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Nuclear weapons testing generates large voltunes (L assy material that influence the
transport of dispersed actinides in the en ir%t\ent‘j d may carry information on the com-
position of the detonated device. We e‘%e oxidation state of U and Fe (which is
known to buffer the oxidation state of me\élements and to affect the redox state of

Vo

selected samples, we also detemh coordination geometry of U and Fe, and we report
on

groundwater) in samples of melt gl ed from three U.S. nuclear weapons tests. For
the oxidation state of Pu r\e glass sample. We find significant variations among
the melt glass samples, and in partictular, find a clear deviation in one sample from the ex-

pected buffering effeét (T%H) /Fe(II1) on the oxidation state of uranium. In the first direct

measurement of ation/state in a nuclear test melt glass, we obtain a result consistent
atafre th proposes Pu is primarily present as Pu(IV) in post-detonation

with existing li
material. ditionjsguir measurements imply that highly mobile U(VI) may be produced
in significant,quantigies when melt glass is quenched rapidly following a nuclear detonation,

ical state among the three samples show that redox conditions can vary

dramatically across different nuclear test conditions. The local soil composition, associated
evice blateriauls7 and the rate of quenching are all likely to affect the final redox state of
thi glass. The resulting variations in glass chemistry are significant for understanding and

interpreting debris chemistry, and the later environmental mobility of dispersed material.
<

I. INTRODUCTION

The chemical state of radionuclides in the environment is of considerable interest due to its

effects on transport [1-7]. Heavy elements such as actinides contained in solutions and in crystalline


http://dx.doi.org/10.1063/1.4948942

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. | 2

Publishing} articulate matrices may be incorporated into groundwater as solutions and colloids, leading
to migration over km distances [8-10]. The selection of suitable hosts for waste materials must
take into account the possibility of release of materials into the environment under wet conditions
[11]. Many studies of transport therefore are motivated by issues related to the storage of high-
level nuclear waste and utilize highly characterized model waste forms. he migration of actinides

ﬁw with the limited

tiides and fission products

at historical test sites has been relatively well studied [1, 4, 12-1

literature on the parameters that may affect the relative mobility,o
in vitrified, macro-scale debris [16-18]. An understanding of the specific melt glass forms produced
by underground and near-surface weapons testing is import ﬁrwdiction and remediation of
contaminant plumes at sites where nuclear testing has o urred. I ddition, melt glass can retain

rgidual actinides from the device

a record of chemical signatures of the detonation, ;

[19, 20]. For example, studies have shown that s oft fission product relationships can be

useful to constrain the chemical fractionationdproce
nuclear event [21, 22]. {\

The processes that take place following a Tlaéa-hexplosion are briefly summarized here. During

s‘Tﬁ fallout, and are characteristic of the

the first few milliseconds after 1gn1t10n ear urface nuclear test, the device components and
some of the surrounding rock and so V orlzed In underground tests [23, 24], the superheated
vapor expands, forming a cavit urr undlng rock. Small amounts of material may condense

before making contact with the surfages of the cavity, forming vitreous materials. The cavity
collapses, forming a chinfuey of fractured rock, and molten material collects at the bottom of the
chimney, solidifying ifto ?lar mass of melt glass over several days. In surface and near-surface
tests [23, 24], on {Ke ot héﬁd, a plume of vaporized device material and rock is released into

[elt “glass can be formed in situ (directly on the surface), as well as through

the meltingdof material pulled into the hot plume. Residual actinides from unburned fuel and
aterials are typically present in the melt glass at pug/g concentrations [20].
focus on the mobility of residual U and Pu. The environmental reactivity of these
ma ro-scale melt glasses is not yet understood, and the existing literature on actinide
%portﬁlmphes that it will depend on both the composition of the glass itself and on environ-
tal conditions. In general, U(VI) and Pu(VI) as the uranyl (UO2T) and plutonyl (PuO3") ions
a relatlvely soluble and mobile in water, while U(IV) and Pu(IV) tend to sorb to mineral surfaces
[25, 26]. This does not necessarily mean that the tetravalent ions are immobilized. Depending on

the groundwater chemistry and the mineral and organic species present in the local environment,

both U(IV) and Pu(IV) can be incorporated into aqueous colloids [5, 27, 28] or U(IV) may be con-
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Publishingted into U(VI) by weathering [29]. In the case of bulk melt glass, the redox state of the material
may impact the redox state of groundwater flowing through the test location [30, 31], affecting, in
turn, the solubility and transport properties of other materials. Therefore, the chemical state of

both the actinides and the glassy matrix may strongly influence the source terms used in transport

form silicate glasses [32-40]. However, information on the redox sta etonation-produced melt

models. /
There have been extensive analyses of redox chemistry in syntheti MPu—bearing waste-
&
e

glasses is limited. An early analysis of products from two tests at
‘cpmd&cing conditions during the
detonation of a nuclear weapon. Specifically, the Fe(II /P-‘;(Hlﬁ

ada National Security

Site (NNSS) [16] found that Fe provides a possible signatu
tio in melt glass is generally
higher than in the surrounding rock and soil. It is alse.impertant to note that transition metals,
including Fe, can act as buffers for the redox st t(;tQLU‘Q}d Pu in silicate glasses [40-42]. To
our knowledge, the only further studies in this directi hLaT/e been two evaluations of Fe oxidation
states in fallout glass from the Trinity site\g\\ﬁ}‘and a comparison of Fe and U oxidation

states in synthetic melt glasses with spewected from the NNSS [30]. In these studies,
S

X-ray absorption near edge structure (

averaged oxidation states of the elemnterest. Other lines of recent evidence based on fission
hat r

as used to nondestructively determine the bulk-

product behaviors [18] also ind m.r\ ucing conditions may have prevailed in at least some
nuclear events.

Here, we use XANES%p evaluate the oxidation state of U and Fe in melt glass samples from
three different U.S. niclear weapodns tests; for one specimen, we also determine the oxidation state
of Pu. Where posgible, neésure the local atomic structure with extended X-ray absorption fine
structure (EX spectroscopy to further clarify the chemical state of U and Fe. We expand on the
existing pu iQNES studies by (1) characterizing melt glasses produced by tests performed

‘ltﬂisl?r te conditions, (2) determining the Pu oxidation state in one sample, and

(3) us ng‘fhe

under sev

ocal structure information provided by EXAFS to derive further constraints on the
possible ang U species present. Section II describes sample collection, data collection, and data
analysis ﬁocedures. Section III presents XANES and EXAFS results. In Section IV, these results
%c&npared with literature information on synthetic silicate melt waste forms. In Section V, we
stmnmarize and conclude with some hypotheses on the effects of quenching timescales that may
explain our observations, and discuss the implications for the interpretation of the chemical record

preserved in fallout melt glasses.
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Publishing II. MATERIALS AND METHODS

We analyzed melt glass samples produced by three nuclear test events, and soils collected
proximate to two of the tests. “Event 1”7 melt glass is derived from a primarily U-fueled event
containing some Pu. A sample of melt glass was collected by drillingfinto the fractured rock
chimney. “Event 2” melt glass is derived from a near-surface evenzWﬂy Pu-fueled and

r@rily

11

containing some U. “Event 3” melt glass is from a near-surface, -fueled event. To

obtain the two near-surface samples, soil within 10 cm of the sur e area proximate to the

test ground zero was sieved to collect ~1 mm-diameter glas @ticles r analysis. Glasses were
selected from the sieved soils by inspection with an optical’mieros ..:?see ref. [20] for descriptions
of similar glasses). Samples of local soils were also collegte from the areas near Event 2 and Event
3, away from the ground zero and the area affected by thedallout plume at each location.

Fallout melt glass samples for Fe, U, and Pu ceucentration analysis were washed using 18.2
MQ H5O and dried. Samples were digested4in clean Leflon beakers using an approximately 2:1
mixture of concentrated HNO3 to concent @ a temperature sufficient to fully dissolve each
sample, approximately 110 °C. Unite S‘;’ce}ﬁeological Survey rock standard RGM-1, utilized

here as a standard to assess compositiona até?accuracy, was dissolved alongside the glass samples
x

using the same procedures. Sa p&c 1eated at ~110 °C for at least 24 hours, until a white
fluoride precipitate formed. At thisspoint; ~1 mL concentrated HC1O4 was added to each beaker

to dissolve the fluoride ec@ﬁi Samples were then dried, dissolved in ~1 mL concentrated

HCI, and dried again./Finally, samples were dissolved in ~5 mL 3 M HCI, with no residual solid
fractions remainingy 3 M /HCI solutions were used to determine Fe, U, and Pu concentrations

by inductively couplediplasma mass spectrometry (ICP-MS), following the methods of ref. [20].

In brief, aliquets of the solutions were transferred to a separate set of Teflon beakers, dried, and
dissolved and drie

then dissolve ! solution of 2% HNOj3 containing 5 ng/g %Li, 4°Sc, '°In, and 2%9Bi for internal

ice in concentrated HNOj3 to remove residual chloride. The precipitates were

standa izati&i of quadrupole ICP-MS measurements. Major and trace element concentrations
ﬁ

re meag;ured using either a Thermo iCAP-Q quadrupole ICP-MS, Thermo X-Series quadrupole

- or Thermo Element II SF-ICP-MS. Concentrations were quantified using matrix-matched
‘%bacion curves for the elements of interest, including Fe, U, and Pu. Elemental concentrations
were calculated based on measured signal intensities relative to the known concentrations of the
calibration standards.

For X-ray absorption spectroscopy measurements, each melt glass and soil sample was ground
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PUbliShiinlgE mortar, and the resulting powders were used to fill aluminum sample brackets with internal
volumes of approximately 0.25 cm®. XANES and EXAFS data were collected at beamline 11-2
of the Stanford Synchrotron Radiation Lightsource (SSRL). Due to the low concentrations of Fe,
U, and Pu present, spectra were collected in fluorescence mode, using a 100-element Ge detector.
Fe K-edge XANES and EXAFS data were obtained for all three melt’ glass samples, both soil

samples, and three Fe(II)-bearing materials (staurolite, grandidieri‘@e). Low U and Pu
d

concentrations limited the quality of U and Pu L;;r-edge data that c e obtained. Low-noise U

2 sample. XANES data were also collected in transmission

L EXAFS data were collected from the Event 3 glass, and Pu L ;rr<edge X ANES from the Event
r&tm a set of reference powders:
25

metallic Fe, FeO, Fe3Oy4, and a-FesO3 at the Fe K-edge U-(‘j and uranyl acetate at the U

Lirr-edge; and PuOq at the Pu Li;r-edge. The energy scal Werg calibrated by setting the energy

of the Fe K edge measured from an Fe metal pow 0 7)11.8 eV, setting the energy of the U

Lirr-edge of the UO9 powder to 17166.0 eV, and setti thLe"energy of the Pu Lj;r-edge of the PuOs

powder to 18043.5 eV. Data analysis was peﬁ%@vlth the RSXAP software package [45-47].

Standards for fits to the EXAFS data wer&m\mbed using FEFF8 [48]; errors in the reported fit
1

parameters were calculated using a Mon o method [49], and represent one standard deviation

.
from the best fit value. Each error &Kted by fixing the relevant parameter and allowing the
ar

others to float until the reduce% value increases by one. Correlations between the fit

parameters (e.g., between coordinatiom numbers and Debye-Waller factors) are therefore reflected

in the reported errors. \
£
«/\ £ III. RESULTS

The conce 'aans of Fe, U, and Pu in the melt glass samples and in soils collected proximate
to Events(2 and 3 ate given in Table I. Fe K-edge XANES collected from the three melt glass
samplgs-and t t%o soil specimens, as well as reference Fe oxides and minerals, are shown in Figs
1 ar}_cl Speéra are pre-edge background-subtracted and normalized to the average signal in the
p st—edg%region between 7150 eV and 7250 eV. The energy at “half-height,” i.e., the energy at

hic absorption coefficient reaches half of the edge step, is empirically linearly dependent on
& bmk—averaged Fe oxidation state. This allows us to estimate the oxidation state of the soil and
glass samples by interpolation between the half-height energies of the oxides. Results are given in
Table II. For the two events for which it was possible to obtain control soil samples, the XANES

results show drastic Fe reduction.
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Publishing1 eduction of iron during melt glass formation can also be observed by examining the pre-edge
peaks shown in Fig. 1 (right) and Fig. 2 (right). XANES studies of Fe-bearing minerals and
glasses, including waste-form glasses and fallout collected from the Trinity test [50-57], often use
the centroid of the pre-edge peaks (after isolation from the background) to quantitatively determine
the Fe(II)/(Fe(II) + Fe(IIl)) fraction. The results of applying this proéedure to our dataset are

I)NOD here, since the

,£8] and spin state [59]. In

particular, we note that this method gives nearly identical oxidatio for Fe3O4 and FeyOg.

the-edge shift results, and the pre-

shown in Fig. 3. We do not use this approach to quantify the E

pre-edge features are also highly sensitive to coordination geometry 185

The centroid results are, however, qualitatively consistent wi
edge features support the conclusion that Fe(III) in the ssociat ils is reduced to Fe(II) in the
melt glasses. - %

We confirm the predominance of Fe(II) in th mg.t.gla‘s%es by examining the Fe coordination.
To suggest possible structural models, we first{quali 'v‘é‘l? compare the melt glass samples with
minerals having known Fe speciation. In Fig. t%@sttspace Fe K-edge EXAFS collected from the
soil and glass samples are shown with spe ra collected from staurolite, containing 4-coordinate

Fe(II) [55]; grandidierite, containing ap Ee,n&& y 90% 5-coordinate Fe(II) and 10% Fe(III) [60];
and a tektite from the Australasia\re field [61]. Tektites have been proposed as naturally
occurring analogs to nuclear m&\}h‘i@ 57], and are reported to predominantly contain Fe(II)
in distorted tetrahedral coordination43, 62, 63].

Fig. 5 and Table IIlghow EXAFS fitting results. For analysis of the melt glass spectra,
we restricted the fit fo tl}ﬁ rangé of 1.0 A < R < 3.0 A and used only two coordination shells.
Attempting to add/furthe xéen coordination shells reduces the number of degrees of freedom and

yields less reli bee same fitting procedure was then applied to the soil and tektite data.

For all threg'g épecimens, we obtain a coordination number of ~3 and a bond length of ~1.9 A
for the firsthéll. yq low coordination number for the second shell is consistent with the expected
S nat

-

amorphou of the material. The soil samples show higher coordination numbers, with large

unCertaingies 4n the second shell coordination number; this is consistent with the presence of a
mixture (8 igneous Fe-Ti oxide minerals in NNSS soil [20]. For the tektite, we obtain a coordination
}uﬁlb\er of ~3, with a bond length of ~2.0 A. Applying the two-shell fitting procedure to staurolite
and grandidierite yields poor results, as there is a complex series of coordination shells between
2.5 A and 3.5 A from the Fe sites in each mineral [60, 64]. We therefore follow ref. [60] by fitting
only the first shell over a range of 1.0 A < R < 2.0 A. This yields coordination numbers of ~3

for 4-coordinate staurolite and ~5 for primarily 5-coordinate grandidierite. Overall, these results
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Publishi«lf[gl irm that Fe in the melt glasses is predominantly 4-coordinate Fe(II). The bond lengths observed
for the melt glasses and tektite are near the endpoints of the previously reported range for tektites
collected from various strewnfields [52, 63].

Uranium Ljrr-edge XANES collected from the three melt glass samples, two U(IV) compounds,
and one U(VI) (uranyl) compound are shown in Fig. 6. U(V), by andlogy with Np(V), should
have a slightly negative shift of the white line position compared to tNV) [65]. Given the
positive shifts of the white line relative to that of UOs3, all three l"zes display bulk-averaged

oxidation states intermediate between U(IV) and U(VI), with the“Event«3 glass containing the

largest fraction of U(VI). The measured white line shifts are gi in Table IV, together with
bulk-averaged oxidation states estimated by interpolating linear yvhetween the white lines of the
reference compounds. We note that in principle it sheuld p$ssible to obtain a more accurate
estimate by decomposing the melt glass spectra intolinear gombinations of the U(IV) and U(VI)
reference spectra. However, the post-edge fea% e‘“melt glass spectra (centered near 17190

eV) cannot be reliably fit with this approach. Tn.addigiofi, our simple linear interpolation implicitly

assumes that the quantity of U(V) present&?\@‘l‘%i-ble [66]. Keeping these systematic uncertainties
in mind, we estimate U(VI)/(U(IV) 4 Wf@‘c ions of ~32% for the Event 1 and Event 2 glasses,

and ~84% for the Event 3 glass. x

The U content of the Event ‘h\z\}?) glasses was sufficiently high for collection of EXAFS
data in addition to the XANES (Fig:<), though the noise level of the Event 1 data leads to large
uncertainties in the extragted coprdination numbers. Fourier-transformed EXAFS data and fit
results are shown in Fig. & an e fit parameters are given in Table V. For ~60% of the uranium
in the Event 3 glz?{ we oée coordination shell with a bond length of ~1.77 A, consistent with
the axial U-O N uranyl U(VI) ion [65]. The small value of o2 is qualitatively consistent

with a nearly undistorted uranyl coordination. U(V) may be present in glassy materials [37, 42, 67],

and in thisicade a/s all amount of U(V) (which should have a U-O,, distance of about 1.83 A
[65]) i 1;\0ssib eyespecially given the slightly enhanced o2 value of 0.006 A2, where more typically
ol o 0.0&5 A%, However, since uranyl coordination in a pure compound is 2, these data
indicate @ + 10% of the uranium in the sample is in uranyl-like bonding environments, mostly

P

cogrdinated oxygens, but also possibly containing contributions from a U(IV) phase.

. The second shell contains 3.5+0.5 atoms at 2.2840.1 A, consistent with equatorially

A Pu Ljjj-edge XANES spectrum was also collected from the Event 2 sample, and closely
matches that of PuOy (Fig. 9). All three samples contain Zr, and the Zr K edge (approximately
60 eV below the Pu Lj;; edge) contributes a significant background. While the Event 1 melt glass
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Publi Shi«lf[gl ained some Pu (Table I), a low signal-to-background ratio made it impractical to collect Pu
Lirr-edge XANES in this sample.

IV. DISCUSSION

The data allow for several observations regarding the variations if/tho%idation states of Fe
and U in samples formed under different nuclear testing conditions. oa]is discussion, we assume
that the U and/or Pu associated with each event was in a metallieiforni“prior to detonation. The
XANES data acquired from the soil samples indicate that tlde F“c)arese in the surrounding rock
and soil contributed a large quantity of Fe(IIl) in oxid¢ form ?ﬁgmelt glasses. We observe
oxidation of U to a mixture of U(IV) and U(VI) in all .Eh melb glasses, with a larger fraction of
U(VI) in the Event 3 sample; our assumptions and (@rv ions concerning the change in average
oxidiation state of each species are summarized m\31ﬂ. It is curious that the U-fueled event

(Event 3), which under our assumptions wou N the largest quantity of metallic U present
dba@u

before detonation, records the most oxidi ium in the resulting melt glass. The Pu in the
Event 2 sample is predominantly oxidi ed% V).

The iron in the melt glass is pfesent reduced Fe(Il) in all three samples. Structural and
diagnostic equipment associate Dltk\n lear weapons test may contribute an appreciable mass

of metallic iron to the resultant debris is would likely have been most significant in underground

testing, where device and’ assoeiated structure and diagnostics can contribute a few tenths of a
weight percent Fe tothe m\:§ass [16]. In this case, one might predict that the melt glass
from the underground {(E)rént 1) would record the most reduced Fe, because of the significant
contribution of metalli¢ Fe before detonation. In these samples, however, the sample that shows

the most redu d} is derived from the near-surface U fueled test (Event 3). This may imply that

I"r_.lnh syathetie melt glasses, Fe acts as a buffer for U [40-42]. However, the Event 3 glass in the
present sgldy contains more reduced Fe and oxidized U in comparison with the Event 1 and Event 2
wgJ%ss he observed variation between melt glass samples from different events may be attributed
the\diﬁerences in initial conditions, respective cooling rates, and/or the non-equilibrium redox
conditions produced by a nuclear detonation. A nuclear explosion can produce an initial plasma
largely devoid of oxygen (highly reducing conditions), and as noted above, may mix metallic Fe

from the device and/or associated structure in with the oxidized Fe contained in the surrounding
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PUb”Shiil‘Dg] . Recent studies have shown that aerodynamic fallout that has likely quenched in atmosphere
cools to a glass on time scales of seconds [18]. We hypothesize that this short cooling time scale
inhibits the expected Fe/U buffering effect by locking in the oxidation states of Fe and U before
local oxygen fugacity can have any significant effect (as in the production of synthetic glasses under
equilibrium conditions). Weathering driving U(IV) towards U(VI) [29] méy be another explanation
for the high U(VI) content of the Event 3 glass; we cannot rule out su hifwsed on the present

data alone, but note that for similar melt glasses [18], reported step-heatéd gas extraction patterns

are inconsistent with any significant disturbances due to weatherin

The uranium associated with the device is likely to be ioni e high temperatures reached

at the center of the detonation, typically over 107 K 17.,\23, We therefore assume that

uranium initially condenses and is incorporated int(iz’e s a§ U(VI), the most highly ionized

g
state observed in solid U-O phases [69, 70]. Underthi pcﬁ)esis, we might interpret Event 3 glass
to have been quenched before equilibration b w% ‘}%(II) and U(VI) could occur, while the
glasses from Event 1 and Event 2 cooled over asslig

to Fe(III), and corresponding U(VI) reductien t6-0@V). It is interesting that the EXAFS-derived
bond lengths are inconsistent with thﬁenc of a significant quantity of U(V). While U(V)
in

onger time, allowing some Fe(II) oxidation

—
disproportionates to U(IV) and U ueous solution, it can be a stable oxidation state in
silicate glasses [37, 40, 42, 71]. small*fraction of U(V) in the present samples may be due
to lower concentrations, relative to thetic glasses, of redox-sensitive species that can stabilize

U(V) (such as Ti [72] a

Ce [46]), or may be another effect of the rapid quenching of the melt
glass before equilibragion }vith 16 atmosphere.
For comparisoz,/ we no thét a previous study of melt glass collected from underground tests [30]

reported Fe(II

ffe)ctio ranging from 33% to 53%. The fraction of U present in each oxidation
state was ahtified, but XANES data qualitatively indicated the presence of a mixture of

U(VI) an

17

(’6 ). OQne explanation may be that these samples cooled over longer timescales than
in this study, allowing for equilibration and yielding oxidation states similar to
those found in synthetic glasses. Melt glass produced by the Trinity test is known to contain Fe
p%}ntly as Fe(II) [43, 44]. Measuring the oxidation states of U and Pu in Trinity melt
Ehﬁs could provide an instructive comparison regarding the influence of both quenching time and

S
structural material on the final redox state of actinides in the glass, as the Trinity test was conducted

the s a?es se

under well-documented atmospheric conditions in the presence of a steel tower containing metallic
iron [73].

To summarize, quenching timescales and the incorporation of device and associated structural
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Publishi:nlgi erials, as well as the original oxidation state of the carrier (soil) materials, into the resultant
melt glasses are likely to determine the final redox states of Fe and U. Both of these effects would
increase the final fraction of Fe(II) in the melt glass, and they must be disentangled in order to draw
quantitative conclusions regarding the sources of iron in the melt glass. Spectromicroscopic data
may provide more detailed information in this regard, as lectron micros py studies have observed

ﬁhs\’fmmty event debris

[19, 74]. In addition, from the point of view of environmental transport, the presence of a large

metal-rich regions with dimensions ranging from nanometers to milli

fraction of U(VI) in a uranyl-like bonding environment is qui tingy since U(VI) as uranyl
is the most soluble and mobile oxidation state of uranium 1206, 66,75~ 7]. In these specimens,
however, the uranium is bound in the melt glass, and un 'kgB/ to,beweasily mobilized in its present

)

\gﬁasuréa in melt glass from Event 2 (Pu(IV),

state.

Finally, we observe that the Pu oxidation sta

Fig. 9) is consistent with the literature on a 1n1de— a‘ﬁg silicate glasses. Waste-form glasses
synthesized under a wide range of oxygen fuga ities'eontain Pu pre-dominantly as Pu(IV) [35, 78].
The stability of the Pu(IV) oxidation state 125 Been. attributed, by some authors, to the presence
of large mass fractions of Fe [71]. WI{ e(III) redox couple can stabilize the oxidation
state of Pu, since Fe(II) typically o fore Pu(IV), while Fe(III) is typically reduced before
Pu(IV). This couple also affects gX\le al Pu transport mechanisms, since Pu(IV) is relatively
insoluble in water, but forms Pu02 lloids [9, 10] and sorbs to colloidal minerals [79-81]. The
encasement of Pu into n@} glassy matrices, however, may reduce the probability of initial
to

colloid formatlon and serye ibit the transport of actinides, as observed in waste vitrification

studies.
5 V. SUMMARY
Wethave 1ned the bulk-averaged oxidation states of U and Fe in three melt glass samples
rod in d erent nuclear tests: a near-surface U-fueled test, a near surface test containing U

and Pu nd an underground test containing U and Pu. We find that Fe is strongly reduced in
all t melt glasses, suggesting the incorporation of significant Fe(II) at the time of detonation
d/ or reduction of Fe(III) to Fe(Il) during the formation of the melt glasses. We also found that
the U glass from the two mixed-actinide events is a mixture of U(IV) and U(VI). The Fe found in
the melt glass from the U-fueled event is almost entirely 4-coordinate Fe(II), while over 60% of the

uranium in this sample is U(VI) in a uranyl-like bonding environment.
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Ve have also spectroscopically determined that the oxidation state of Pu in the near-surface Pu-
fueled event melt glass is predominantly Pu(IV). Our Pu results corroborate the existing literature
on Pu glass synthesis, while our U and Fe results imply that melt glass redox chemistry varies
widely depending on test conditions. The presence of the most reduced Fe and oxidized U in
the melt glasses from the U fueled test, as compared with the Puj eled and underground
tests, suggests that a single oxygen fugacity and redox equilibriumd do hly to melt glasses
from nuclear weapons testing. We hypothesize that cooling timesc and the availability of
metallic Fe from the device and structure may be primarily r p%ible r the observed variations.
Further information is needed to quantify the relative impettan ‘f-Hfése two effects and to better
understand the relative effects of environmental and anth ogergc sources of iron on the resultant
oxidation states of the residual actinides. Differenc@ the composition of melt glass in contact

with groundwater may have considerable consequﬁ&sfﬁ issolution and transport processes in

nuclear debris fields. ‘\\
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o

4

Sample / ;\ Nei;ht fraction U weight fraction Pu weight fraction
Event 1 gla / (1.18 £ 0.38) x 102 (4.140.9) x 107 (0.05+0.03) x 10~°
Event 2 s y. (2.20 4 0.23) x 1072 (2.3+0.3) x 1076 -
Event 2 glass (2.61 4 0.36) x 102 (13.94+9.8) x 10~¢ (13.43 £ 9.65) x 106
Event 3soil ) (2.2240.13) x 102 (2940.1) x 1076 -

ent 3 glass (2.29 4 0.17) x 1072 (24.947.6) x 1076 -

NG

LE I: Weight fractions of Fe, U, and Pu in the melt glass samples and in soil samples collected proximate

to Events 2 and 3. Pu was not detected in the soils or in the Event 3 glass (the expected detection limit

is 0.1 ppt). Each reported uncertainty is the standard deviation of the mean of all measurements obtained

from a single sample. Between 3 and 70 measurements were obtained from each sample, depending on the

quantity of material available.
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FIG. 2: (a) Fe K-edge XANES of nominally divalent Fe standards, soils, and melt glasses. (b) Pre-edge

region. Note that grandidierite contains approximately 90% Fe (IT) and 10% Fe(III).
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Sample Edge energy at half-height Nomm,al oé%tmn)tate Measured oxidation state
FeO 7120.13 2.02
Fe;04 7123.13 2.71

Fe,0; 7124.17 % 2.95

Staurolite 7119.70 \ 1.92

Grandidierite ~ 7120.89 \ 2.20

Tektite 7120.10 \ 1.92
~

Event 1 glass 7120.80 - 2.18

Event 2 soil 7125.04 \ - 3.15
Event 2 glass 7120.47 - 2.10
Event 3 soil 7124.35 - 2.99
Event 3 glass 7119}6 - 1.87
TABLE II: Averag %&tes of Fe in soils, melt glass samples, and reference minerals determined by

dge half-height. The estimated uncertainty in the calculated oxidation states

linear interpol

is £0.07 (dué to r in the linear fit to the reference oxide materials).
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transformed Fe K-edge EXAFS and fit results for the melt glass samples, soils, and Fe(II)-

b armg m1 Fits were performed for 1.0 A < R < 3.0 A, with the exceptions of staurolite and
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Event 1 glass Event 2 glass Fvent 3 glass

Path N R (A) 2 (A% N R ( o? A2) R (A) 2 (A%
Fe-O  3.1(2)  1.90(1) 0.011(1)  2.6(1)  1.91(1 8(\ 1) 1.90(1)  0.009(1)
Fe-Fe  0.5(6) 294(3)  0.01(1)  05(9)  2.92(5 QQ 2)  2.94(2)  0.005(5)
AE,  19(15) -1.3(13) w N 02019)

R(%) 820 7.94 b 9.03

Even{ 27s0il Event 3 soil

Path N @ (A 0f (A7) N R(A) o (A?)
Fe-O 5.1(5) “0.006(1)  44(5)  1.98(1)  0.008(1)
Fe-Fe 0.9( 127\ (1) 0.003(5)  2.3(40)  3.03(2)  0.02(1)
AE, % -5.0(19)

R(%) 13.17

Staurolite \ “Grandidierite Tektite

Path N R(A) o2 (A?) N\ R(A) o2 (A?) N R(A) o2 (A?)
Fe-O  3.1(7)  1.96(1) 0. 0@(10) 1.99(2)  0.007(2)  3.0(3)  1.98(1)  0.010(1)
Fe-Fe : . 0.5(4)  3.002)  0.005(5)
AE,  3.8(35) 3 -1.2(36) -1.5(20)

R(%) 1557 < \ 15.78 12.06

TABLE III: Fe

gSgNFS fit parameters for the melt glass samples, soils, and Fe(II) materials (Fig.
f

5). An esti .75 was used for SZ in determining the reported coordination numbers N [82]. The
fit range uged V)fps 1. < R < 3.0 A except in the cases of staurolite and grandidierite, for which the fit
range B’ < 2.0 A. In all cases, the k3-weighted data were transformed between 2.5 A~! and 10.0

A-1, amd GauSgian narrowed by 0.3 A=1. Stern’s rule [83] gives an estimate of 11.6 possible independent

pdrameters he fits to the glass, soil, and tektite data; the fits reported here have 4.6 degrees of freedom.

The,staurglite and grandidierite data allow 6.8 independent parameters and the fits have 2.8 degrees of
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FIG. 6: (a) U Lrrr-edge XANES of referwﬂ ompounds, uranyl acetate, and melt glass samples.
~

Magnification of the white line peaks i %

N

-

Sample W(itgm’ﬂ\(eV) h Nominal oxidation state Measured oxidation state
UO, IM 0.0 4 3.8
UF, Q y 0.3 4 4.2
UO2(CH3C0O0), / + 1.9 6 6.0
Event 1 glass ‘)\ + 0.7 - 4.6
Event 2 gla + 0.8 - 4.7
Event 3 gltng £ +16 - 5.7

= XA
N

TABLE W USL rr7-edge white line shifts and corresponding estimated oxidation states for reference U

compounds and melt glasses. Peak positions were determined by fitting a Gaussian to an 8 eV-wide band
nte the white line. The uncertainty in the estimated oxidation states, including the error in the peak
%ngﬁrocedure and the linear fit to the white line positions of the standards, is +0.2. Note that there are
systematic uncertainties in this approach, particularly due to the assumption that a negligible amount of
U(V) is present. These uncertainties are mitigated by the more precise information on U speciation obtained

from the EXAFS data on the Event 3 glass (further discussed in the text).
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FIG. 7: U Ly;- XAFS collected from the melt glass samples. For each sample, approximately 5 hours
of data co ctigﬁ timeégwere used to acquire a set of between 17 and 20 EXAFS scans. The figure displays

the avefage of ‘eachfset of scans, with errors estimated as the standard deviation of the mean. The data

have been trungated due to low signal-to-noise ratios at higher k. For the Event 1 glass and Event 2 glass,

S Vﬁa{y— filtered data (np, = ng = 2) are also shown.

<


http://dx.doi.org/10.1063/1.4948942

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. | 21

Publishing

+ + + Data (amplitude)

+ + + Data (real component)
—— Fit (amplitude)

—— Fit (real component)

E\Ifent 3 glass
4 5 6

3
R (A)

1.5¢

0.5 — Event 2 glass []

...... Puc)2

Normalized absorption

0.0k

L | L L L | L L L | L
18060 18080 18100
Energy (eV)

18040

FIG. 9: Pu Lj;r-edge XANES, Event 2 glass and PuOs.
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Event 1 glass Event 3 glass
Path N R(A) o2 (A?) N R(A) o?(A?)
U-Ogyz 0.6(2) 1.80(1) 0.000(0) 1.2(2) 1.766(8) 0.0006(6)
U-0 3.(1) 2.29(2) 0.007(5) 3.5(4) 2.273(9) 0.008(2)
U-O43-U-Ogy 1.2 3.60 0.000 2.5 \3.533 0.0024

AE, 17.8(22) -13.3(1 N
R(%) 18.58 6. Q

TABLE V: Parameters determined in the U EXAFS fits for the Event‘l and-Event 3 glasses (Fig. 8). An
ﬁ

estimate of 0.9 was used for S? in determining the reported ordina;i(‘) numbers N [65]. Errors are not

reported in the fit parameters for the U-O,,-U-O,, scattéring p ce these were constrained to twice

the corresponding values for the U-O,, path. The fit ran as 1.0 A < R < 4.0 A. The k*-weighted
he
A_

data were transformed between 2.5 A=! and 8.0 A~! fo Bvent 1 glass and between 2.5 A~! and 9.0
A1 for the Event 3 glass, and Gaussian narrowed, by . For the Event 1 glass data, Stern’s rule [83]

gave an estimate of 12.5 independent parametér:

S.Khe fit has 5.5 degrees of freedom. The Event 3 glass
data has approximately 14.4 independent parameteis, and the fit has 7.4 degrees of freedom.

~
Event 1 ent 2 Event 3
Undergroun ear-surface Near-surface
U-fuele \Bu—fueled U-fueled
Pu-fueled present

U oxidation

- Pu -

a/y@i;

Fe reduction

+3 §F- - r ————— [

) 0
<

FIG. 10: Summary of changes in oxidation state resulting from each event. Final oxidation states are taken

)

&
Oxid

)
Average

from Tables IT and IV. For Event 1 we assume that the predominant initial oxidation state of Fe is Fe(III),
on the basis of the oxidation states measured for the Event 2 and Event 3 soils. In all cases we assume that

U and Pu are initially metallic.
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