P, from 100 to 1 atm is
accompanied by a temperature decrease by more than 250°C.
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Fig. 17. Isotherms of pO, variations as a function of total
pressure for a melt with constant Fe’*/Fe”* =R(mw). Num-
bers indicate temperatures in degrees Celsius. The intersec-
tion point of the pO, isotherm with line P* corresponds to
the moment at which the condition Py, = P, is met. See text
for further explanation.

In general, although the position of R(mw % n) curves is
not precisely known, especially for reduced melts
(pressure of the onset of evaporation at a given temper-
ature appeared to be somewhat underestimated), the
presented scheme adequately reflects the main features
of the evolution of the redox state of iron during impact
melt formation.

Consider the case when an initial impact melt is
formed from a relatively oxidized target material and
shows Fe**/Fe** = R(mw + 2). This proportion does not
change within the whole superliquidus P-T region
bounded at high temperatures by the R(mv + 2) line.
Melt evaporation must occur above this line, which
changes the Fe**/Fe?* value of melt. Figure 18 shows
several possible paths of adiabatic decompression for
melts with identical initial Fe**/Fe?* values of R(mw + 2)
and different temperatures at P, = 10* (lines 1-4 with
arrows). Line 1 corresponding to a temperature of
1700°C at 10 kbar does not intersect line R(mw + 2)
within the whole pressure range up to fairly low values
of P, < 107'-107 bar, which indicates the absence of
reduction along this path. The Fe**/Fe?* ratio of melt
does not change within this pressure range. The paths
of higher temperature melts with initial temperatures of
>2000°C intersect the R(mw + 2) line at various P, val-
ues (points a, b, and c in Fig. 18), which increase signif-
icantly with increasing temperature from ~5 bar at
2000°C (point a) to 2500 bar at 2750°C (point ¢). Adi-
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abatic decompression below the intersection with the
R(mw + 2) line results in a decrease in pO, and partial
reduction of Fe** in the melt. As P, decreases to 1 atm,
pO, decreases by more than an order of magnitude for
a melt with an initial temperature of 2000°C (line 2)
and by approximately four orders of magnitude for a
melt with an initial temperature of 2500 °C (line 4). In
general, the higher the temperature and the degree of
oxidation of impact melt, the higher the pressure of the
beginning of melt evaporation, and the more pro-
nounced reducing effect can be achieved during melt
decompression.

If the temperature of melt is higher than 2300-
2500°C at P, = 10* bar, a significant portion of melt
can be transformed into a gaseous state at low pressures
during the final stages of decompression. The transi-
tional P-T region (Fig. 18), where a complex silicate
melt is completely evaporated (or its condensation
begins), is bounded by the boiling (condensation)
curves of SiO, and Al,O;, which are the main compo-
nents of aluminosilicate melts. In addition, the calcu-
lated boiling curve of forsterite liquid is shown in
Fig. 18 after [2]. As a high-temperature impact melt
approaches this region, a considerable portion of the
melt is transformed into the gaseous state. A significant
increase in the gas/liquid proportion in the system
results in an increase in adiabatic temperature gradient
and a dramatic change in the adiabat path. As a result,
the magnitude of decompression cooling increases sig-
nificantly and the opposite process can be observed at a
certain stage of decompression, when the vapor phase
is condensed to form liquid and solid phases.

A melt with a temperature of 3500°C at 10 kbar
experiences significant evaporation during the decom-
pression stage at pressures of lower than 200-150 bar
with a sharp increase in the fraction of vapor phase in
the system (line 6 in Fig. 18). Under such conditions,
the Fe**/Fe? ratio of the melt must correspond to the
pO, value 2.0-2.5 orders of magnitude lower than
pO,(MW), irrespective of the initial redox state of the
target material. During further decompression, the
slope of the adiabatic path will approach the slope of
the evaporation (condensation) curves of silicate melts
and, correspondingly, R(m = n) lines. This means that
the Fe**/Fe?* of melt will not vary significantly during
decompression.

The temperatures of shock-affected materials may
be >5000°C during strong impacts [1, 2, 4]. Thus, they
can occur completely or partly in a gaseous state at a
certain stage of decompression at pressures of several
tens of kilobars. Figure 18 shows two examples of adi-
abatic decompression paths for a material of the mold-
avite composition formed at the expense of Miocene
sandstones similar to those occurring near the Ries
impact crater. The calculations were carried out for two
values of specific entropy of 5000 and 7500 J/kg K
[66]. In both cases, the material is represented by a gas—
liquid mixture. The calculated M, trend passes close to
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Fig. 18. Generalized relationships illustrating changes in the redox state of impact melts during their adiabatic decompression.
Abbreviations: L, melt; V, vapor; and Lq, liquidus line for the granitoid silicate material. Lines R(mw), R(mw + n) correspond to

the condition pO, = P for melts with constant Fe*/Fe?* ratios at pO, equal to pO,(MW) and n orders of magnitude higher or
lower than pO,(MW), respectively. Dashed lines with arrows 16 are the adiabatic decompression paths of impact melts. The dash—
dot lines are the boiling (condensation) curves of SiO, and Al,O5 melts. The dashed lines show the paths of L + V equilibria during
the adiabatic decompression of silicate materials having forsterite composition (Fo) [2] and moldavite composition calculated for
two values of specific entropy, 5000 (M) and 7500 J/kg K (M,) [66]. The shaded field labeled L == V is the P-T region of the

complete transformation of liquid silicate material to a vapor state (or, correspondingly, the region of the beginning of vapor con-
densation and melt formation). The hatched field labeled Q is the region of quenching of a melt—gas mixture and generation of

impact glasses. See text for further explanation.

the boundary of complete evaporation for the moldavite
material.

The calculations and analysis of particular cooling
paths of silicate vapor phase or liquid + vapor mixture
in the impact process are beyond the scope of this
paper. We note only one important consequence of the
above-discussed relations. Independent of the initial
oxidation state of the target rocks, the melts that are
generated in the melt—gas transitional region at pres-
sures of lower than 10-20 kbar show fairly low Fe**/Fe?
ratios corresponding to pO, values 2-3 orders of mag-
nitude lower than pO,(MW). Thus, even if impact (tek-
tite) melts were formed during a strong impact event
through vapor phase condensation at relatively low
pressures, the oxidation state of iron in them must be
rather low.

The reduced character of high-temperature impact
liquids can be retained in quenched glasses produced
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during the development of the explosion process via the
dispersion and rapid cooling of ejected material, when
the system becomes open. The region of abrupt cooling
of gas-liquid impact products is tentatively shown in
Fig. 18 (shaded field Q). During this nonequilibrium
stage, the reverse reactions of Fe** oxidation, which
could have been expected under equilibrium conditions
during melt cooling owing to its interaction with the gas
phase, are evidently impossible. In contrast, under the
conditions of a sharp increase in the volume of the
explosion cloud, when it enters the low-density layers
of the atmosphere, and separation of the gas—liquid
mixture, hot melts can experience some additional
reduction at the expense of partial evaporation. This
was observed in model experiments on the evaporation
of iron-bearing melts in vacuum. In addition, the phases
produced during the sharp cooling and condensation of
a vapor can probably be strongly nonequilibrium with
respect to the redox state. Possible examples include
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metallic iron and iron oxide phases (wiistite, magnetite,
and hematite). It is conceivable that the same process is
reflected by the occurrence of unusual domains in tek-
tite glasses enriched in reduced silicon species, Si® and
Si* [82], which were observed in experiments on the
condensation of silicate vapors.

CONCLUSIONS

(1) The analysis of available data on the Fe**/Fe?
ratios of tektite and impactite melts indicated that the
redox state of impact melts (glasses) may be signifi-
cantly different from the redox state of the precursor
target rocks. The degree of iron reduction (compared
with the initial state of target rocks) in various types of
impact glasses increases in the following sequence:
(1) impact melt rocks (tagamites), which are practically
identical to the source rocks in terms of iron oxidation;
(2) impact bombs; (3) tektite-like impactites (irghiz-
ites); (4) Muong Nong-type tektites; and (5) splash-
form tektites, showing the maximum degree of reduc-
tion.

(2) The analysis of redox reactions in relatively sim-
ple systems containing iron in different valence states
(Fe—O and Si0O,~-FeO-Fe,0;) showed that variations in
P-T parameters are inevitably accompanied by redox
reactions and changes in the Fe**/Fe? ratio of the liquid
phase owing to the incongruent character of melt evap-
oration. Reduction (or oxidation) can occur not only at
increasing temperature (thermal reduction or oxida-
tion) and P, = const but also in response to a pressure
decrease at constant 7" or under the conditions of adia-
batic cooling (decompression reduction or oxidation).
These processes occur both under closed and open con-
ditions, when the vapor phase is completely or partly
removed from the system. Changes in the oxidation
state of materials owing to high-temperature decom-
pression are especially important for the understanding
of the redox state of impact melts produced in the
course of melting and evaporation at the stage of
unloading and adiabatic decompression.

(3) The direction of redox reactions with iron in
evaporating melts related to variations in P—T parame-
ters (oxidation with an increase in Fe’*/Fe** or reduc-
tion with a decrease in Fe**/Fe?*) depends on the initial
oxidation state of melts. The thermal and/or decom-
pression evaporation of relatively oxidized melts gener-
ated at the expense of crustal rocks under isothermal or
near adiabatic conditions is accompanied by the reduc-
tion of ferric iron. During the evaporation, the Fe**/Fe?*
ratio of residual melt must tend to some stable limiting
value, which depends on melt composition and P-T
evaporation conditions. The higher the temperature, the
lower the limiting value of melt Fe**/Fe? ratio.

(4) Based on the analysis of redox reactions in sim-
ple iron-bearing systems (Fe—O and SiO,—FeO—Fe,O;)
and the available data on the influence of pO,, T, and
P, on the Fe**/Fe?* ratio of silicate melts, we proposed
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a model reproducing the principal features of redox
state variations during the formation of impact melts.
Our model suggests that the significantly lower
Fe**/Fe?* values of impact melts compared with the ini-
tial relatively oxidized state of target rocks could be
related to the specific features of oxygen regime during
the stage of adiabatic decompression after the shock
compression of materials. At some stage of decompres-
sion, the vapor pressure becomes equal to the total pres-
sure in the system, after which a further decrease in
total pressure is inevitably accompanied by pO,
decrease and, correspondingly, partial reduction of Fe**
to Fe?* in the melt. One of the main prerequisites for the
occurrence of reduction reactions with the participation
of iron and probably some other elements of variable
valence is the attainment of high temperatures (>1800—
2000°C) during unloading, sufficient for the complete
melting and partial evaporation of the material. Even a
more significant reducing effect can be observed in
melts generated by the complete (or almost complete)
evaporation with subsequent condensation at tempera-
tures of >2500-3000°C. It is possible that the above-
described reduction mechanism operates most effi-
ciently in such a case, because reaction rates in a gas
phase are very high, and the redox state of the condens-
ing liquid more closely corresponds to equilibrium con-
ditions.

(5) The effect of decompression reduction occurs
under closed-system conditions and does not require
selective removal of oxygen or vapor from the system.
This is in full agreement with the conditions of impact
processes during the early stages of unloading. The
short time scales of such processes exclude any signif-
icant selective movement of components, as well as
complete or partial removal of some of them from the
system. Only at the last stages of the impact process,
during the stage of the dramatic expansion of the explo-
sion cloud, dispersion, and rapid cooling, the system is
already not closed. Quenched glasses formed under
such nonequilibrium conditions reflect the reduced
state of impact melts generated mainly during previous
decompression stages. It is possible that the processes
of melt evaporation and the loss of oxygen together
with the vapor phase in a low-density atmosphere at
rather low pressures contributed to the reduction of Fe**
during this final stage. Quenched glasses formed by the
rapid cooling of late-stage melt—vapor mixtures could
evidently capture and retain microinclusions of the
products of nonequilibrium vapor condensation con-
taining iron compounds of various valence states, such
as metallic iron and its oxides (wiistite, magnetite, and
hematite).

(6) In summary, the presented data allow us to con-
clude that major impact events result in the formation
of a series of impact melts, whose temperature is the
main factor controlling their redox state. The most
reduced impactites are tektites (Fe**/ZFe < 0.1), which
were evidently formed at the highest temperatures. The
origin of some types of microtektites and tektites (e.g.,

No.9 2007



DECOMPRESSION MECHANISM OF FERRIC IRON REDUCTION

moldavites) is assigned to the condensation of decom-
pression-produced vapor phase during its rapid cooling
[6]. On the other hand, some tektites show Fe3*/Fe?*
variations, which are especially common in Muong
Nong-type tektites with a layered structure and up to
tens of centimeters in size. Variations in the iron oxida-
tion state were observed within a single sample of
Muong Nong-type tektites [20]. These observations
provide compelling evidence for the heterogeneity of
the medium of tektite formation: gradients in P-7-pO,
parameters and coexistence of the vapor and liquid
phases. Impact bombs and tektite-like impactites
(irghizites), which are found within or near impact cra-
ters, are much more oxidized (Fe**/ZFe = 0.2-0.3) than
tektites. The temperatures of their parental melts were
probably much lower than the temperatures of forma-
tion of typical tektites. The degree of iron oxidation in
these melts was much closer to that of the initial target
rocks compared with tektites. Finally, impact melts of
the tagamite type were probably generated at lowest
temperature, and they do not show any significant
decrease in Fe**/Fe?* compared with the target rocks.
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