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Abstract Fe redox and water content of impact melt are
important parameters as they can greatly affect melt den-
sity and viscosity which, in turn, are important parameters
greatly affecting the melt evolution and fate. In this manu-
script I briefly describe recent research on X-ray absorption
spectroscopy (XAS) determination of Fe oxidation state
and micro Fourier transform infrared spectroscopy (FTIR)
determination of water content putting them in the context
of previous research done with different techniques. In
comparison with other techniques requiring large amount
of samples (e.g. potassium dichromate titration, Mossbauer
spectroscopy, Karl Fischer titration), XAFS and micro FTIR
techniques allow to study both macroscopic samples of tek-
tites as well as smaller microtektites giving the same error,
making it possible to compare results between tektites and
micro-tektites and, consequently, also to find differences
between tektites and microtektites or between microtektites
from different strewn fields. A brief introduction on impact
cratering and melt formation during impact events is aimed
to introduce the subject to non specialised readers.
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1 Introduction

Silicate melt properties like structure, volatiles content and
redox state of transition elements are important factors con-
trolling nucleation and growth of mineral phases, partition
coefficients of minor and trace elements, as well as melt den-
sity and viscosity. Thus, these properties are able to affect
the chemical and mineralogical evolution of the melt itself
during crystallization. The knowledge of the relationships
between these parameters is the key to understand the condi-
tions under which a melt forms and evolves in nature. On the
other side, these data could be used to model processes and
properties of melts/glasses for technological applications.

While most studies of silicate melts in Earth sciences aim
to understand and/or model magmatic processes, relatively
fewer studies are devoted to understanding the production
and fate of melts formed during asteroid impacts on the
Earth surface. Impact cratering can produce vast amounts
of melt which can be either ejected away from the crater
or collected inside the crater to form coherent melt bodies
with thicknesses up to several kilometers. In recent years, it
is becoming increasingly clear that impact processes were
able to greatly affect the evolution of planetary bodies. In
the specific case of the Earth these processes were able to
profoundly affect the geochemical evolution of the Earth
crust, as well as the atmosphere and life itself.

The investigation of impact products and their synthetic
analogues produced under extreme conditions suggests that
target rocks can experience significant chemical and physical
transformations during impact melting. Fe redox and water
content of impact melt are important parameters as they can
greatly affect melt density and viscosity.

As density and viscosity of an impact melt are impor-
tant parameters greatly affecting the melt evolution and fate,
in this contribution I will present a review of the current
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knowledge about melt formation by impact cratering and
discuss the results recently obtained on the Fe speciation
and water content in tektites and microtektites. As a first
step in order to investigate the iron oxidation state and water
content of impact melt, it is convenient to focus our attention
to tektites and microtektites: they display a relatively homo-
geneous composition within a given strewn field; are rep-
resentative of the melting of the uppermost part (and most
shocked) of the target rock; have been quickly cooled form-
ing an homogeneous glass. Impact glasses sensu latu, on the
other hand, may have had an even more complex thermal
history and alteration history, suffer projectile contamina-
tion, or result from melting of different rocks types placed at
different depths in the Earth’s crust (see for example Koeberl
and Sigurdsson 1992; Stoffler et al. 2013; Artemieva et al.
2013; Ritter et al. 2015; Giuli et al. 2003, 2005, 2008) and
will not be treated in this contribution.

2 Impact cratering as a geological process

Hypervelocity impacts of asteroids or comets on planetary
surfaces produce distinctive shock-metamorphic and shock-
melting effects ranging from fracturing to melting, including
formation of high pressure phases, microscopic deformation
features, diaplectic glasses, or macroscopic features such as
shatter cones (see French 1988). These features (also called
“shock effects” or “shock features”) have been critical to
the identification of terrestrial impact structures and offer
a window for studying the extreme conditions experienced
by the target rocks during impacts (see French 1988; Mon-
tanari and Koeberl 2000; Koeberl and Martinez-Ruiz 2003
and references therein). Among the geological processes that
have been (and are still) affecting the planetary surfaces in
our Solar System, impact cratering can lay claim to being
ubiquitous (Gibson and Reimold 2010). However, the study
of the effect of asteroidal or cometary impact onto a target
rock (known as shock metamorphism) is only a recent dis-
cipline. Systematic studies of lunar surface images and of
terrestrial craters prompted by the race for the Moon in the
1960s delivered the first quantitative morphological datasets
on impact craters (e.g., Shoemaker 1962). Taking advantage
from studies of shock wave phenomena observed in nuclear
explosions, scientists started turning their attention to under-
standing the processes of rock deformation and phase trans-
formations involved in impact cratering (e.g., French and
Short 1968). By the late 1970s scientists already possessed a
range of experimentally constrained data on phase transfor-
mations and shock deformations, which could be profitably
used to test the impact origin of craters on the Earth surface
or on the Moon (e.g., Stoffler and Langenhorst 1994; Grieve
et al. 1996).
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The detailed shock-metamorphism experimental data-
base, as well as cataloging of field and microscopic shock
features, led to the identification of new terrestrial impact
structures at a rate of two to three per year during the
1970s—1990s, with the consequence that the database grew
from a mere dozen in 1960 to more than 150 structures by
the mid-1990s. By this time, the identification of the glob-
ally-distributed extraterrestrial iridium anomaly in the Creta-
ceous-Tertiary (K—Pg) boundary layer and the establishment
of a link between the end-Cretaceous mass extinction event
and the large Chicxulub impact structure in Mexico (e.g.,
Koeberl and MacLeod 2002; Schulte et al. 2010, and refer-
ences therein) provided global awareness of the devastat-
ing planetary-scale environmental effects of large impacts.
As for now, about 190 confirmed terrestrial impact craters
or impact structures are known (see http://www.passc.net/
EarthImpactDatabase/gow.html for an updated list of terres-
trial impact craters), with ages ranging from 2020 Ma to just
10 years (the Carancas crater, a 13 m wide feature formed in
2007 after the fall of a small meteoroid).

3 Melt formation

A remarking feature of impact processes is the almost
instantaneous melting and vaporisation of significant
amounts of the target rock, in the vicinity of the projectile
contact point, along with the onset of shock induced phase
transformations, rock fracturing, and crater excavation. The
produced impact melt can be distributed either in proxim-
ity of the impact crater, either can be ejected at high speed
away from the crater (Melosh 1989). The dynamic of crater
formation determines the distribution of melt: the uppermost
part of the target rock, which is also subjected to the high-
est pressures and temperatures can, in particular conditions,
be ejected at supersonic speed away from the crater. Rapid
cooling of these melts produces silicate glasses, called tek-
tites and microtektites, which can be distributed over wide
areas called strewn fields and can extend up to several hun-
dreds or thousands of kilometers away from the source crater
(see Koeberl 1994; Ma et al. 2004; Koeberl et al. 2015 and
references therein; for consideration on the derivation of tek-
tite and microtektite forming melt from the topmost target
surface). Most of the produced melt however is deposited in
or near the impact crater. It may form coherent impact melt
bodies or can be mixed with shattered brecciated material
to form suevitic breccias. Impact melt is a significant com-
ponent of the rocks produced by the cratering event, espe-
cially in large impact structures, and its volume increases at
increasing size of the crater (Dence 1971; Grieve and Cintala
1992; Pierazzo and Melosh 2000; Stoffler et al. 2013; Arte-
mieva et al. 2013).
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Although most of the material (about 90 vol%) ejected
from the crater is deposited relatively close (< 5 crater radii,
Rc) to the crater (Melosh 1989, p. 90), a significant amount
(about 10 vol%) may travel to even greater distances (> 5
Rc) to form deposits of distal ejecta. Where an atmosphere
is present, as in terrestrial impact events, a combination of
disruption of the atmosphere by the impact fireball, bal-
listic ejection from the crater, and subsequent atmospheric
transport can distribute the smaller ejecta particles (typi-
cally > 1 mm) to regional or even global distances (Alva-
rez et al. 1995). The resulting deposits, usually less than
a few centimeters thick, may contain distinctive evidence
for impact: shocked rock and mineral fragments, distinc-
tive chemical and isotopic signatures, and unusual glassy
objects. It has thus become possible to recognize debris from
a given impact structure over a large area of Earth, and even
to establish the existence of a major impact event from a
globally distributed ejecta layer before the structure itself
could be located.

4 TIron oxidation state of tektites and microtektites

Tektites are natural silicate glasses that occur in geographi-
cally limited areas, called strewn fields (Fig. 1). They differ
from common volcanic glasses in both chemical and physi-
cal properties (Suess 1900; O’Keefe 1976; Koeberl 1986,

1994; Glass 1990). Their characteristic features include high
silica and very low water content, the presence of lechatelier-
ite (amorphous Si0,) particles, and a low Fe**/(Fe** + Fe**)
ratio (Fudali et al. 1987; Dunlap et al. 1998; Rossano et al.
1999; Dunlap and Sibley 2004; Giuli et al. 2002, 2010a, b).
Tektites usually experienced aerodynamic transport and can
be deposited at great distances (up to several 100 km) from
the source crater (Glass et al. 1979). Generally, several mor-
phologically different types of tektites may be recognized:

1. most common are the splash-form tektites, found in each
of the known strewn fields; they are masses several cm
in size glasses with rounded shapes (spheres, discs,
bars, dumbells, teardrop) resulting from their rotational
motion when still molten (Elkins-Tanton et al. 2003).

2. aerodynamically shaped tektites (flanged tektites) are
button-like objects occurring exclusively in Australia;

3. Muong Nong-type tektites, named after the city of
Muong Nong in Laos where they were first described
by Lacroix (1935). Typical features of the archetype
Muong Nong-type tektites include blocky shape, highly
variable size and weight, layered structure, high con-
tent of crystalline inclusions (Glass 1970a, b, 2000)
and high porosity. Chemical characteristics that distin-
guish the Muong Nong-type tektites from splashform
counterparts include an overall chemical heterogeneity,
high volatile trace element abundances (Koeberl 1992)
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Fig. 1 Extent of the tektite strewn fields so far known (From Mon-
tanari and Koeberl 2000, modified). The Australasian strewn field
has been modified (dashed line) after the microtektite find reported
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in Folco et al. (2009). New occurrence of tektites in Belize (Hilde-
brand et al. 1994), Uruguay and Siberia (Deutsch et al. 1997) are not
reported as the extent of the strewn field is not yet known
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and relatively higher water content (Koeberl and Beran
1988).

4. micro-tektites display similar shapes as splash form tek-
tites but are < 1 mm thick;

A number of studies have already been published on the
iron oxidation state of tektites fields using a variety of wet
chemical and spectroscopic techniques, and they generally
agree on finding a Fe**/(Fe?* + Fe**) ratio < 0.15 (Fudali
et al. 1987; Dunlap et al. 1998; Rossano et al. 1999; Dun-
lap and Sibley 2004; Giuli et al. 2002, 2010a, b). No
significant variations of the Fe oxidation state have been
found between the four best known strewn fields (Australa-
sian, Ivory Coast, Central European, and North American).
Also newly discovered tektites from Belize display similar
Fe oxidation states (Giuli et al. 2014a). As these values are
much lower than those of typical target rocks on the Earth
surface, a variety of mechanism have been proposed in
order to explain the reduction of iron from mostly trivalent
to predominantly divalent (See Lukanin and Kadic 2007
and references therein). However, despite most proposed
mechanisms invoke a role of the high temperature in the
reduction process, no consensus has been found yet on the
causes of iron reduction.

Studies on the microtektites iron oxidation state are
scarcer because of the small mass of the samples which
hinders the use of wet chemical analyses and poses some
limitations on the use of spectroscopic techniques. How-
ever, the use of X-ray Absorption Technique (XAS) offers
the opportunity to estimate the Fe3*/(Fe?* + Fe**) ratio
with a good accuracy (Wilke et al. 2001; Jackson et al.
2005; Giuli et al. 2002, 2011) even for small and diluted
samples. This technique offers thus a good opportunity
to compare iron oxidation states determined for a vari-
ety of samples with different sizes and Fe contents. Fe>*/
(Fe?* + Fe’*) ratio of microtektites from the Australa-
sian and Ivory Coast strewn fields range from 0.02 to
0.22 + 0.05 and 0.03 to 0.17 + 0.05, respectively (Giuli
et al. 2013). Microtektites from these strewn fields display
similar values to their macroscopic counterparts. How-
ever, Fe>*/(Fe®* + Fe’*) ratio of microtektites from the
north American Strewn field is significantly higher than
that of North American tektites, and has been found to
range between 0.02 and 0.61 + 0.05 (Giuli et al. 2013). In
particular, a marked increase of the iron oxidation state has
been found with distance from the source crater (Fig. 2).
A possible explanation may involve formation of micro-
tektites with Fe oxidation state and coordination number
similar to that of tektites and Trinity glass (a glass formed
by high-temperature melting of desert sand during the first
atomic bomb test at the Trinity site; see Glass et al. 1988;
Giuli et al. 2010b) and subsequent oxidation when still
molten.
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Systematic variation of the Fe oxidation state of micro-
tektites with distance from the source crater has not been
found for other strewn fields where microtektites have been
reported. Even in the case of microtektites from the Aus-
tralasian strewn field (by far the largest tektite strewn field
on the Earth surface) that have been found on the Transan-
tarctic Mountains (Folco et al. 2009, 2010, 2011) at about
11,000 km from the putative location of the source crater,
no significant increase of the iron oxidation state has been
found with respect to Australasian tektites (Giuli et al.
2014b) with Fe**/(Fe** + Fe’*) ratios determined for 29
microtektites ranging from 0 to 0.1 + 0.05.

XAS data suggest that the iron oxidation state in the
microtektite parent melt could still be modified during ejec-
tion and/or transport as observed in the case of North Ameri-
can strewn field microtektites, but not in the Australasian
and Ivory Coast microtektites. If we assume that microtek-
tite-forming melt droplets were strongly reduced similarly to
tektites (i.e., with dominantly divalent Fe) during formation
in all of the above-cited cases, future work should be focused
on modeling temperature during transport, water content of
the melt, and volatile content and redox condition of the
medium in which microtektite molten droplets traveled.

5 Water content of tektites and microtektites

Water content of silicate melts is an important parameter in
affecting melt density and viscosity. In particular, viscos-
ity can change by several orders of magnitude according to
water content. Thus the accurate determination of the water
content in the just formed melt and of the water solubility
of that melt are extremely important parameters in the hope
of modelling the melt behaviour from its formation to the
formation of glass or crystalline impact-melt rock.

A number of studies determined the tektite water con-
tent by Fourier transformed infrared spectroscopy (FTIR).
The determined water content in tektites from the four
best known strewn fields and the newly discovered Belize
tektites range from 20 ppm to about 500 ppm (Gilchrist
et al. 1969; Koeberl and Beran 1988; Beran and Koeberl
1997; Watt et al. 2011; Giuli et al. 2013). These data led
to the general agreement that the high temperatures to
which melt droplets were subjected during impact melting
were responsible for the very low water content of tektites
compared to water content of terrestrial target rocks. On
the other hand, combination of water content data and
volatile metal concentration point to a more complex view
which has to take into account not only the peak tempera-
tures of the impact produced melts, but also their cooling
history; in particular, the possibility that impact produced
melts responsible for the tektite formation travel embed-
ded in an ejecta cloud whose composition and thermal
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history greatly affect water content of these melts (see, for
example Watt et al. 2011 and references therein).

On the side of microtektites, there are much fewer
studies of their water content due to reduced availability
of fresh material and to the experimental difficulties of
measuring low water content in spherules just few hun-
dreds micrometers wide. Folco et al. (2009) determined
water content of microtektites found in the Transantarc-
tic Mountains by means of secondary ion mass spectros-
copy (SIMS) finding concentrations ranging from 28 to
206 ppm. These values compare very well with those of
australasian microtektites analysed with the same tech-
nique in the same paper (from 20 to 246 ppm). Similarly,
other microtektites from the North American Strewn field
by means of micro FTIR show water content ranging from
34 to 455 ppm in good agreement with five tektites from
the same strewn field analysed in the same conditions
(with water content ranging from 158 to 512 ppm (Giuli
et al. 2013).

6 Discussion and conclusions

Tektites and microtektites have been the subject of so many
geochemical studies in the past because of the glimpse they
could provide on the formation conditions of impact melt.
Despite they offer only a partial and limited view of the
complexity of the processes operating during impact crater-
ing and impact melt formation, still they represent the melt
formed at the very initial stages of shock-metamorphism
during impact and thus offer a precious window on the con-
tact stage of impact cratering.

Low Fe**/(Fe?* + Fe*) ratio and low water content are
now commonly accepted to be characteristic of tektites and
most microtektites. These feature, together with isotopic sig-
natures, can be fruitfully used to distinguish tektites/micro-
tektites from terrestrial volcanic glasses.

Despite it could be tempting to use determined Fe
(Fe> + Fe*) ratios and water content to constrain tempera-
ture and redox conditions during the first stages of impact

3+/
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melting, it must be kept in mind that, at least for microtek-
tites, their iron oxidation state can be substantially modified
during transport. This raises the question if microtektites
should be considered the microscopic analog of tektites or
if some differences may exist in their formation and/or trans-
port mechanism.

Moreover, the fact that North American microtektite
show an increase of the Fe oxidation state (within 3200 km
distance from the source crater) whereas Australasian
microtektites do not (within ca. 11,000 km distance from
the putative crater location) suggest marked differences in
the transport of these microtektites. The Fe redox state of
a melt depends on oxygen fugacity, temperature, pressure,
and melt composition (see e.g., Moretti and Ottonello 2003
and references therein). Moreover, also kinetics of Fe oxida-
tion and its relation to temperature and composition of the
melt (especially water content) must be taken into account.
The relatively high range of Fe redox states found in NA
microtektites, being not related to melt chemistry, could be
possibly related to mechanisms acting during transport (e.g.,
in a more oxidizing medium than in the case of Australasian
and Ivory Coast microtektites).

The medium in which tektites and/or microtektites travel
is an often overlooked aspect of impact models. However
it is the author opinion that a knowledge of the transport
conditions of tektites and microtektites would greatly help
in better deciphering their formation conditions. In this con-
text, a larger dataset on Fe redox ratio and water content of
microtektites, as well as new experimental constrains on Fe
redox ratio and water solubility of silicate melts at extreme
conditions, and on the kinetics of their variations, could help
also to further improve physical models on melt formation
and transport during impact cratering events.
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