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KISMET Tungsten Dispersal Experiment

Kenneth Wohletz, Thomas Kunkle, and Ward Hawkins

ABSTRACT

Results of the KISMET tungsten dispersal experiment indicate a relatively
small degree of wall-rock contamination calis® this underground explosive
experiment. Designed as an add-on to the KISMET test, which was performed in
the U-1a.02 drift of the LYNER faciltat Nevada Test Site on 1 March 1995, this
experimen involved recover and analysis of wall-rock samples affettay the
high-explosive test. T chemical high-explosive blast drove tungsteowder,
placed around the test packag a plutonium analog, into the surrounding wall-
rock alluvium. Sam@ analyses i an analytical digital electron microscope
(ADEM) show tungste dspersed in the rock as ¥in(<10 um) particles,
agglomerates, and coatings on alluvial clasts. Tungsten concentrations, measured
by enery dispersive spectral analysis on the ADEM, indicate penetraBpths
less than 0.1 m and maximum concentrations of 1.5 wt % in the alluvium.

I. INTRODUCTION

Underground explosive testing req@ireome understanding of the dispersid test
materials into the host rock in order to evaluate the potential contaminant migration from the test
area. In general, this information can be obtainedrbl-back operations that recover samples of
the rock adjacento the test. But for mine-back regninto the test areaknowledge of the
potential range of hazardous material penetration around the test chamber (room) is important for
human safety. This potential range is also useful for calculating posttest contaminant migration.

Small-scale underground explosive testing can involve test packages containing materials
of potential concern for human safety. The KISMET experiment of 1995 (Kudikl@)
involved use of depleté uwanium. h oder © uncerstand hov plutoniun might behave in a
similar test, we used tungsten as a plutonium analog. With the objective of measuring how far
tungsten woud be enbedded into th dluvium wall rock in the LYNER facility, we plackore
kg of tungsten powder into three trays positioned on top and on the left- and right-rib sides of the
explosive package.

The following report describes the method for sampling and analysis of the dispersed
tungsten in the KISMET experiment (Kunkl@999 and results of tungsten concentration
measurements in the samples of the LYNER fgcdltuvium. A first of its kind, this tungsten
experimen is limited by the lak of knowledge @ou the physical behavior of the tungsten
powder during the teshow it might interact with ad penetrate the wall rock, andettamounts
required to create measurable concentration profiles in the alluvium.




IIl. METHOD

One kilogram of commercigllsupplied tungste povde (0.8 um spheres) was placed
into three trays, one on top of the explosive and oyeeteh on the left rib and right rib sides of
the explosive. The test room was approximgtelbox shape3 m (10 ft) high ad 3.7m (12 ft)
long and wide. The room flodinver) was made of poured concrete, and the front of the room
was defined B the inside wall of a massvoncrete plug. The remaining fotaces were native
alluvium. This test room configurath provided ~72 r (770 ff) of surface aea of which ~46
m? (500 ff) was exposed alluvium.

Four of the five recognized rock types of the LYNER fagiéituvium exig in the walls
of the test room (Alle, 199%). Tre dluvium consists of moderateto poaly sorted sands and
gravels derived from a mixture of Terarvolcanc and pe-Tertiay sedimentay and
metasedimentgirrock fragments. The unitslescribed in Table 1, are mgsttonsolidated and
are distinguished by the grain-size distribution of their clasts.

Table 1. Map unit (bed type) classification of U-1a.01 LYNER facility*

Map Unit (bed type) Cobblesg Pebbles| Sand Silt Clay
% % % % %
Type 1: sand bed 0-1 6-19 64-8% 4-16 1-4
Type 2: sandy pebble bed 0-5 10-50 46-72 3-9 0-3
Type 3: pebbly cobbly sand bed 5-20 10-30 42-65 2-11 1-6
Type 4: cobbly sandy pebble bgd 0-10 25-54 36-62 3-5 1-2
Type 5: cobble bed 25-40 10-30 40-60 8-9 2-3

*The KISMET test room exposed map units 1 through 4, of which only 1, 2, and 4 were sampled. The
relative average clast size of these unitsis 1 <4<2<3<5,

The mehod wsed to evaluate the dispensid tungsten involved: (Lrecovey of rock
samples from the ribs, face, and back of the KISMET zero room; (2) preparation of thin sections
of the samples for imaging in an analytical digital electron microscope (ADEM); and (3)
measurement of tungsten concentrations within the samplesdoy dispersive spectral (EDS)
analysis of x-rays emitted fno the samples during their exposure t@@& keV bean in the

ADEM.

The KISMET reenty sampling (Allen, 19950 was conduct on April 18-19, 1995.We
designed the procedure to recover tungsten embedded in rocks of the zero room walls to evaluate
areal dispersin patterns deph o penetration, and sensitiyitto rock lithology. h order to
achieve samples representing variapiiit tungsten concentration with spatial distribution,




lithological variation, ad deph o penetration, w chose 0.3-d 0.6m? sample locations on the

ribs, face, ad bad of the zero room, which we demartkéy orange spnapairt: three ealb on

the left and right ribs6 onthe face, ad ore aea on the back (Figd to J). For each area we
chiseled samples out of the wall over three depth intervals to & dep0.01 m. W dso
obtained surface samples for each locatipsdraping soot and loose dust that gengraered

most of the walls. To preserve the initial orientation of bulk intact samples, we painted the outer
surfaces of each sample. Where the wall rock crumbled during sampling, such that intact samples
could na be taken, w diseled fragmental samples fincthe measuw depth interval. The zero

room alluvium includel 4 lithologicd types, and the sample lithog notel on maps of the

ribs and face of the zero room (Figs. 1 to 3).

To establish the physical character (solid particles, congealed melt) and distribution of the
tungsten, samples were analyzed with an analytical digital electron microscope (ADEM). For this
analysis, samples were preghi® making thin sections. For intaariented samplegdished,
30um-thick slices of the rock weraut and epoxié@ orto glass $ides with sample orientations
scribed on the slides. Particulate samples were impregnated with epoxy, cuyini3thick),
mountel orto gless $ides, ad pdished. The ADEM was operated in scanning electron
microscope (SEM) mode using backscattered electrons to image thee samyphrious
magnifications. Backscattered electrons produce images whose brightness and contrast are
sensitive to atomic weight, such that heawetak sich as iron (typicayl presethin samples of
alluvium) and tungsten are readdistinguished. Compositions of selected areas of various sizes
were atieval by measuring th energy of x-rays emitted frm the sample under ¢hdectron
beam. A 20-keV-beam potential was used to stimulate x-rays representativie nodjer
fluorescence modes of tungsten.

For analysis, the Mr x-rays of tungsten overlap those of silicon, which ig/\arundant
in all samples, so kr x-rays wee ounted to measure tungsten. Beeaastandard for tungsten
embedded in alluvium does not exist, a standardlessoehetasel on Z-number, absorbance,
and fluorescence (ZAF), was applied. This method givemiquantitative results as
stoichiometric weight percents. These results howeveragiaquate for evaluating the relative
concentrations of tungsten among samples. In addition, where oriented samplenalaed
and a tungsten concentiativariation with depth was expected, line scans were performed. The
line scas dow the variabn d tungsten Le x-ray emission along a profile. These profiles are
quantified only by the number of x-ray counts per second.
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Figure 1. Geologic mp o the U-1a02 dift left rib, modified from Allen (1995a). &y urits (Table 1) are
numbered [2 (pbl) refersoturit 2 with pebbles, H.C.S. refer® thigh concentratin d sand,and nunbers
separate by a slas designate mixed lithologies]Sample locations are shown baxed areas with sample

numbers.
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Figure 2. Geologic mp o the U-1a02 dift face, modified from Allen (1995a).dd urits
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Figure 3. Geologic mapfahe U-1a.02 drift right rib, modified from Allen (1995a). Map units (Table 1) are
numbered [2 (grr) refers to unit 2 with gravel], and sample locations are shown in boxed areas with sample
numbers.

[ll. RESULTS

Tungste occurs as ver heterogeneougldispersed agglomerated masses, coatings, and
small spherical particles. Its most commonnfois particles mixed into microvesicular
agglomerates of quenched iron. In Figure 4, an SEM microphotograph taken from backscattered
electrons bright areas correspona tigh Z-number particles compasef iron and tungsten
mixtures (the tungsten areas are brightest). Most of theseal maxgcles have vesicles, which
likely formed from gases trapped in the rapidbngealed iron, melteby the blast Tungsten
can als occur as individual spherical particldsut as shown in Figure 5 thesae only easily
viewed where thehawe ggglomerated into masses gengralO um in diameter. Some of these
tungsten particles are agglomerated into larger masses (Figure 6). Most distinctive are coatings of
tungst& onsmall particles, illustrated in Figure 7. Gengralese atings are less than a few
micrometers thik, bu because of their brightness backscattered images, thare readily
visible in SEM views.
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Figure 4. Example 0.5 x 0.5 mm (0.25 harea andyzed for
tungsten in sample LR-4 (analysis 5). Note the ®0Oscale

bar and the total widt of the analyzd area (497 um).
Tungsten occurs as mixed patches (bright areas with arrows) in
larger vesicular ion dobules in th§ sample. The analysis of
this area showed 2.78 wt % tungsten.

Figure 5. Example 0.5 x 0.5 mm (0.25 area andyzed for
tungsten in sample F-13 (analysis 8). Masgst& occurs as
tiny (<10 um) particles (see arrows) that are generally stuck
together or mixed in with larger vesicularoim gobules. The
analysis of this area showed 1.87 wt % tungsten.
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Figure 6. Closadp o tungsta paticles (bright area) ~1Qum in
diameter. Note that these two particles are actually combinations
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Figure 7. Tvo EEM microphotograph $how tungsten coatings (bright areas) on large patrticles. Scans for
tungsten La x-rays show peaks corresponding to where the scan crosses the tungsten encrustations.




Using the ADEM method described above, bulk area analyses covering >gemenally
did not show measurable tungsten. This finding is attributed to the fact that tungsten is extremely
heterogeneougldispersed in samples, and where it existss in the form of particles mostly
less tha 10 um in dameter or as coatings on silt clasts of a similar size. For these reasons,
analytical areas of 0.25 nfrwere typicaly required to find measurablmounts of tungsten. In
order b oltain analyses representing average tungsten concentrations for each sample, analyses
were repeated over 10 separate areas and then averaged for each sample.

Table 2 lists average results for major chemical constituents in several samples
representative of the lithologic variations of the KISMET test room alluvium. Sincg ofidhe
sampk aeas includd pations of sevetalithologic types, the relater doundance of e&chbed
type s fown for each sample in Table 2. Thewre no aher more precise major-element
analyses availableylwhich to check the results in Table 2, but considering the weathering likely
to have occurred in the alluvium, these results are geyenailar to intermediate volcanic rock
compositions expected tbe represented in the LYNER alluvium for the Nevada Test Site
(Broxton et al., 1989; Warren et al., 1996).

Table 2. Representative Bulk Sample Analyses*

Constituent LR-2 LR-8 F-2 F-6 F-7 LR-4
1>>2 2=1/4 1=2 2=4 4 2

Na,O 0.63 0.60 0.79 0.35 0.40 0.44
MgO 0.68 0.31 0.56 0.74 0.66 0.54
Al,O3 13.02 10.21 10.39 13.01 13.17 11.75
Sio, 57.78 54.95 60.98 57.15 57.55 59.84
K,0 6.69 6.91 7.94 8.35 7.42 8.94
CaO 11.91 20.52 11.67 9.84 9.49 9.21
TiO, 0.88 0.84 0.96 1.11 1.59 0.93
FeQ 7.17 5.50 6.29 9.41 9.01 7.81
WO, 0.38 0.18 0.00 0.04 0.73 0.54

*Analyses given in wt %; sample numbers and relative lithologic type (see Table 1 and Figures 1 to 3) are denoted

for colurm headers. Fe and W oxides are Iitas totals for their possible oxidation states (e.g., Fe@eO +
FeO, s, and WQ = WQ,).

In mary samples tungste particles were difficlt to recognize, and mgnindividual

analyses dund nom. For each sample,ghmtire thin-section area wasanned to find areas

likely to show tungsten, and tleesteas were preferentigllanalyzed such thathe results
obtained should represemaximum tungsten concentrations. For samples that were recovered
intact and oriented, simple line scans for tungsten were expected to show gradients that decreased
from the test room surface inward. Figure 8 illustrates a typical result for such a Imefsca
sample B-2, an intact sample oktHluvium extending fron the surface of the back inward ~5

mm. Smooth concentration gradients were rnfl, aving to the particulate nature of the
embedded tungsten. A general decreaséh wigpth into the sample was @gnicrudely
demonstrated.
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Flgure 8. SEM photomlcrogph d sample B-2an aiented
sample with the left edge ¢he surface bthe KISMET test
room alluvium extending inwarcdta deph of about 5 mm.
The horizonthline shows the scan trace for tungstea (W

LA, plotted below the line) and I3 (W LB, plottel above the
line) concentrations. Both concentration curves abruptly rise
where the scan le aosses over the left edgé the sample
and show only a crude decreasing tremdabundage with
depth into the sample.

Table 3 shows averaged results fiithe KISMET samples arranged into three groups:
surface near-surface, rad ceep sam@ analyses. Surface samples gengrabnsistd of those
obtainal by scraping the outer 1 mm ofdkdluvium, which generajyl included the thin film of
soot fran the blast. The results for these surface sample (0 tnm deep) centefairly
consisteny around an averag®ncentrabn d 0.77 wt % tungsten. Near-surface samples
(representing the outer 32 mm ofetldluvium) averaged aund 0.24wt %, whereas deep
samples (~25a 64 mm deep) averageory 0.11 wt % tungsten. These resulippot the
hypothesis that tungsten concentration decreases with depth into the alluvium.

To further investigate the distribati d tungsten, simple histograms were prepared,
depicting tle wncentraion d tungsten as a funcin d sample depth, lithology, and location.
Figure 9 shows the genesatlecreasing tungsten concentration observed for samples taken from
increasing sample depth. Theae notaby high values atl3, 38,and 64 mm depths, a result
discussd below. Tungsten concentrations also sh@wude increase in alluvidit hologies of
coarser grain size (Figure 10). Because ¢kplosive gparatus with the tungsten was placed
closer to the drift’s left rib and face, the greater abundance in those positions shown in Figure 11
is expected. Below we analyze these results to derive a predictive model for tungsten distribution
for the KISMET test.

10



Table 3. Tungsten Analysis Results

Sample Sample Depth | Tungsten Comments
Number* Lithology' (mm) | (wt%)"
Surface
LR-1 1>>2 0-1.0 0.000 loose surface soot
LR-2 1>>2 0-0.5 0.654 --
LR-4 2 0-1.0 0.580 loose surface soot
LR-7 2=1/4 0-1.0 0.541 loose surface soot
F-1 1=2 0-1.0 0.446 mostly loose surface soot
F-5 2=4 0-1.0 0.694 mostly loose surface soot
F-7 4 0-1.0 0.728 little/no soot
F-10 2=1/4 0-1.0 0.739 mostly loose surface soot
F-13 2>>3+4 0-0.5 1.119 oriented, intact, edge
F-14 2>>3+4 0-1.0 1.562 --
F-18 4 >>2/3 0-1.0 1.010 | gravelly lithology
RR-1 2=1/4 0-1.0 1.090 --
RR-5 2=2/1 0-1.0 0.716 mostly unconsolidated
B-1 2 0-1.0 0.980 mostly loose surface soot
Near Surface
LR-5 2 0-25 0.684 mostly unconsolidated
F-19 4 >>2/3 0-25 0.075 | gravelly lithology
F-8 4 0-38 0.000 --
RR-6 4 0-38 0.034 mostly unconsolidated
RR-8 2=1/2 0-6 0.072 no soot (spalled surface?
B-2 2 0-51 0.215 mostly unconsolidated
B-3 2 0-38 0.034 mostly unconsolidated
LR-8 2=1/4 0-38 0.175 oriented, intact
LR-2 1>>2 0-25 0.000 oriented, intact
F-2 1=2 0-25 0.000 oriented, intact
F-4 2=4 0-64 0.293 oriented, intact
F-6 2=4 0-64 0.039 oriented, intact
F-11 2=1/4 0-25 1.383 oriented, intact
F-13 2>>3+4 0.5-2.5 0.591 oriented, intact
F-15 2>>3+4 0-38 0.000 oriented, intact
RR-2 2=1/4 0-25 0.000 oriented, intact
RR-9 2=1/2 0-38 0.166 oriented, intact
FC-1 -- 0-32 -- sample contaminated
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Table 3. (Continued)

Sample Sample Depth | Tungsten Comments
Number* Lithology' (mm) | (wt%)"
Deep

LR-3 1>>2 25-76 0.000 unconsolidated

LR-6 2 25-51 0.401 mostly unconsolidated
LR-9 2=1/4 38-76 0.139 intact pieces and dust
F-3 1=2 51-64 0.000 intact pieces and dust
F-9 4 51-64 0.000 --

F-12 2=1/4 38-51 0.082 oriented, intact

F-17 2>>3+4 38-51 0.000 --

F-20 4 >>2/3 25-64 0.312 | gravelly lithology

RR-3 2=1/4 25-64 0.050 oriented, intact

RR-4 2=1/4 64-89 0.000 intact pieces and dust
RR-7 2=2/1 38-89 0.209 mostly unconsolidated
RR-10 2=1/2 6-38 0.261 intact pieces and dust
B-4 2 38-64 0.000 mostly unconsolidated

*Sample numbers are designated by LR (left rib, Fig. 1), F (face, Fig. 2), and RR (right rib, Fig. 3).
'Sample lithology is denoted by lithologic unit number and relative abundance. A slash between two numbers
indicates a mixed lithology type.

"Tungsten concentration expressed as an average of 10 or more analyses of areas of.0.25 mm

KISMET

Tungsten (wt %)

02505 15 3 12 13 19 22 26 32 38 45 50 51 57 64 77
Average Sample Depth (mm)

Figure 9. Average tungsten concentrations shown for samples taken from increasing
depth in the LYNER facility alluvium. Becaudethe great variability 6 tungsten
occurrence (many sampleddia show tungsten), these averages have a standard
error of about 50%.
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Figure 10. Average tungsten concentration $ampled nap urit (lithologies)
where nap urits have relative averag dast sizes. Sampderepresentd by
relative size = 2.25 and 2.5 are combinations of maip litthologies 1, 2, and

4. Map unit 3 was not sampled. Large error (100% of average value) for these
average values exists because many samples showed little or no tungsten.

0.5

KISMET
0.4 |

0.3

0.2

0.1

Back Face Left Rib Right Rib
Location

Figure 11. Average tungsten concentrationr feampled locations.
Standard error for these averages is about 100% of the average, as noted
in Figure 10, because many samples showed little or no tungsten.
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IV. DISCUSSION

If one assumes thahe distributon d tungsten into th dluvium is driven by seepage of
gas in the test room across fractured rock, the process can be described—through a simplification
of the experimental geometry—as nonstationary, spherieathmetric filtration. Such a process
may be analyzed (Adushkin and Spikal1994 by equations for conservan d mass and two-
term filtration respectively:

Jp
5 FOtev)=0 (1)
Dp:—kﬂvf - kﬁvf sinv, . 2)
1 2

In the® euationsg is porosity,p is the gas density, is time, v is the gas velocityp is gas
pressure,u is gas viscosityk; is the medium permeabilitcoefficient, k; is the second
permeabiliy coefficient (often referred to as thebulence parameteof the medium), and; is
the filtration rate. As discusdeby Adushkin and Spivak (1994), rocpermeabiliyy can be
idealized for a bed of spherical particles, a capilltaodel, a parallel jointed medium, or a serial
modé involving tortuous capillaries. To simplithe éove onsiderations, if gas he&ansfer
and phase change are assumed negligible, the condition at the test room boundary is

p_ (.S
=Py ®3)

whereS andV are the sudce aea ad vdume of the test room respectively. Nondimensional
solutions of tle @ove euation set ¥ Adushkin et al. (1994) show filtration gas pressand
flow rate to exponentialldecrease with tim dter the explosion and distance into the wall rock.
Figure 9 suggestaich a relationship wht depth, assuming tlhaungsten concentrations are
proportional to filtration rate and pressure.

Following the @ove suggestion that sade aa ad vdume of the test room are
importart in determining boundar conditions fa filtration, we offer the following analysis.
First, assume thajust after tle explosion all of the tungsten was inityalhomogeneously
dispersed in a gas (steam at 0.7 MPa? &alensiy = 1.4 kg/r). If this gas uniform} filled the
test room (40.8 ), then tle dluvium was subjected to a sone ®ncentratin d tungste of
~1.73 wt %. If however, d the tungste dust was driva orto the surfaces of wall rocks (~71
m?) by the blast, a maximum areal degsiof tungsten ~1.4 x I® kg/m’* might have
characterized the initianoments of the test. Ifllathis tungsten was embedded in the outer 0.5
mm of the walls (a rough measure oé fverage diameter of grains inetldluvium—a medium
sand, then for an averagdluvium densiy of 2600 kg/m* and average porogibf 35% buk
concentrations of tungsten should averadgout 1.4 x 16 kg/0.85 kg rock (~1.6 wt %)or 0.8
wt % if the tungsten was initigllembedded to a ddptf 1 mm. The latter concentration is best
supported by data in Figure 9.

14



If the implantaton o tungsten into ta dluvium is a filtraton pocess of the kind
described above, and tungsten concentrations are propbtoofigration rae and pessure, an
exponentialy decaying concentramn profile with depth into tle dluvium shoutl be observed.
This exponential concentrati profile is in fact generajl obeyeal by data from Figure® potted
as individual sample points in Figure 12 (noting data scatter d¢dysmtrinsic sampling and
analysis error). The mabd wsed to fit concentrain cata to exponential curves is bdsanthe
assumption thathe filtration mechanism cabe mathematical modeled as a diffusive process,
driven by a oncentration gradient with @mnstant diffusion coefficienD. With this approach,
the results of our tungsten analyshould provide mnstraints on the magnitudé bitration.
Consider a one-dimensionatonsteady-state, thin-source diffusion mechanigm which the
source has a concentratiGg between 0.8 and 1.6 wt % as discussed in the preceding paragraph.
The spatialy and temporajl varying diffusive mncentration<(x,t) are give by a solution to
Fourier’s rate equation:

2
C(x 1) = G expr—

4Dt @)

o

wherex is the depth, antlis the dapsed time. This equation shows an exponentddicaying
concentration profile with depth into the alluvium. We recognize that the major limitation of this
equation is the assumption of constBntn fact, diffusion coefficients are geneyadlensitive to
pressure and temperature through an Arrhenius relationship,

E

D=D, expg_ﬁg for temperature, and (5)
PV

D =D, engﬁE for pressure, (6)

whereD is the diffusie mefficient extrapolated fra its initial valueDo, to higher temperature

T, and pressurg, for a given activation eneyde, volumeV, and universal gas constaRt,In the
KISMET experiment (Kunkle, personal communication), the pressure fluctuated around 0.7 MPa
(100 psi) for the first 0.2 s and then logarithmigalecayed afterwards with a half-life of ~0.8 s,
reaching near ambient conditions after about 5 s. The tempedgarrapidy decayed from a
maximum of ~ 800 C. For our purposes, we will consider the measured concentration profiles to
be results of either a rapid short-tinhegh D, diffusive event of ~0.2 s after whichb becomes
infinitesimal or a long-time, lowD, dffusive evzent of ~5.0 s, again after whidh becomes
infinitesimal.

In order to test the diffusive character of our data for tungsten concentration, we plot
concentratiorvsdepth in Figure 12. The plot shows the fit of diffusive curves to the data using
Equation (4). The best fit curve shows a surface concentration of 0.72 and diffusive coefficients
of 3.19 x 10" m¥s and 1.28 x 1®m?/s for short timet(= 0.2 s) and long time € 5.0 s)
respectively. Although the best fit, this curve does not seem to really predict finite tungsten
concentrations deeper than about 0.03 m. To reflect the concentrations observed at greater
depths, diffusive coefficients need to be increased to 2.0G xii8 and 8.00 x I®m?/s
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Figure 12. Tungsten concentraiti s a functon d sample depth. Error bars

are +10% fa sample degt and +0.1 wt % for tungsten concentration. Three
exponential curves arfit to the daa using the diffusion model expressed in
Equation (1) shown in the figure. The béscurve shows that concentration
averages ~0.72 at the surface and decays with depth with diffusion coefficients
(m?/s) fa short-time (0.2 s) and long-time (5.0 s) modafsl a correlation
coefficient of 0.68. T eydall fit curve better approximates deeper
concentrations but givean overall poorer correlation coefficient. Lastly, a
maximum fit curve brackets all concentration measurements and is most
conservative for predicting the greatest penetration of tungsten into the LYNER
facility alluvium.

respectively, which give perhaps maofconservative” tungste penetraton predictions with
respet to environmental concerns. However, to neathake a onservative prediction that
provides an envelope for all data, we show a maximum diusivwve in Figure 12, which
requires diffusie mefficients of 2.50 x 16 m*s and 1.00x 10* m%s for the short- and long-
time diffusive conditions respectively.

Figure 9 show ome anomalousy high average tungsten concentrations at depth.
Considering a purgldiffusive mechanism in a homogeneous material, there sheudgimooth
decrease with depth. Whether or not this observation hestatistical validiy is difficult to say
because of the heterogeneous nature of the tungsten implardbterved and analyses limited
by the vey fine size of the tungsteparticles. Considering thahere § sme evidence that
tungste preferentialy accumulated in alluvium of higher average graire sizd assuming the
general pore size in ¢hdluvium increases with grain size, then if the tungsten empladeisien
best described as a filtrati process, more tungsten shoute ale o penetrate where pore
spaces are larger. Following this logic, since #iuvium does contain microfractures and
variations in grain sizes, then anomalgukigh concentrations observed at depth might be
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explain@ by tungste penetration along microfractures and/or pathways of higher pore space.
Although ou observations ar cetainly limited in nunber, tle dfect of rodk properties and
fractures likey plays an important roleni determining the maximum ddptdf contaminant
migration in ay test, a feature well-learned fromine-ba& operations over the years the
Nevada Test Site (Carothers et al., 1995).

V. CONCLUSIONS

Tungste used as an analog for plutomun the KISMET experiment was dispetsy
the blast ad penetrated th dluvium rock forming the ribs, face,nd badk of the test room.
Analyses of tb oncentrations of tungsten ingldluvium show its maximum penetration to a
deph o ~0.08 m. The sudce oncentratn d tungsten measured in samples representing the
outer 1 mm of th dluvium shows a hig value of ~1.5 wt %bu averaging ~0.7 w& for all
surface samples. This result supports the hypothedisnikially all of tungsten was uniformly
distributed in the outer 0.5 mm of alluvium and tditered to a maximum dejptaf ~80 mm.
The distributon d measured tungsten concentrations ia #fuvium supports a modieha the
emplacemenmechanism (whetheit is a filtraton grocess or not) is mathematigalliffusive.
Maximum diffusive mefficients are 2.5 x 1 m?s aad 1.0x 10" m?/s for the high-pressure
phase (t = 0.2 s) and low-pressure phase ef&lperiment respectively. Fno this diffusive
model prediction d contaminant penetration for larger expl@sixperiments (higheP andT)
can be atieva by applying this diffusive model and scaling the diffiswefficients ly P and
T through a simple Arrhenius relationship.
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