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Abstract

The presence of tektite-like glasses from a geographically restricted area in Belize (Central America) has been known for
several decades. We comprehensively studied 18 such Belize glasses by a variety of petrographic and geochemical methods,
including major and trace element analysis, radiogenic isotopic composition (Rb-Sr, Sm-Nd, and Re-Os), water content, oxi-
dation state, and cosmogenic radionuclides. The aims were to determine their compositional variation, their mode of forma-
tion and possible source rocks, and their relation to known tektites, and to search for evidence of an extraterrestrial
component.

In terms of petrography, the samples are similar to tektites from the four “classical” strewn fields, with the presence of
lechatelierites, schlieren, and vesicles; these are also widely accepted indicators of an impact origin. No close similarities to
volcanic glasses are evident. Water contents are very low, and iron oxidation states are mostly reduced, in both cases similar
to observations for other tektites. The geochemical and isotopic data presented, such as Cr, Co and Ni elemental abundances
and interelement ratios, as well as trace element patterns are typical for local and regional volcanics from the active Central
American Arc. Particular similarities to material comparable to volcanic rocks from Honduras or Guatemala are noted. This
is confirmed by Sr-Nd isotope signatures of the Belize glasses, showing close similarities to Central American volcanics in
general, and Honduran and Guatemalan volcanic, in particular. Osmium concentrations and '8’0s/!%%0s ratios are compa-
rable to arc volcanics from world-wide locations, but - in a few of the samples - elevated Ir concentrations, near-chondritic
Pt/Ir and '¥70s/"®80s ratios can also be interpreted with the admixture of a minor meteoritic component to some of the Belize
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samples. '°Be concentrations are consistent with values typical of both, young or deeply buried soils and with values for Cen-

tral American volcanics, which carry subducted 10ge,

Geochemical data clearly indicate a source different from that of the Australasian tektites. Both isotope data sets for the
Belize glasses indicate a close relationship to local arc lavas, especially those from Guatemala and Honduras, suggesting that
the glasses were not deposited very far from their source. The main evidence that the Belize glasses are of impact origin are
their petrographic characteristics and low water content. The evidence from '°Be is consistent with, but does not require, a
model of formation for the Belize glasses by an impact on loosely consolidated surface sediments exposed to rain. A probable

meteoritic component is low and heterogeneously distributed.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Tektites are natural glasses on Earth of up to a few cm in
size that occur mostly in four geographically extended (but
well-defined) strewn fields: the North American strewn field
of 35.5 Ma age (associated with the Chesapeake Bay impact
structure; cf. Poag et al., 2004); the Central European
strewn field of ca. 14.8 Ma age (associated with the Ries
crater in southern Germany); the Ivory Coast tektite strewn
field of 1.1 Ma (derived from the Bosumtwi impact struc-
ture in Ghana); and the 0.79 Ma Australasian strewn field
(for which no undisputed source crater has been identified
so far); see Fig. la. For details on these strewn fields and
the chemistry and origin of the tektites, see the reviews in,
e.g., Koeberl (1994, 2014). It is well established that the
chemical and the isotopic composition of tektites in general
are identical to those of the terrestrial upper continental
crust (see, e.g., Blum et al., 1992, and reviews in e.g.,
Koeberl, 1994, 2014, and references therein).

A detailed discussion of tektite characteristics is given by
Koeberl (2014). For our purposes the important properties
of true tektites are: (1) they are glassy (amorphous); (2) they
are fairly homogeneous rock (not mineral) melts; (3) they
contain abundant lechatelierite; (4) they occur in geograph-
ically extended strewn fields (not just at one or two closely
related locations); (5) they are distal ejecta and are not
found in or around a source crater, or within typical impact
lithologies (e.g., suevitic breccias, impact melt breccias); (6)
they generally have low water contents and a very small
extraterrestrial component; and (7) they are interpreted to
have formed from the uppermost layer of the target surface,
as is indicated by the '°Be content of Australasian, Ivory
Coast, and Central European tektites. This '’Be was not
produced by direct, in-situ irradiation with cosmic rays in
space or on Earth but was inherited from sediments, where
it was produced by neutron reactions on oxygen in the
atmosphere; such '°Be is often termed meteoric or garden
variety. It is recommended that the term ‘“‘tektite” should
only be used for glasses that have (most) of the above char-
acteristics listed; if not, or if the data are still ambiguous,
the more general term “‘impact glass” for objects that
mainly satisfy all criteria but numbers 4, 5, and 7 is more
appropriate.

Within the past 20-30 years or so, glasses with some of
these properties (as listed above) have been reported from
western Belize, possibly indicating a new tektite strewn field

in Central America. Approximately 7000 of these objects
have been found to date in west central Belize since 1990
(references see below; the following description is based
on personal information by J. Cornec to B. Glass, except
as referenced). The total area of the strewn field (Fig. 1b)
is about 500 km?. Belize glasses are found in the NW part
of the Cayo District, erratically distributed within the fol-
lowing geologic sequences: (1) Upper Quaternary-age lag
gravels, (2) a series of Quaternary gravel beds, and (3) in
lag gravels on top of the Red Bank group (which was earlier
assumed to be of Miocene age but has recently been shown
to be to be upper Paleocene to lower Eocene in age; cf. King
et al., 2018; Ricketts et al., 2021). Typically, glasses are
found on surface exposures of Upper Quaternary-age lag
gravels where erosion has removed fine material and left
coarser fragments as a lag. These surfaces are developed
over the Red Bank group clays. Quaternary gravel beds
occur on Upper Quaternary-age river terraces that outcrop
north of the Belize River, particularly from the Buena
Vista/Iguana Creek area westward to Santa Familia. The
glasses recovered from these gravel beds show signs of
transport and are usually quite rounded, smooth and shiny.
Identical gravel beds found in La Democracia, Burrell
Boom, and West of Blue Creek near the Mexican border
appear to be devoid of tektites. Glasses are found embed-
ded in the very top of montmorrilonitic (Ricketts et al.,
2021) clay units of the Red Bank group, but exact age con-
straint is lacking.

It is difficult to establish with certainty the in situ loca-
tion of the glasses, i.e., if they have been in the same rock
layer since they were deposited. They are usually masked
by a thin overlying organic soil horizon. They have been
collected in road and drainage ditches, the edges of cattle
ponds, in gullies and in small stream beds, and occasionally
at the surface of plowed fields. They are not distributed
evenly but tend to be found in patches while nearby, seem-
ingly identical areas appear completely barren. Recent
deforestation for agricultural development is now revealing
these objects for the first time. Few additional finds are
expected any time soon, as jungle marks part of the known
boundary of much of the strewn field.

The Belize glasses are mostly in the 1-3 cm size range
and they range in mass from <1 up to ~103 grams; the
largest is spherical in shape. They are black in reflected
light. Most (~80 %) are spherical, but rotational forms
have also been found. Teardrops plus dumbbells make up
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Fig. 1. (a) World map showing the four traditional extended tektite strewn fields, as well as the locations of some other impact glass
occurrences, and the Belize location. (b) Map of the Belize strewn field. The region where the Belize specimens have been recovered is outlined
with a white dashed line. The apparent western boundary of the strewn field is adjacent to the border between Belize and Guatemala. The
town of San Ignacio is in the southern part of the strewn field. The black circle near 17.3° north latitude and 89° west longitude is the area

where the specimens in this study were found.

~1 % and discs make up ~2-3 %. The remaining ~16 % of
the non-spherical objects are fragments of the spherical
ones or are irregular in shape. The tektites that have not
been abraded excessively generally exhibit pitting,
U-shape grooves, and striations.

Our earlier work on the Belize glasses has been reported
in abstract form from 2014 to 2018. Other important infor-
mation, on the distribution, stratigraphy, and petrographic
characteristics of these materials, is available only in
abstract format (Povenmire et al., 2011, 2012, 2014;
Cornec et al.,, 2013; Povenmire and Cornec, 2015;
Povenmire, 2016; and King et al., 2016a,b). The earlier dis-
covery of a few tektite-like glasses at the archeological site
of Tikal in Guatemala was later linked to the source region
in Belize (Hildebrand et al., 1994; Senftle et al., 2000). Mea-
surements of magnetic properties of Belize glasses by
Rochette et al. (2015) noted similarities to Darwin glass

(an impact glass). Several glasses from Belize were dated
by the “°Ar->°Ar method, giving total fusion ages of 820
+40ka (20) (Izett and Meeker, 1995). Schwarz et al.
(2016) reported a *°Ar/*Ar plateau age of 769 + 16 ka
for one sample. More recently, Rochette et al. (2021)
reported a variety of data on Belize glasses, including an
updated age of 804 + 9 ka, and suggested a link to the so-
called Pantasma structure in Nicaragua.

The present study aims to characterize the glasses from
Belize petrographically and geochemically — including iso-
topic analyses — to better constrain the nature of their pre-
cursor rocks, possibly local lavas from the active Central
American arc. A meteoritic impact origin of the Belize
glasses is supported by several lines of evidence, including
their low water content, petrographic observations
(e.g., the absence of primary crystallites/microlites, the
presence of lechatelierite), and the extent of the strewn area



C. Koeberl et al./ Geochimica et Cosmochimica Acta 325 (2022) 232-257 235

(e.g., Povenmire et al., 2011). In addition to geochemical
and Sr-Nd isotope data, we present concentrations for
selected highly siderophile elements (HSEs; Re, Os, Ir and
Pt) and '%70s/'*80s isotopic signatures, which represent a
useful tool in the detection of even minor (sub-percent level)
extraterrestrial admixtures. We compare our results to
other impact glasses (Australasian-, Ivory Coast-, and Cen-
tral European tektites, and irghizites) for which a meteoritic
component was postulated based on HSE and '¥70s/'%0s
data (e.g., Koeberl and Shirey, 1993; Jonasovd et al.,
2016; Ackerman et al., 2017, 2019). We also investigated
the iron oxidation state, the water content, and the '°Be
content of selected samples, to further constrain their origin
and possible source material.

2. SAMPLES AND METHODS
2.1. Samples

We studied 18 Belize glasses collected within an area of
about a square kilometer centered at ~17.30° north lati-
tude and ~89.01° west longitude (Fig. 1b); the samples
were provided to us by J. Cornec, who owns most of
the about 7000 such samples found so far (see references
in previous section). They ranged in mass from 1.306 g
to 9.020 g (Table 1). The larger ones were usually rounded

in shape and the smaller ones had irregular shapes and
were probably fragments. One had a flat teardrop shape,
two others were roughly teardrop shaped, and two were
oval in shape. Most of the specimens exhibited some abra-
sion, indicating that they had been transported, possibly
by rivers or streams. All of the samples had pits on at
least part of their surface. The larger pits on five of the
specimens had smaller pits superimposed on them. Over-
lapping, fine (<1 pm size) pits on the surface of one tektite
(B13) produced a dull or matted surface. About half of
the larger (>3 grams) tektites had U-shaped grooves on
their surfaces, while only one of the smaller (<3 grams)
tektites had U-shaped grooves (Table 1). Eight out of
the 18 tektites had striations etched into their surfaces.
One specimen (the second largest) had percussion marks
on its surface. About one third were deeply etched in
places. Three specimens had a deep groove or grooves
on their surfaces. If these deep grooves are the result of
widening of surface cracks due to solution, then half of
the width of the grooves would indicate that amount of
solution (this assumes that the solution rate would be
the same on the surface as on both sides of the crack;
as both sides are undergoing solution, the crack would
widen twice as fast as the solution rate; see Glass, 1984).
The amount of solution indicated by these deep grooves
ranges from ~13 to 100 um based on four measurements.

Table 1
Description of Belize tektites used in this study.
Specimen Weight Shape Abraded U-shaped Surface Comments
number (g2) grooves striations
Bl 9.020 Rounded Yes Yes No
B2 6.963 Rounded Yes Rare No
B3 7.716 Rounded Yes Yes Yes Appears to have percussion marks
B4 5.985 Elongate Some No Yes Deeply etched in places
areas
BS 5.896 Rounded Some No No Roughly egg-shaped
areas
B6 4.730 Flat No No Yes
teardrop
B7 3.866 Flat oval Yes Yes Yes
B8 3.973 Irregular Trace No No Deeply etched in places
shape
B9 3.354 Rounded Yes Yes Yes Flatter on one side
B10 2.858 Rounded Trace No No
Bl11 1.831 Irregular No Yes No
shape
B12 2.076 Oval Yes No No One end broken off diagonally and re-etched
B13 1.628 Irregular Yes No No Roughly teardrop shape; deeply etched with
shape matted appearance
Bl14 1.803 Rounded Yes No No Rough teardrop shape
B15 1.364 Irregular Some No Yes
shape areas
B16 1.306 Irregular Some No Yes One surface is concave; deeply etched in some
shape areas areas
B17 1.365 Irregular No No No Elongate with the smaller end broken off;
shape deeply etched in places
B18 1.313 Irregular No No Yes Deeply etched in places
shape

Note: All tektites exhibited surface pitting and most had exposed vesicles, except B3 and B14, and perhaps B5, B7, and B9.
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2.2. Methods: Petrography

Thick sections (~300 pm) were cut from each of the
eighteen Belize tektites and mounted on petrographic slides
for microscope work. The thick sections gave enough vol-
ume that we were able to find several rare grains that we
might have missed otherwise, but were thin enough for pet-
rographic microscope study of the sections in transmitted
light. Abundances of lechatelierite and vesicles in each sec-
tion were estimated by 1000 point counts on each section.

2.3. Methods: Major and trace elements

Carbon-coated polished thin sections were made from
each sample and viewed with an electron microscope in sec-
ondary and in backscattered electrons. The homogeneity
and composition of the impact glasses was assessed using
a JXA-8530F field emission electron microprobe at the Nat-
ural History Museum in Vienna. The major element com-
positions were obtained using a 20 nA defocused electron
beam (10 pm) accelerated to 15 kV. Major element contents
were measured by wavelength-dispersive spectrometry
based on back-scattered electron images (BSE) from point
measurements on polished thin sections. Measurement
points were selected to include the gray scale levels of the
BSE images (analogues for atomic number) that corre-
spond to the range of phases observed in the specific
glasses.

Trace element concentrations in all Belize tektite sam-
ples (B1-B18) were determined by Instrumental Neutron
Activation Analysis (INAA) at the Department of Litho-
spheric Research, University of Vienna. Samples weighing
about 100 mg, along with ~90 mg of three international
rock standards (the carbonaceous chondrite Allende,
Smithsonian  Institution, Washington DC, USA,
Jarosewich et al. 1987; the Ailsa Craig Granite AC-E,
Centre de Recherche Petrographique et Geochimique,
Nancy, France, Govindaraju, 1989; and the Devonian Ohio
Shale SDO-1, United States Geological Survey,
Govindaraju, 1989) were sealed in polyethylene capsules
and irradiated in the 250 kW Triga Mark-II reactor at the
Atomic Institute of the Austrian Universities. More details
on the instrumentation used, methodology precision, and
accuracy are given by Koeberl (1993) and Mader and
Koeberl (2009). In all cases when trace element concentra-
tions were derived from both EMP and INAA, the two val-
ues were identical within error.

2.4. Methods: Isotope geochemistry

Isotope ratios of ’Sr/%Sr and '**Nd/'"*Nd were mea-
sured using a Finnigan TRITON thermal ionization mass
spectrometer (TIMS) at the Laboratory of Geochronology,
Department of Lithospheric Research, University of
Vienna. An aliquot of each tektite was hand-ground in an
agate bowl to a grain size < 63 pm. Tektites B1 to B12 were
selected and ca. 50-70 mg of the sample powder was
digested in Savillex beakers using 5 ml of HF: HNO; (4:1)
for 2 weeks at 110 °C on a hot plate. After acid evaporation
the residue was dissolved in 1 mL 6 M HNO; and after

evaporation in SmL 6 M HCI leading to clear solutions.
Strontium and REE extraction was performed using
BIORAD AG 50 W-X8 (200-400 mesh) resin and 2.5 N
and 4.0 N HCI as eluants. Neodymium was separated from
the REE group using teflon-impregnated ion-exchanging
HDEHP bis-(2-etylhexy)-phosphate and 0.24 M HCI as
eluant. Maximum total procedural blanks were <1 ng for
Sr and 50 pg for Nd, and thus considered negligible. The
separated element fractions were loaded on Re double fila-
ments (ca. 1 pg) and run in static mode. A mean ¥’Sr/%°Sr
ratio of 0.710254 £ 0.000003 (n =4) was determined for
the NBS987 (Sr) and a mean '**Nd/"Nd ratio of
0.511845 4 0.000004 (n =4) for the La Jolla (Nd) NIST
standard reference materials during the period of investiga-
tion. Within-run mass fractionation was corrected for
88Sr/30Sr = 8.3752, and “*Nd/'*Nd = 0.7219, respectively.
Errors quoted represent 2¢ errors of the mean.

A mass of ~0.1 to ~0.6 g of homogenized sample pow-
der was spiked with a mixed tracer composed of '*°Re,
1900g, 11, and °*Pt and digested in 7 mL inverse aqua
regia (HNO3;-HCI: 5+ 2 mL) acid mixture at 250 °C and
100-130 bars in an Anton-Paar high pressure asher for 12
hours. After digestion, Os was separated from the other
HSEs using a CHCIly/HBr liquid extraction procedure
(Cohen and Waters, 1996). Osmium was further purified
using a H,SO4/H,CrO,4 microdistillation technique (Birck
et al., 1997). After Os extraction, all other HSEs were sep-
arated using a procedure adapted from the Method of
Pearson and Woodland (2000). Osmium was loaded as a
bromide on Pt Ribbon filaments covered with a NaOH/
Ba(OH), activator (Luguet et al., 2008). The ¥70s/'#0s
isotope ratio and Os concentration measurements were car-
ried out in negative mode using a Finnigan TRITON ther-
mal ionization mass spectrometer (TIMS) at the
Department of Lithospheric Research, University of
Vienna (Austria). Isobaric interferences of '*’Re on '370s
were monitored and corrected by measuring '3°ReO’~
(mass 233). Mass fractionation was corrected offline using
1920/18805 = 3.083 (Volkening et al., 1991; Luguet et al.,
2008). The Os total procedural blank was 0.2 pg, contribut-
ing up to 20% to some of the measured Os concentrations
of the Belize glass samples.

Contents of the highly siderophile elements (HSEs) were
measured using a Thermo Element XR SF-ICP-MS in sin-
gle collector mode at the Steinmann-Institute at the Univer-
sity of Bonn (Germany), using methods described in Luguet
et al. (2015). Total blanks for this study (n = 4) were ~4 pg
for Re, ~3 pg for Ir, and ~22 pg for Pt. All reported con-
centration values are blank corrected.

2.5. Methods: Iron oxidation state and water content

Doubly polished slabs of about 5 x 5 x 0.5 mm were
prepared for X-ray Absorption Spectroscopy (XAS) and
Fourier Transform Infrared Spectroscopy (FTIR). Iron
oxidation states and coordination geometry were deter-
mined by X-ray Absorption Near Edge Spectroscopy
(XANES) on 13 Belize glass samples. The X-ray Absorp-
tion Spectroscopy (XAS) data were obtained at the BMO0S§
beamline of the ESRF storage ring (Grenoble, F) using a
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fixed-exit double-crystal Si (311) monochromator with a
beam size at the sample of 0.30 x 1.50 mm. Harmonic
rejection was achieved by using two Pd-coated mirrors
working at an incidence angle of 3.6 mrad and by detuning
the second monochromator crystal.

The X-ray energy was calibrated by defining the first
derivative peak of a metallic Fe reference foil to be at
7112.0 eV. XAS data were recorded in step-scan mode
spanning a range of ca. 500 eV across the Fe K-edge with
a typical energy step of 0.15 eV in the edge region and with
broader steps at higher energy with a counting time of 7
seconds per step. An average of three spectra was taken
per sample. The spectra were acquired in fluorescence
mode, using a 12 element ultrapure Ge multidetector; I,
(the beam intensity) was monitored by means of an ioniza-
tion chamber filled with N,.

The experimental setting used provides an energy resolu-
tion of ~0.2 eV at the Fe K-edge. The main limitation for
energy resolution is the finite core-hole width of the
absorbing element (~1.15eV at the Fe K-edge; Krause
and Oliver, 1979), resulting in a convolved energy resolu-
tion (FWHM) of ~1.4eV.

Experimental XANES spectra were reduced by back-
ground subtraction with a linear function and then normal-
ized for atomic absorption on the average absorption
coefficient of the spectral region from 7170 to 7350 eV.
The threshold energy was taken as the first maximum of
the first derivative of the spectra, whereas peak positions
were obtained by calculating the second derivative of the
spectra. Pre-edge peak analysis was carried out following
the same procedure reported in Wilke et al. (2001) and
Giuli et al. (2002, 2011). The pre-edge peak was fitted by
a sum of pseudo-Voigt functions, and their integrated areas
along with energy centroids were compared with those of
the standards analyzed here and others from the literature
(e.g., Wilke et al., 2001; Farges, 2001; Giuli et al., 2008,
2012) in order to extract information on Fe oxidation state
and coordination number in the glasses studied. Particular
care was taken in using the smallest possible number of
components in the pre-edge peak fitting procedure. In par-
ticular, the number of the components was constrained to
equal the number of the minima in the second derivative
spectrum of the pre-edge peak. Several different procedures
have been attempted for peak fitting: simultaneous fitting of
the background and the pseudo-Voigt component; prelimi-
nary background subtraction followed by fitting with
pseudo-Voigt component allowing the components to have
different FWHM or Lorentzian character; preliminary
background subtraction followed by fitting with pseudo-
Voigt component constrained to have the same FWHM
and Lorentzian character. The third procedure has shown
to produce the best results in terms of data scatter and of
agreement with independent wet-chemical titration data
on synthetic glass samples (for details, see Giuli et al.
2011). Accurate analysis of the pre-edge peak energy posi-
tion and integrated intensity, allowed the determination
of Fe**/(Fe*™ + Fe*") ratios on all samples with an esti-
mated error of +0.05.

FTIR micro-spectroscopy was performed using a stan-
dard vacuum Michelson interferometer coupled to an IR

microscope inside a box purged in dry nitrogen. The source
was a globar Mid-IR source and the detector was a photo-
conductive, nitrogen-cooled Mercury Cadmium Telluride
(MCT) crystal. The samples were mounted on a ZnSe pol-
ished window and placed in the focal plane of the IR micro-
scope on a micrometric stage, where they were scanned in
transmission mode with a slit aperture size of 50 um and
a 15X objective/condenser setup. The reference spectra
were taken on the same ZnSe substrate.

Each spectrum was recorded in the mid-IR frequency
range, averaging N = 256 scans at 2 cm ™! spectral resolu-
tion. The absorption band in the 3200-3600 cm™' region
is related to the O-H stretching mode in water and the
intensity of this peak can be directly linked to the water
content in the sample (Gilchrist et al., 1969).

Water contents were calculated according to the proce-
dure by Gilchrist et al. (1969) following a standard applica-
tion of the Lambert-Beer absorption law. The extinction
coefficient used (74.8cm™' mol™') is in agreement with
those used by Beran and Koeberl (1997) and Koeberl and
Beran (1988). The density used for the water content calcu-
lation has been calculated according to Lange and
Carmichael (1987) using the compositional data reported
here and glass transition temperatures calculated according
to Giordano et al. (2008). The densities thus calculated
range between 2.417 and 2.555 g/cm®, in agreement with
published data on tektites, 2.303-2.510 g/cm3 (King, 1964;
O’Keefe, 1976; Chapman et al., 1984).

2.6. Methods: Be-10 chemical separation

Seven of the Belize glasses (BO1, B03, B08, B09, B10,
B11, and B12) were analyzed for '°Be (half-life 1.387 Ma;
Nishiizumi et al., 2007, Chmeleff et al., 2010; Korschinek
et al., 2010). Based on results for other tektites, the concen-
trations of '°Be were expected to be ~107 atom/g. Typical
9Be concentrations of soils are higher, ~10® atom/g (c.f.
Willenbring and von Blanckenburg, 2010). To remove pos-
sible surface contamination due to the presence of '°Be in
adhering soils or adsorbed from groundwater, the samples
were etched in 4 mL of 1 M HF for 60 minutes (Serefiddin
et al., 2007). After etching, the samples were washed with
deionized water and dried. Etching losses, mostly 4-5 %,
were larger for samples B11 and B12, 7% and 11%, respec-
tively. Unlike the others, these two samples consisted not
of one chip, but of several along with some powder. As a
result, they presented larger specific surface areas to HF.

The preparation of '°Be for accelerator mass spectrom-
etry (AMS) required addition of *Be carrier, sample disso-
lution and equilibration with that carrier, and the chemical
separation of Be from the solution as the oxide. To the sam-
ple masses used for these analyses, we added ~2 mg of Be in
1 mL of 10% (vol/vol) HNOj3, 4 mL of concentrated HF
(49%), and 4 mL of concentrated HCIO4. The Be carrier
solution (1041 + 8 pug *Be/(g solution) in 5% HNO;) was
prepared at PRIME Lab from phenacites and has low
9Be/Be ratio, typically <107'°. The mixture was placed
in a Teflon cup, packed into a Parr Bomb, and heated to
100 °C for about one week. The resulting solution was
evaporated and taken up in 9 M HCI for anion exchange
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(Dowex 1-X8 chloride form, 100-200 mesh). The eluates
from anion exchange were evaporated and their residues
dissolved in 1 M HCI. Then, the pH was adjusted to 7 in
an ammonia-ammonium chloride buffer in order to precip-
itate beryllium as the hydroxide. After dissolution in 1 M
HCI, beryllium was separated by cation exchange (Dowex
50Wx8 hydrogen form, 200-400 mesh) and purified by pre-
cipitation as described by Vogt and Herpers (1988).

2.7. Methods: Be-10 accelerator mass spectrometry

The '°Be/’Be ratios (atom/atom) of the samples were
measured by accelerator mass spectrometry at Purdue
University’s PRIME Lab. These ratios are obtained
through comparison with secondary standards that ulti-
mately reference a primary standard for which the decay
rate (activity) of °Be (d'°Be/dt), rather than the '°Be/’Be
ratio, is accurately known (Nishiizumi et al., 2007). In
effect, the '“Be/’Be ratios reported in this work are calcu-
lated from an equation of the form:

10,
< IOBe) _ t1/2( IOBe) (leBe> (T:)Sumple,Mwsured
- 10
9Be Sample Reported Ln(z) dr Std ( Be

9Be )Std.Measured

where the subscript ‘Measured’ refers to experimental data
obtained by accelerator mass spectrometry after corrections
for blank. We measured the '°Be/’Be of three procedural
blanks and adopted the average, '°Be/’Be = (2.4 & 0.8) x
10", in making corrections to the measured sample ratios.
Typical '°Be/’Be ratios measured for the samples,
~13 x 1071°, were about five times larger than the average
blank. Inspection of this equation shows that the '°Be/’Be
ratios reported depend linearly on the value adopted for
the '"Be half-life. In this work, we have used the half-life
of 1.36 £ 0.07 Ma proposed by Nishiizumi et al. (2007).
Notwithstanding its implications to the contrary, our earlier
report (in an abstract) also used this value to obtain '°Be/°Be
ratios. We choose the 1.36 Ma half-life to maintain consis-
tency with a large body of recent '°Be measurements made
at PRIME Lab. Subsequent, independent studies have given
a more precise and slightly higher value of 1.387 £ 0.012 Ma
for the '°Be half-life (Chmeleff et al., 2010; Korschinek et al.,
2010). Interested readers can re-normalize the '°Be/’Be
ratios reported below (see results section) to this scale by
multiplying by 1.387/1.36 [Ma/Mal; the differences, ~2%,
are well within the uncertainties of the measurements and
negligible for the purposes of the discussion here.

Our earlier measurements of '°Be/’Be ratios in tektites
(Ma et al., 2004; Serefiddin et al., 2007), also made at
PRIME Lab, incorporated what was then the best estimate
of the '°Be half-life, 1.5 Ma. To compare the older 198¢/°Be
ratios of tektites with the new ones for the Belize glasses, we
multiplied the older results by a factor of 1.36/1.5 [Ma/Ma].

3. RESULTS
3.1. Petrography

In transmitted light, the glass has a yellow brown to
brown color, but most of the specimens contain lighter

and/or darker patches, bands, or schlieren (see Table 2
for a detailed description; Fig. 2). In half of the specimens
the light colored bands/streaks are parallel or subparallel to
the long axis. The lighter areas often have lower abun-
dances of vesicles and lechatelierite than the predominant
matrix glass, whereas the darker patches, bands, and
streaks generally have higher concentrations of vesicles
and lechatelierite particles.

Vesicles and lechatelierite are present in all the speci-
mens. The vesicles exhibit a wide range in abundance
(Fig. 2a,b) and size from one specimen to another (Table 2).
For example, based on point counts, the abundance ranges
from 0.1 up to 8.4 vol.% and the maximum diameter in the
specimens ranges between 185 and 1200 pm. The vesicles
are spherical in all the specimens except one (B18). In
B18, most of the vesicles are slightly oval in shape and
sometimes slightly irregular.

The lechatelierite particles range from equant, to elon-
gate, to long and sinuous in shape (e.g., see Fig. 2), but
most are elongate in shape. Most lechatelierite particles
have vesicles associated with them (they are mostly in the
tektite glass, but in contact with the lechatelierite particle).
Like the vesicles, the lechatelierite particles vary in abun-
dance and size from one specimen to another (Table 2).
The maximum size ranges from ~130 x 340 um (in B16)
up to ~800 x 1700 pm (in B3; see Fig. 2¢). The equivalent
size (i.e., diameter) in equant grains (all three axes the same
length) would be between 200 and 1100 um, which is fine to
coarse sand size. The lechatelierite particles are usually
irregular in shape. Assuming that the original quartz grains
from which they were formed by melting were more or less
equant in shape, the original size can be estimated by taking
an average of the three dimensions (length, width, and
depth). The length and width can be measured, but depth
has to be estimated. The average of the three dimensions
is an estimate of the size of the equidimensional quartz
grain and can be used to indicate the size distribution,
which gives information about the type of sediment/rock;
i.e., shale siltstone, fine sandstone, etc.). However, most
of the lechatelierite particles are fine sand size or smaller.
The above data indicate that the source sediment/rock
was mostly silt to fine sand size, with a coarser component
(at least in terms of the quartz component). Nonetheless, an
unknown amount of finer quartz grains was probably
melted and mixed in with the other melt to make the glass.

A few lechatelierite particles in some specimens (B4, B9,
B15, BI18) contain dark opaque to brown translucent
regions (e.g., Fig. 2e.f). An attempt to recover one of these
grains in order to identify the dark opaque region was not
successful.

There are two transparent, colorless inclusions with
lower relief than lechatelierite in specimen B18. The lower
relief indicates that they have a refractive index (R.I.) close
to that of the tektite glass, which, based on the composition
probably has a R.I. of ~1.54. This is close to the R.I. of
quartz; however, these inclusions are not birefringent. One
is equant and contains a large opaque dark to translucent
brown region (Fig. 2g). This inclusion also contains a small
(~15 x 29 pm) grain with high relief and a shape similar to a
zircon. The other inclusion is an equant grain
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Table 2
Petrography of Belize tektites.
Sample Color' Schlieren' Glass Vesicles Lechatelierite Mineral Dia. of
number vol. Abundance’ Vol.  Abundance’ Vol ~grams largest;
Y% % % vesicle” (um)
Bl BrY No 99.9  Rare 0.1 Rare <0.1 No 185
B2 YBr Yes (pYBr) 99.8  Common to 0.2 Rare to common <0.1 No 380
abundant
B3 BrY No 99.9  Rare to common 0.1 Common <0.1 No 940
B4 YBr Yes (drkBr) 96.5 Common to 33 Common to 0.2 No 450
abundant abundant
BS YBr No 99.2  Common to 0.8 Rare to common <0.1 No 620
abundant
B6 YBr Yes (pYBr) 99.3  Common to 0.7 Rare to common <0.1 No 650
abundant
B7 YBr Yes (BrY) 99.8  Common to 0.2 Common <0.1 No 350
abundant
B8 YBr Yes (drkBr & pBrY) 97.6  Common to 24 Rare to common <0.1 No 565
abundant
B9 YBr Yes (drkBr & pBrY) 99.7  Common 0.3 Rare to common <0.1 No 955
B10 YBr Yes (BrY at one end) 99.4  Common to 0.6 Rare to common <0.1 No 450
abundant
Bl11 YBr Yes (faint BrY) 99.1  Common 0.9 Rare to common <0.1 No 530
BI2 YBr Yes (a short BrY streak) 99.7  Common 0.3 Rare to common <0.1  Yes? 490
B13 YBr No 91.6  Common to 8.4 Rare to common <0.1 No 1200
abundant
B14 YBr Yes (drkBr) 99.7  Common 0.3 Rare to common <0.1 No 350
BIS YBr Yes (drkBr streaks & 99.5  Common to 0.3 Common to 0.2 No 420
patches) abundant abundant
B16 YBr Yes (drkBr near one edge) 99.3  Common to 0.7 Rare to common <0.1 No? 470
abundant
B17 YBr Yes (a drkBr stripe) 98.4  Common to 1.6 Rare to common <0.1 No 600
abundant
BI8 YBr Yes (drkBr streaks) 98.0  Abundant 1.6 Common to 04 Yes 330
abundant

! YBr = yellowish brown, BrY = brownish yellow, Br = brown; drk = dark, p = pale, Y = yellow.

2 Abundances are based on 1000 point counts. Where a range in abundance is given, if one is underlined, then it is closer to the estimated
abundance; e.g., common to abundant means the abundance is closer to common than to abundant.

3 Maximum vesicle diameter is the average diameter of the long and short axes for an elongated spherule.

(170 x 200 pm) with an opaque interior (120 x 130 pum)
having a dark toasted appearance in transmitted light
(Fig. 2h), but in reflected light it is opaque bluish white.
The transparent outer rim of the inclusion is isotropic. A
few small transparent grains in the transparent region have
higher relief and higher refractive index than the rest of the
transparent part of the grain. The opaque interior may be
microcrystalline. An inclusion in B9 has a ballen-like texture
(Fig. 2e) and contains dark opaque region. Under crossed
polarizers, the grain appears to be weakly birefringent with
a mosaic texture, the mosaic-like texture and the weak bire-
fringence may be due numerous bubbles in or adjacent to
the inclusion. Three grains (crystals?) with high relief and
low birefringence were observed in the particle. The largest
is ~30 x 75 pm in size. These grains remain unidentified.

3.2. Geochemistry
All glasses show a high internal (within each thin

section) and external (between the different glass samples)
homogeneity for all analyzed major elements, as

determined by electron microprobe analyses. In terms of
internal homogeneity only two samples (B4 and B10) show
areas of different composition, with SiO, — rich regions with
concentrations between 70.16 and 99.67 wt%. All other
glasses show values between 59.27 and 66.89 wt% SiO,.
This is also evident from the backscattered-electron images
shown in Fig. 3. A high degree of homogeneity between the
samples is apparent for SiO,, Al,O; and FeO. The variation
is largest for the K,O content. The Mg-number varies
between 19.7 and 24.3.

Variations in major element composition for Belize
glasses are illustrated in the total alkali-silica diagram
(Fig. 4). All Belize glasses are subalkaline, and of andesitic
to dacitic composition. They fit well the pattern of Central
American Arc samples of similar SiO, content (e.g., Alves
et al., 2002). Compared to the samples of the four major
tektite strewn fields, they show significantly higher alkali
and lower silica content. Average Belize glass data from
Rochette et al. (2021) fit well with our data, whereas Pan-
tasma crater data (Rochette et al., 2019) are more widely
scattered.
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Fig. 2. Photomicrographs of sections of Belize tektites taken in transmitted light. The specimens shown in (a) and (b) illustrate variations
between samples. Both images cover approximately the same area at the same magnification. (a) This specimen (B1) has a low abundance of
lechatelierite and vesicles. Two spherical vesicles and one ~100 pm long lechatelierite particle (light color) are present. No schlieren are
present. (b) In contrast to Bl (a), this specimen (B4) contains abundant spherical vesicles and lechatelierite particles. A dark brown chevron-
shaped schlieren is also present. (c) A large (~0.8 x 1.7 mm) lechatelierite particle in specimen B3. Note the large number of vesicles associated
with the lechatelierite. (d) An irregular shaped lechatelierite particle with a long (~400 pm) sinuous tail in specimen B16. Several spherical
vesicles are associated with the main mass of the particle. Some faint schlieren run diagonally across the field of view approximately parallel to
the tail. (e) Part of a lechatelierite particle with ballen-like texture in specimen B9. There are a few dark opaque to translucent brown regions
within the particle and a few vesicles associated with it. The largest vesicle (lower left corner) is ~300 um in diameter and appears to be
somewhat irregular. (f) Remnants of a lechatelierite particle with a large dark opaque to translucent brown region in specimen B4. Numerous
spherical vesicles (up to 150 um in diameter) are associated with the lechatelierite. (g) An approximate equant transparent colorless inclusion
with a large central dark opaque to translucent brown region in B18. This inclusion has a lower relief than the lechatelierite particles. Note the
lack of any vesicles associated with this inclusion. On the right side of the inclusion is a smaller grain (~15 x 29 um) with high relief and a
shape similar to that of a zircon. (h) This is a most unusual inclusion also in specimen B18. It is transparent colorless with a large translucent
dark brown central region; however, in reflective light the central region is opaque bluish white. The grain has a very faint ballen-like texture
(probably not visible at the scale of the photomicrograph).
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1 mm
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Fig. 3. Back-scattered electron images of selected Belize glass samples, showing relatively homogeneous composition (except a few schlieren
and (dark) lechatelierite inclusions) and the presence of vesicles: (a) sample B4, (b) sample BS5, (c) sample B10, (d) sample B13, and (e) sample

Bl6.

Trace element compositions of the Belize glass samples
analyzed in this study are compiled in Table 3. Mantle-
normalized trace element patterns are shown in Fig. 5. Like
the major elements they closely trend Central American Arc
samples, with the exception of two samples that show vari-
ations from the overall trend. Sample B2 displays an inverse
HREE pattern and, e.g., sample B16 is slightly enriched in
Sr and Ba.

Chromium, cobalt, and nickel abundances (Table 3) of
Belize glass samples (B1-B18) are roughly positively corre-
lated and range from ~23 to ~49 ppm, from ~10 to
~15ppm and from ~60 to ~150ppm, respectively.

Interelement ratios vary between 1.7 and 3.8 for Ni/Cr
and between 2.0 and 2.5 for Cr/Co. These values are com-
parable to concentrations and interelement ratios reported
from subduction-related lavas from the Central American
Arc (e.g., Alves et al., 2002), although the latter span a
wider range.

The ¥’Sr/%°Sr and “*Nd/'"**Nd isotope data, as well as
associated Sr and Nd concentrations, are given in Table 4.
The Belize glasses are extremely homogeneous in their
SNd/"Nd ratio. The measured values vary between
0.512825 and 0.512835. For *’Sr/*’Sr, the variations are
slightly greater, with values ranging from 0.703951 to
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Fig. 4. Chemical classification diagram of volcanic rocks (according to Le Maitre et al. 1989) showing the Belize glasses in relation to the
tektites from other strewn fields and selected samples of the Central American Arc of similar SiO, content. Data for the tektite strewn fields
are from Shaw and Wasserburg (1982) and for the Central American Arc from Carr et al. (2003); comparison data for Belize glasses and

Pantasma volcanics and glasses from Rochette et al. (2019, 2021).

0.704081 (note: as the samples are young (~800 ka), a back
calculation to initial values is not necessary in the Sr- and
Nd-systems). These data are in good agreement with those
given by Rochette et al. (2021) for other Belize samples, as
well as with selected magmatic rocks of the Central Amer-
ican Arc, in particular from Honduras and Guatemala
(Patino et al., 1997, 2000; Walker et al., 2000, 2001; Carr
et al., 1990, 2003). Compared to impact-related glasses,
from the four major strewn fields as well as the Zhamanshin
impact structure, the Haiti and DSDP 612 glasses, and Lib-
yan Desert Glass (Fig. 6) the Belize glasses have a clear
mantle affinity. Data by Rochette et al. (2021) for Belize
glasses are almost identical to our data. Figures 7 and 8
provide additional geochemical aspects of these glasses
(see below).

Concentrations of the HSEs and '370s/'*%0s ratios of
five Belize glasses (B02, B04, B0S, B06 and B07) are sum-
marized in Table 5. Concentrations of HSEs range from
0.169 to 1.946 ppb for Re, 0.035 to 0.145 ppb for Ir, 0.001
to 0.005 ppb for Os and 1.197 to 26.94 ppb for Pt. Whereas
Os concentrations are extremely low compared to the aver-
age upper continental crust (UCC = ~31 ppt Os; Peucker-
Ehrenbrink and Jahn 2001), Ir concentrations in Belize
glasses are either comparable (e.g., B06) to those in the
upper continental crust (UCC = ~22 ppt Ir; Peucker-
Ehrenbrink and Jahn 2001), or have higher contents. In
all analyzed Belize glasses, except for sample B06, the Re
concentrations are comparable to those of the UCC, but
Pt concentrations are significantly higher (UCC = ~198
ppt Re and 510 ppt Pt; Peucker-Ehrenbrink and Jahn
2001). Corresponding interelement ratios in the Belize
glasses range from 0.014 to 0.029 for Os/Ir and from 8.26
(sample B05) to 626.6 for Pt/Ir ratios (UCC = ~1.4 Os/Ir

and ~23.2 Pt/Ir; CI chondrites = 1.06 Os/Ir and 2.03 Pt/Ir;
Tagle and Berlin 2008).

The '70s/'%80s isotope ratios in the Belize glasses are
~0.135 for sample B05, ~0.2487 for sample B02, ~0.3316
for sample B04, ~0.337 for sample B06, and 1.322 for sam-
ple BO7. Replicate measurements (of unspiked samples)
were undertaken for four of these samples (B02, BOS,
B06, and B07) and yield, within analytical uncertainty,
indistinguishable '#70s/'%80s ratios (see Table 5). The mea-
sured '870s/"0s ratios in Belize glasses range from near-
chondritic values (sample B0S5) to typical crustal values
(UCC = ~1.05; Peucker-Ehrenbrink and Jahn, 2001).
Due to Os abundances in the analyzed samples being in
the very low ppt range, and Re concentrations up to a
low ppb level, corresponding '8’Re/'®80s ratios in the ana-
lyzed samples are exceptionally high and range from ~869
to ~9354.

There are no literature values for Os abundances and
isotopes for subduction-related volcanics from the active
Central American Arc, which does not allow a direct com-
parison between the local mantle and the Belize glasses. The
Re and Os concentrations and corresponding interelement
ratios from the Belize glasses are comparable to those from
arc localities world-wide (e.g., Alves et al., 2002). Figure 9
provides a summary of the Os systematics of Belize glasses
and arc magmas, along with comparisons to Ivory Coast
tektites and the upper continental crust.

3.3. Iron oxidation state and water content
Experimental Fe K-edge XANES spectra are shown in

Fig. 10: The shape and edge energy position of the Belize
tektite spectra are very similar to those of splash form tek-



Table 3

Major and trace element composition of the 18 Belize tektite samples.

Sample  BI B2 B3 B4 BS B6 B7 B8 B9 BI10 Bl1 BI2 B13 B14 B15 B16 B17 BIS
m=12) m=12) (n=12) (0=22) (n=15) (n=29) (n=12) (n=15) (n=15 (n=18) (n=14) (n=10) a=17) (n=17) (n=16) (1 =20) (n=20) (n=15)

Si0, 6337 6277 6338 6192 6272 6230 6343 6105 6073  63.65 6233 6227 6249  61.60 6201 6174 6422  61.92
TiO, 0.95 0.97 0.98 0.90 0.96 0.95 0.97 0.95 0.91 0.94 0.93 0.89 0.93 0.84 0.88 0.91 0.94 0.96
ALO; 1686 1685  17.05 1742 1664 1677 1632 1708 1783 1612 1697 1685 1684 1746 1720 17.69 1640  17.20
FeO 6.39 6.32 6.46 6.24 6.40 6.37 6.32 6.45 6.00 6.16 6.31 6.06 6.18 5.95 5.94 6.22 6.35 6.48
MnO 0.17 0.15 0.17 0.15 0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.16 0.15 0.14 0.15 0.16 0.15 0.16
MgO 1.89 1.84 1.88 1.92 1.81 1.71 1.76 2.04 1.84 1.74 1.83 1.93 1.78 1.91 1.86 2.00 1.55 1.92
CaO 4.83 4.85 4.59 5.03 476 4.70 4.53 5.40 5.30 4.70 5.05 5.12 4.90 5.12 5.13 5.33 436 5.31
Na,0  3.12 3.77 3.30 3.99 3.86 4.16 3.97 4.19 4.46 3.60 3.82 4.06 4.01 4.04 4.16 4.03 3.57 4.08
K,O 1.68 1.89 1.74 1.87 1.93 2.11 2.05 1.86 2.02 1.92 1.88 1.87 1.97 1.79 1.84 1.77 221 1.91
Total 99.25 9942  99.54 9945 9925 9923 9950  99.16 9924 9898 9926 9923 9925 9884  99.15  99.85  99.76  99.93
Sc 20.8 17.5 20.7 19.9 19.7 18.9 21.1 19.4 20.5 19.9 18.8 19.6 18.9 17 20.6 19.6 20.5 19.6
Cr 415 314 30.5 33.7 357 227 28.6 29.8 419 43.6 26.2 41.6 30.3 22 487 39.3 274 335
Co 12.0 11.2 11.8 13.7 12.8 10.2 14.2 13.5 15.1 12.8 11.7 14.2 12.3 12.2 15.2 15.5 11 12.8
Ni 70.0 80.9 724 91.9 76.3 60.1 88.1 742 116.6  80.1 58.7 84.8 89.4 67.1 1314 1499 593 73.0
Zn 34.6 17.0 36.5 455 33.8 56.5 32.8 61.4 48.6 35.7 39.3 36.9 48.4 40.6 29.8 48.6 42.0 67.8
Ga 1.69 2.89 7.73 1041 483 3.67 1120 6.95 1.65 221 473 3.35 473 2.53 3.07 8.75 5.40 5.01
As <3 <2l <3 <24 <24 <17 062 <27 <30 <19 <22 <26 <22 <2l <28 <10 <23 <23
Se <2 <06 <15 <15 <18 <15 <20 <16 <26 <14 <18 <20 <17 <l6 <l4 <18 <19 <17
Br <20 <19 <15 <16 <19 <13 <06 <18 <27 <17 <16 <2 <17 <15 <22 <19 <17  <I8
Rb 35.6 37.6 36.4 39.7 438 424 46.1 37.3 49.4 422 40.4 347 436 35.1 45.0 48.0 39.3 43.6
Sr 280 256 288 271 277 283 266 267 288 242 273 265 265 283 362 356 229 282
Zr 213 205 239 213 230 229 230 204 295 257 225 217 234 218 263 261 242 245
Sb <06 <06 <03 0. <05 <03 <11 <04 <08 <05 <04 <05 <04 <04 <06 <02 <04 <04
Cs 1.34 0.75 1.41 1.25 1.30 .15 1.45 1.30 1.51 1.27 1.07 1.32 1.36 1.20 1.49 1.51 0.87 1.36
Ba 375 458 400 372 356 338 410 323 451 328 359 337 373 328 442 432 372 385
La 21.1 2238 20.5 19.1 19.5 19.1 213 18.1 20.8 20.0 19.6 17.8 203 17.4 208 20.5 204 19.0
Ce 422 35.3 412 37.6 39.7 382 437 35.5 41.2 40.1 37.5 34.5 38.5 34.4 422 39.6 41.1 38.7
Nd 21.5 26 24.6 21.6 232 21.1 25.1 19.2 244 22.0 19.9 203 226 19.5 227 23 226 228
Sm 6.14 7.29 6.47 5.78 6.01 5.59 6.26 5.23 6.44 5.79 5.60 5.54 6.11 4.87 6.38 6.42 6.21 5.92
Eu 1.86 0.94 1.78 1.61 1.69 1.66 1.82 1.51 1.78 1.76 1.63 1.53 1.61 1.51 1.79 1.73 1.80 1.65
Gd 5.74 3.31 6.26 5.16 5.73 5.49 6.25 5.17 7.16 6.46 5.16 5.67 5.26 491 572 5.87 5.66 5.72
Tb 112 0.61 1.07 0.96 1.00 0.96 L12 0.88 1.16 1.01 0.93 0.90 0.98 0.84 1.09 111 1.05 0.96
Tm 0.63 0.51 0.6 0.53 0.59 0.52 0.51 0.52 0.46 0.57 0.51 0.5 0.54 0.46 0.61 0.63 0.59 0.53
Yb 3.87 435 377 3.46 3.54 3.34 3.83 3.19 3.19 3.50 3.39 3.13 3.46 2.89 3.65 3.52 3.92 3.41
Lu 0.59 0.7 0.61 0.54 0.58 0.55 0.63 0.5 0.58 0.56 0.54 0.5 0.56 0.48 0.60 0.56 0.6 0.55
Hf 4.95 4.58 485 447 46 441 4.84 4.09 4.59 4.50 433 4.04 4.53 3.96 4.85 4.69 4.89 4.54
Ta 0.46 0.27 0.46 0.39 0.43 0.39 0.42 0.36 0.46 0.42 0.37 0.39 0.43 0.31 0.50 0.5 0.44 0.44
w <89 <81 <10 <11 <10 <72 <43 <12 <12 <74 <92 <11 <92 <87 <l <98 <91 <96
Ir (ppb) <24 <06 <16 <16 <2 <16 <16 <16 <29 <16 <19 <23 <18 <17 <16 <19 <20 <17
Au (ppb) <58 23 <30 <31 <46 <28 <19 <34 <77 <50 <38 <48 <39 31 <54 <37 <41 <4.0
Th 4.23 3.63 4.16 3.78 3.96 3.68 3.67 3.46 431 3.84 3.65 3.51 3.86 3.3 4.26 4.26 4.05 3.86

(continued on next page)
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Table 1 (continued)

B2 B3 B4 B5 B6 B7 BS B9 B10 Bll BI2 BI3 Bl4 BIS BI6 B17 BIS
m=15 m=18) (n=14) (n=10) (n=17) (n=17) (n=16)

m=12) n=12) (n=12) (n=22) (n=15) (n=29)

<2.1
22.8

Sample

(n=20) (n=15)
1.06
22.9

0.84

(n=20)

1.25
24.3

=12) (n=15)

(n

1.37
23.8

0.87 1.18 0.65 0.79 0.9 1.12 <2.9 <1.8 1.30 1.04 0.97 1.06
23.5 22.0 21.2 24.0 234 22.0 22.5 24.2 22.4 24.3

22.6

<2.1
22.6

19.7

21.8

Mg #

2.18
2.62

1.69 2.57 2.37 2.73 2.14 2.65 3.07 2.49 2.78 1.84 2.24 2.04 2.95 2.09 2.70 3.81 2.17
2.81 2.58 247 2.78 2.23 2.01 2.21 2.78 341 2.23 2.93 2.46 2.64 2.53 2.49

3.45

Ni/Cr

3.20

Cr/Co

21.06 18.19 20.20
0.21

0.29

21.24
0.32

18.85
0.32

18.38
0.25

18.97

0.30

18.28
0.36

19.28 17.81 21.64 16.40
nd nd

0.25

17.66
0.21

19.46 18.23
0.16

0.31

19.45
0.21

20.11
nd

17.81

nd

Ba/La
U/Th

0.27

0.32

Major elements in wt%, trace elements in ppm (exception as noted). All Fe is given as FeO. Major elements measured by EMP, trace elements by INAA (see text). For major elements an average

value is given for single glass samples. (n) gives the number of point measurements included. All EMP measurements are given in the appendix. nd = not defined.

C. Koeberl et al./ Geochimica et Cosmochimica Acta 325 (2022) 232-257

tites from all four known strewn fields studied previously
(Giuli et al., 2002, 2010a,b), suggesting the presence of pre-
dominantly divalent Fe. Moreover, the pre-edge peak has a
shape and centroid energy similar to those of tektites from
the North American, Central European, Ivory Coast, and
Australasian strewn fields (Giuli et al., 2002, 2010a,b).
The pre-edge peak is related to an s-d like electronic
transition. The s-d transition is dipole-forbidden (A¢#1),
but can become partially allowed by mixing of the Fe d-
states with the p-states of the surrounding oxygen atoms.
This means that the pre-edge peak energy position and
intensity depend strongly on both the atomic geometry
around Fe and on the mean Fe oxidation state (Calas
and Petiau, 1983; Brown et al., 1995). Accurate evaluation
of the pre-edge peak centroid energy and integrated area
and comparison with those of Fe model compounds can
provide quantitative information on both Fe oxidation
state and coordination environment (see Calas and
Petiau, 1983; Brown et al., 1995; Wilke et al., 2001;
Farges, 2001; Giuli et al., 2002, 2011): its intensity will be
almost zero in case of regular octahedral symmetry (Oy)
around the absorber, whereas it will reach its maximum
in the case of tetrahedral symmetry (Tg4).The background-
corrected pre-edge peaks of the Belize tektites Fe- XANES
spectra are shown in Fig. 11 (a-c), along with the pseudo-
Voigt components used in the fitting procedure and their
sums. Each pre-edge peak can be fitted with two to three
components whose energies (ca. 7112.6, 7113.9-7114.3,
and 7114.5-7115.3 eV) are consistent with those of divalent
and trivalent Fe model compounds (e.g., Giuli et al., 2002).
In particular, while the first and last components can be
ascribed to contributions from Fe*" and Fe** respectively,
the component at intermediate energy results from contri-
butions by both Fe’* and Fe*". The integrated area of
the pre-edge peaks vs. their centroid energies is plotted in
Fig. 12 along with the data for Fe model compounds ana-
lyzed here and by others (Wilke et al., 2001; Farges, 2001;
Giuli et al., 2002, 2008). For the sake of simplicity, the rel-
ative energy is plotted, where 0 is taken as the first maxi-
mum of the first derivative of metallic Fe spectrum. We
take this approach to avoid confusion when comparing
data with literature data where energies may be given on
a scale for which a different edge energy of metallic
Fe has been chosen. All model Fe(Il) compounds plot at
energies close to 0.9 eV above the metallic Fe edge, whereas
Fe(III) model compounds plot at energies close to 2.4 eV.
The Belize tektite data plot within a narrow region close
in energy to that of divalent Fe model compounds, meaning
that most of the Fe is divalent. A mixing line (dotted line
with small diamonds) has been calculated so as to connect:

(i) a pre-edge peak with a centroid at 0.9 eV above the
edge of metallic iron and an integrated area interme-
diate to that of Fe*" and P'Fe>" model compounds
([4] and [5] indicate 4- and 5- coordinated iron);

(ii) a pre-edge peak with a centroid at 2.4 eV above the
edge of metallic iron and integrated area
intermediate to that of “Fe*" and PIFe*™ model
compounds.
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Fig. 5. Primitive mantle-normalized (following Sun and McDonough 1989) trace-element patterns for Belize glasses in comparison to Central
American Arc samples (Carr and Pontier, 1981; Carr and Walker, 1987; Carr et al., 1990, 2003; Patino et al., 1997, 2000; Walker et al., 2000,
2001) and average Upper Continental Crust (Rudnick and Gao, 2003).

Table 4

Strontium and Nd concentrations and isotope compositions of selected Belize tektites. Strontium and Nd concentrations are from the INAA
data set.

Sample Sr 87Sr/8%Sr 2c eSr Nd 183N d/MNd 2c eNd

(ppm) (ppm)

BO1 280 0.704008 +3 -7.0 21.50 0.512830 +4 3.7
B02 256 0.704041 +3 —6.5 25.99 0.512830 +4 3.7
B03 288 0.703980 +4 -7.4 24.62 0.512830 +3 3.7
B04 271 0.703995 +4 -7.2 21.58 0.512828 +3 3.7
BO5 277 0.704033 +4 —6.6 23.16 0.512828 +3 3.7
B06 283 0.704081 +3 =59 21.13 0.512829 +3 3.7
B07 266 0.704061 +4 —6.2 25.06 0.512825 +3 3.7
BO08 267 0.704030 +4 —6.7 19.20 0.512832 +3 3.8
B09 288 0.703984 +3 -7.3 24.41 0.512830 +3 3.7
B10 242 0.704035 +4 —6.6 22.02 0.512834 +4 3.8
B11 273 0.704031 +4 —6.7 19.90 0.512831 +4 3.8
B12 265 0.703951 +4 -7.8 20.30 0.512835 +3 3.8

eNd values are based on '**Nd/'"**Nd = 0.512638 for the Chondritic Uniform Reservoir and &Sr is relative to the present day bulk earth

composition of 8’Sr/%Sr = 0.7045.

Analysis of the experimental pre-edge peak data pro-
vided quantitative Fe*™/(Fe*t+Fe?") ratios of < 0.14
=+ 0.05 for all samples. Based on the precision of the energy
(£0.03 eV), we estimate the error in the Fe*™/(Fe*™ + Fe?™)
ratios to be within &+ 0.05. These results are in keeping with
known Fe oxidation states of tektites from the North
American, Central European, Ivory Coast, and Aus-
tralasian strewn fields as determined with a variety of tech-
niques, including titration, EPR, Moessbauer, and X-ray
Absorption Spectroscopy (Fudali et al., 1987, Dunlap
et al.,, 1998; Rossano et al.,, 1999; Giuli et al.,, 2002;
Dunlap and Sibley, 2004; Giuli et al., 2010a,b).

The micro-FTIR spectra display an absorption band
with a maximum at 3600 cm ™!, which is related to the total

water content of the sample and whose intensity can be
used to quantify the water content variation. The frequency
of the absorption band is consistent with that already
reported by Koeberl and Beran (1988), as are the asymme-
try of the band and the full width at half maximum. The
calculated water contents of selected spots are reported in
Table 6 along with the chosen values of density (see “Meth-
ods” above).

The determined water contents of these tektites, listed in
Table 6, range between 82 and 133 ppm and are in excellent
agreement with those of tektites from other strewn fields
reported in the literature (Beran and Koeberl, 1997,
Koeberl and Beran, 1988, Giuli et al., 2013). In Fig. 13,
the water contents are plotted as a function of the Fe redox
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Fig. 6. Present-day eNd ratios plotted versus &Sr ratios of Belize samples in relation to the tektite strewn fields (Shaw and Wasserburg, 1982;
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Normalization: UR (Uniform Reservoir) for Sr and CHUR (Chondritic Uniform Reservoir) for Nd isotopic ratios, following Shaw and

Wasserburg (1982).

ratio determined on the same samples: Water content shows
no relation with the Fe redox ratio.

3.4. Be-10 measurements

The measured '°Be concentrations (10° atom/g) of the
seven samples analyzed ranged from 7 to 23 with an aver-
age of 12+5, which, when decay-corrected for an
YOAr/*°Ar age of 755 ka corresponds to 17 7. Rochette
et al. (2021) recently reported '°Be contents between 4.4
and 8.2 in six Belize glasses (mean, 5.9 + 1.4; mean at time
of fall, 9.1 +2.1).

The mean '°Be content of the Belize glasses is about
8 x lower than the average of 100 x 10° atom/g measured
for 100 Australasian tektites, corrected for an age of
~0.8 Ma (Ma et al., 2004; Schwarz et al., 2016; Jourdan
et al., 2019). Fig. 14 shows our data for the '°Be concentra-
tions of Belize tektites, together with those for other tektites
of Australasian tektites (Ma et al., 2004), Ivory Coast
(Serefiddin et al., 2007) and the Belize dataset of Rochette
et al. (2021). Because the published data of Australasian
and Ivory Coast tektites used a '°Be half-life of 1.5 Ma,
we renormalized them to a '°Be half-life of 1.36 Ma
(Nishiizumi et al., 2007).

A difference between the Belize and Australasian sam-
ples is obvious. In Australasian tektites, regionally averaged
19Be concentrations generally increase with increasing
distance from Southeast Asia, the probable location of
the tektite producing source region. Australian tektites lie
up to ~8000 km from Southeast Asia and have the highest
observed concentrations of '°Be, ~ 100 x 10° atom/g.
Thus, if Belize glass and Australasian tektites had a com-
mon source, we would expect the !°Be abundances in Belize
glass, which are found at more than twice the distance of
Australia from Southeast Asia, to be at least as large as
those of the Australian tektites. In fact, the measured aver-
age for the Belize glasses is ten times smaller, (12 + 5) x 10°
atom/g, and does not show any relation to the Australasian
strewn field. Based on the low abundance of 'Be in the
Belize glasses it seems most likely that they have a distinct
geographical origin, i.e., do not belong to the Australasian
strewn field. The internal variations of the Belize data
(Table 7) could reflect the vertical position of the source
material prior to impact, with sample B10 coming from a
deeper and sample B11 from a shallower level.

The Belize glasses tend to have lower '°Be contents than
the Ivory Coast tektites. Correction of the group means to
the respective times of fall (0.804 Ma for Belize glasses
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Table 5

Concentrations and interelement ratios of highly siderophile elements (Re, Os, Ir and Pt) and Re-Os isotope data (including replicate analyses

of unspiked samples) for selected Belize tektites.

Sample Re Os Ir Pt 18705/1%80s 187Re/1%80s Os/Ir Pt/Ir
ppb ppb ppb ppb

B02 0.191 0.001 0.043 26.943 0.2487 (22) 920.07 0.023 626.6
B02 - - - - 0.282 (48) - - -
B04 0.396 0.002 0.086 16.099 0.3316 (36) 969.31 0.023 187.2
BO5 0.169 0.002 0.145 1.197 0.1350 (70) 414.20 0.014 8.26
BOS - - - - 0.156 (14) - - -
B06 1.946 0.001 0.035 2.246 0.337 (90) 9354.5 0.029 64.17
B06 - - - - 0.349 (40) - - -
BO7 - 0.005 - - 1.322 (72) - - -
B07 - - - - 1.265 (90) - - -

{* Belize glasses]
Subduction related
1 *TUCC volcanics
7
*
S oA
3 * 3
)
& Ao
Ivory Coast
tektites
0.1 T T T T T
10* 10° 10” 10" 10 100
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Fig. 9. Present-day '%70s/'®80s ratios versus the inverse of Os concentrations in Belize glasses in comparison to arc lavas from world-wide
locations (Alves et al., 2002), Ivory Coast tektites (Koeberl and Shirey, 1993) and the average Upper Continental Crust (Peucker-Ehrenbrink

and Jahn, 2001).

[Rochette et al., 2021]and 1.07 Ma for Ivory Coast tektites
[Koeberl et al., 1997]) increases the spread, although it does
not erase the overlap of their uncertainties. The similarity of
19Be contents likely reflects a fortuitous combination of pre-
cipitation rates, source grain properties, and grain histories.

4. DISCUSSION
4.1. Petrography

The size and shapes of the Belize glasses are similar to
those of other Cenozoic tektites. Like other Cenozoic tek-
tites, the Belize glasses contain vesicles, lechatelierite, and
schlieren but no crystallites/microlites. The dark inclusions
observed in lechatelierite particles in specimens B4, B9,
B15, and B18 have not previously been observed in other

tektites. As discussed above, two inclusions in B18, with
dark opaque or brown regions, do not appear to be lechate-
lierite particles. At least one lechatelierite particle has a
ballen-like texture. With these exceptions, most (14) of
the specimens are petrographically indistinguishable from
other Cenozoic tektites.

4.2. Geochemistry

The trace element patterns of the Belize glasses plotted
in Fig. 5 follow closely the trace element patterns of rocks
from the Central American Arc. Trace element ratios and
isotopic signatures aid in the search for a source region.
In general, however, the trace element abundances do not
form/occur in patterns that can be used to confirm an
impact origin (although this is similar to other tektites).
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Fig. 10. Experimental Fe K-edge XANES spectra of the Belize glasses. The spectra are normalized to unit intensity at the high energy side.
General shape and energy position of the XAS features are consistent with those reported for XANES spectra of tektites.
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Table 6
XANES (iron oxidation data), density, and water content for
Belize glass samples.

Sample Fe?t/(Fe* ™ +Fe*™) Density* Water (ppm)
Bl <0.01 2.538 119
B2 0.09 2.539 111
B3 <0.01 2.537 120
B4 0.09 2.471 121
BS 0.05 2.539 133
B6 0.13 2.539 96
B7 0.04 2.532 118
B8 0.14 2.555 123
B9 0.10 2.548 133
B10 0.06 2.495 104
Bl11 0.07 2.542 99
B12 0.07 2.540 101
BI3 0.08 2.538 82

*Calculated (see text).

Lavas from the Central American Arc define local and
regional geochemical trends that reflect variations in
slab-mantle interactions (Patino et al., 2000). Varying con-
tributions of sedimentary units involved in the subduction
process of the Cocos plate underneath the Caribbean plate
along the Central American Arc and the corresponding

changes in the geochemistry of several key elements poten-
tially provide a proxy for the derivation and source region
of the glasses from Belize. For example, Ba/La and U/Th
ratios (Patino et al., 2000) are distinctive indicators of the
source region. Compositional variations of these indicators
in the rocks are shown in Fig. 7 and are compared to the
Belize glasses analyzed in this study.

The Belize samples are distinct from the volcanics of the
Nicaragua and El Salvador region, whereas arc lavas from
Guatemala and, especially, Honduras plot in close proxim-
ity to the Belize glasses. The Belize glasses also partially
overlap the field for the Tegucigalpa volcano in Honduras.
As the geographical extent of this volcanic area is small, the
match may be coincidental and should not be over-
interpreted. The Pantasma structure in the north of Nicar-
agua was proposed as a possible source crater of the Belize
glasses (Povenmire and Cornec, 2015; Povenmire, 2016; and
Rochette et al., 2021), based partly on good agreement of
YOAr/*°Ar ages of about 800 Ma. As with isotope data in
Fig. 4, average Belize glass data from Rochette et al.
(2021) fit well with our data, whereas Pantasma crater data
(Rochette et al., 2019) are more widely scattered (Fig. 7).
Also, as there are some significant differences to Nicara-
guan arc samples with respect to some geochemical compo-
sition, further investigations regarding a possible source in
that region will be necessary.
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Table 7

19Be concentrations [10° atom/g]' of Belize glasses and tektites from classical strewn fields.

Belize glasses’

Ivory Coast tektites

Australasian tektites*

BO1 94+14 IVC2096
B03 99+1.7 IVC3395
BO08 8.89+2.6 IVC3396

B09 85+1.7 IVC8901
B10 71+1.5 IVC8902

B11 226+ 1.8 V0622304
B12 150+ 1.9 1V07022304B
Average® 11.6 £5.4 Average

21.9+0.5 Laos 53.5+8.2
5.1+0.3 Thailand 64 + 15
229+1.2 Vietnam 66 + 12
36.8 +0.7 China 77 +£22
12.1+£0.3 Indonesia 104 + 24
18.0 £ 0.8 Philippines 110 +£20
11.5+ 0.6 Australia 123 £27
16.3+£9.0 Average 91 +33

Notes: (1) All concentrations referenced or re-normalized to a '°Be half life of 1.36 Ma (Nishiizumi et al., 2007); see text. (2) This work. (3)

Serefiddin et al. (2007). (4) Ma et al. (2004). (5) + 1o.

4.3. Isotope geochemistry

The Nd and Sr isotopic data resolve the existence of dif-
ferent mantle reservoirs beneath Central America and the
input of different mixing end-members, such as granitic or
metamorphic basement and carbonate sediment that con-
tribute to the formation of the magmatic products (e.g.,
Feigenson et al. 2004). The isotopic data, like the trace ele-
ment ratios mentioned above, can be used to identify the
origin of magmatic material along the arc. There is a sys-
tematic variation of mantle components and their admix-
tures. The identities of these components can be seen in
the "**Nd/'**Nd versus 37Sr/%°Sr diagram (Fig. 8). The data
define two trends, one with a negative slope following the
mantle array, which is defined by mid ocean ridge basalts
and ocean island basalt representing melts from the upper
and lower mantle, and a second trend with a positive slope.
The most affected samples of the second trend are those of
the magmatic products from the volcanic front of Nicara-
gua. Samples are characterized by Nd isotopes similar to
MORB, but more radiogenic 878r/%°Sr ratios, resulting
from sediment or sediment-driven fluid addition
(Feigenson et al. 2004). This defines a specific array for
the Nicaragua samples which is clearly segregated from
the Belize glasses which are in good agreement with mag-
matic products from Honduras and Guatemala. Compar-
ison with Belize and Pantasma data (Rochette et al.,
2021) yield similar scatter as noted above for the data in
Figs. 4 and 7.

The Belize glasses occupy a unique position in the
3N/ Nd versus ¥Sr/%6Sr diagram (Fig. 8). Specifically,
they plot on the mantle array in the region of positive eNd
and slightly negative &Sr. The irghizites and low-silica
zhamanshinites from the Zhamanshin impact structure
(Kazakhstan) plot close to the Belize glasses, but &Sr for
these samples is slightly positive, rather than negative. All
other tektites and impact glasses plot in the continental
crust array, well away from the Belize glasses. Any correla-
tion with the Australasian tektites, which are of the same
age, is ruled out by this observation.

The Os isotopic compositions of world-wide arc lavas
were shown to span a very large range of '¥70s/'®80s val-
ues, from abyssal peridotite-like to more radiogenic,
crust-like values (e.g., Alves et al. 2002). Such arc lavas also

exhibit extremely low Os contents (mostly < 10 ppt) com-
pared to both upper continental crust (~31 ppt; Peucker-
Ehrenbrink and Jahn, 2001), and mantle peridotites (up
to <5 ppb; e.g., Meisel et al. 2001). Alves et al. (2002)
claimed that such low Os contents may reflect the compat-
ible behavior of Os during mantle melting and (to a lesser
extent) fractional crystallization. The range for
subduction-related volcanics from worldwide locations
with respect to Re-Os isotopes and Os elemental abun-
dances is shown in Fig. 9. The glasses from Belize overlap
with this range and, thus, could demonstrate their close
relationship with subduction-related volcanics. The only
arc lavas in proximity to the Belize strewn field that were
analyzed for osmium systematics are from Mexico and,
although not directly related to the Central American
Arc, are also shown in Fig. 9.

However, the Belize samples analyzed in this study exhi-
bit Ir concentrations ranging from UCC-like (~22 ppt;
Peucker-Ehrenbrink and Jahn, 2001) to significantly super-
crustal values (e.g., 145 ppt Ir in sample B05). These Ir con-
centrations roughly correlate with the '¥70s/!%80s ratios.
Sample BOS exhibits the highest Ir content and a near to
chondritic '370s/'%80s of ~0.135, whereas sample B06, with
an Ir content of 35 ppt exhibits a significantly more radio-
genic '370s/!%80s ratio of ~0.337. Interestingly, such signa-
tures (strong Os depletion in conjunction with elevated Ir
contents and near chondritic '¥70s/!%80s ratios) have been
observed in impact glasses from various localities/locations
world-wide (e.g., Ackerman et al., 2017, 2019; Jonasova
et al., 2016) and where interpreted to reflect Os loss in the
superheated tektite melt and the addition of a meteoritic
component. Irghizites from the Zhamanshin impact struc-
ture, for example, while exhibiting consistently low
1870s/'80s ratios of around ~0.13 and subcrustal Os con-
centrations of mostly 1 to 5 ppt, have Ir concentrations of
up to 160 ppt (Jonasova et al., 2016). Similar signatures
were also observed in moldavites and Australasian tektites
(Ackerman et al., 2017, 2019). Although comparable to Os
signatures of different types of arc lavas from around the
world, our data for Belize glasses can, therefore, also inter-
preted in line with additions of meteoritic components to
some of the Belize glasses, followed by Os-loss in the impact
vapor plume. This could explain their very low Os/Ir ratios
of around ~0.2 and exceptionally high '"8"Re/'®0s ratios of



C. Koeberl et al./ Geochimica et Cosmochimica Acta 325 (2022) 232-257 253

~869 to ~9354. Notably, Belize sample B05, with a
chondrite-like '370s/'%80s ratio, also exhibits a Pt/Ir ratio
of ~8.3 (in comparison to values of up to ~627 in the other
analyzed samples). This ratio lies between the UCC and the
chondritic value (~23.2 Pt/Ir in the UCC vs. 2.03 Pt/Ir in
CI chondrites; Peucker-Ehrenbrink and Jahn, 2001; Tagle
and Berlin 2008).

Instead of simply reflecting HSE concentrations and
187Re/'®0s and '®70s/'%®0s isotope signatures of their
(probably arc-like) parent material (Fig. 8), the huge range
in '870s/"®80s ratios in the samples analyzed in this study
(ranging from near-chondritic to supercrustal values) in
conjunction with their consistently low Os- and up to super-
crustal Ir concentrations can, therefore, also be interpreted
as a minor and heterogeneous meteoritic component in the
Belize glass. This is supported by the recently published Cr-
isotopic data that indicate a (minor) chondritic component
in some other Belize glass samples (Rochette et al., 2021).

4.4. Fe oxidation state and water content

The Fe¥™/(Fe*t + Fe”) ratios of 13 samples analyzed
by Fe K-edge XANES have been determined to vary
between 0.0 and 0.14 + 0.05, consistently with values for
tektites from the four ““classical” strewn fields. Also the gen-
eral shape of XANES spectra, which is dependent on the Fe
coordination geometry, is perfectly consistent with data
presented in the literature for tektite glasses.

Water content, as determined by micro-FTIR, varies
from 82 to 133 ppm, consistent with available data on tek-
tites and microtektites (Koeberl and Beran, 1988; Beran
and Koeberl, 1997, Giuli et al., 2013). On the whole, both
the low Fe*t/(Fe*" 4+ Fe?*) ratios and the low water con-
tent are compatible with available data on tektites.

4.5. Be-10 measurements

In situ production does not appear to be a major con-
tributor to the '°Be inventory in Belize glasses. At the lati-
tude, 17°N, and mean elevation, 173 m, of Belize, the
production rate at the very surface is ~2 atom "Be g~
a~'. After a few million years, a theoretical maximum
B¢ concentration of ~4 x 10° atom/g could be produced.
An exposure at the surface for this long is improbable since
it would require that: (1) the period of irradiation began
well before the time of the glass-forming event and contin-
ued uninterruptedly to the present; and (2) the source mate-
rial remained close to the surface throughout and somehow
escaped erosion, unlikely in this setting. We believe that the
“OAr/*°Ar age (~0.8 Ma) of the Belize glasses sets a consid-
erably shorter and more realistic upper bound on the dura-
tion of irradiation and hence on the amount of in situ
production. After 0.8 Ma of irradiation, we would expect
to have a '°Be concentration of ~1 x 10° atom/g, or, at
most, about 1/6 of the observed values. Measurements of
3Cl could help refine this conclusion.

An extraterrestrial source for the '°Be in Belize glasses is
excluded based on other geochemical measurements; in gen-
eral tektites contain very low amounts of meteoritic material,

as is the case here, too. Like the '°Be in the Australasian tek-
tites, the '°Be found in the Belize glasses is dominated by
meteoric input. A complete analogy between the two sets
of glasses would have both formed from impacts into loosely
consolidated target material. By themselves, however, the
19B¢ concentrations of the Belize glasses do not require such
material at the time of an impact. Volcanic rocks collected in
Middle America contain from 0.6 x 10° to 14.5 x 10° atom
1oBe/g, from subducted oceanic sediment (Morris and Tera,
1989; their Table 3). Morris and Tera argued against in situ
production of '°Be on the basis of constant '°Be/’Be ratios in
mineral separates and against assimilation of soils—
although with less certainty—on the basis of low '°Be deter-
minations in geographic regions where assimilation might
have been expected. The key point is that the Belize glasses
have '°Be contents in the same range as, and hence could
have been derived directly from, subducted lava, and may
subsequently have been isolated from local rain water,
ground water, and cosmic rays.

Even so, we are not inclined to set much stock in this pos-
sibility. First, the so-far limited ranges of '°Be concentrations
Belize glasses —a factor of two or three perhaps —implies sam-
pling of a relatively uniform source and it is not clear whether
Belize volcanics fit this description. Second, and perhaps
more persuasively, given a) the many similarities between
the Belize glasses and the main-group tektites, and b) the near
certainty that none of the latter has a rocky precursor, a rocky
precursor for the Belize glasses seems unlikely.

5. SUMMARY AND CONCLUSIONS

Over the past two decades, reports on tektite-like glasses
from an area in Belize have been published. Earlier data
indicated an age that is identical, within error, to that of
Australasian tektites, but with some compositional differ-
ences, leading to suggestions of either a new tektite strewn
field or an association with the Australasian strewn field. In
this study we used a variety of petrographic and geochem-
ical methods to thoroughly study and analyze a set of (up
to) 18 Belize glasses. The aims were to determine their com-
positional variation, their mode of formation and possible
source rocks, and their relation to known tektites, and to
search for evidence of an extraterrestrial component.

Petrographically, the Belize glasses show close similari-
ties to tektites from the four “‘classical” strewn fields, with
the presence of lechatelierites, schlieren, and vesicles, which
are widely accepted indicators of an impact origin. No com-
parable similarities to volcanic glasses are evident (see also
criteria in Ferriere et al., 2021). The geochemical and iso-
topic data presented here also allow for, but do not provide
unambiguous evidence of, an impact origin. This second
generalization is consistent with observations for “normal”
Cenozoic tektites, most of which have compositions almost
identical to that of upper terrestrial continental crust, with
at best, a rare and minor admixture of a meteoritic compo-
nent. Even though the extent of the strewn field is not yet
clearly established, we conclude that the similarities to tek-
tites justify that the Belize glasses are called “tektites”. We
make the following observations and conclusions:
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(1) An impact origin of the Belize glasses is indicated by
several lines of evidence, principally the absence of
primary crystallites/microlites, the presence of
lechatelierite, and their low water content;

(if) Cr, Co and Ni elemental abundances and interele-
ment ratios, as well as trace element patterns are typ-
ical for local and regional volcanics from the active
Central American arc;

(iii) Trace element patterns confirm a close correlation
with volcanics from the Central American arc, and,
in particular, are consistent with an the Belize glasses
being derived from material similar to volcanic rocks
from Honduras or Guatemala;

(iv) These observations are confirmed by Sr-Nd isotope
signatures of the Belize glasses, showing close similar-
ities to Central American volcanics in general, and
Honduran and Guatemalan volcanic, in particular.
Our data do not necessarily indicate derivation of
the glasses from Nicaragua, as advocated by
Povenmire et al. (2011) or Rochette et al. (2021);

(v) Osmium concentrations and '8’0s/'®0s ratios are
comparable to arc volcanics from world-wide loca-
tions. However, elevated Ir concentrations of up to
145 ppt, in conjunction with near-chondritic Pt/Ir
and '%70s/'%80s ratios (sample B05), can also be
interpreted with the admixture of a slight meteoritic
component to some of the Belize samples. This agrees
with Cr-isotope data recently published by Rochette
et al. (2021). In that case, the consistently low Os
abundances (of 1 to 5 ppt) might result from Os-
loss in an overheated ‘“‘tektite”-melt or inside an
impact vapor plume, comparable to conclusions
drawn for Central European and Australasian tek-
tites as well as irghizites from the Zhamanshin impact
structure (Jonasova et al., 2016; Ackerman et al.,
2017, 2019; Schulz et al., 2020).

(vi) '°Be concentrations are not determinative of origin.
They are consistent with values typical of both,
young or deeply buried soils and with values for Cen-
tral American volcanics, which carry subducted 10ge,

(vil) The iron oxidation state values determined by
XANES and the low water contents as determined
by micro-FTIR are consistent with values for tektites
from the four “classical” strewn fields.

Geochemical data so far clearly indicate a source differ-
ent from that of the Australasian tektites. Both isotope data
sets for the Belize glasses indicate a close relationship to
local arc lavas, especially those from Guatemala and Hon-
duras, supporting the claim that the glasses were not trans-
ported far from their source (e.g., volcano or impact crater).
Our data are agnostic regarding any particular source cra-
ter, in contrast to what was suggested/concluded by
Rochette et al. (2021). The primary evidence for the impact
origin of these glasses rests, therefore, on the petrographic
characteristics and the low water content, and the Fe’'/
(Fe*™+Fe®") ratios as presented in this work. The evidence
from '°Be is consistent with, but does not require, a model of
formation for the Belize glasses by an impact on loosely con-
solidated surface sediments exposed to rain.
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