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ABSTRACT

The pore structure and minsralogy of Topopah
Spring Tuff are haterogenecus on ascales less
than one cm, This heterogeneity creates spa-
tial variation in transport rates for aquaous
actinide species both on the scale of tenths of
microns and the scale of mm. The volumetric
distribution of fluid paths having very differ-
ent tortuosity, and potentially differing sur-~

face mineralogy and sorptive properties, must.

be considered in order to provide realistic
predictions of transport rates. In addition,
size and speciation of actinides in sclution
must be characterized since coexisting species
can diffuse at different rates through the
porous material due to both filtration effects
and differences in Ssorption onto exposed min-
eral surfaces.

I.INTRODUCTION

Diffusive cransport rates for aqueocus
species in porous media are a function of the
molecular diffusion rate in solution for the
species of interest, any change in its concen-
cration in solution due to sorption or reac-
tion, and the tortuosity of the material's pore
structure, Diffusion rates can be easily pre-
dicted when these factors are known and con-
stant:; however, this is not the case for
heterogeneous natural materials, such as
Topopah Spring Tuff, and the complex solutions
derived from many hazardous wastes.

Coexistence of multiple oxidation states,
colloidal species, and numerous complexes for
actinide elements in ground or waste-water 30-
lutions suggests that a range also exists for
molecular diffusivity, reactivity, and sorptiv-
ity. The physical structure of a rock includes
void spaces on scales from grain boundaries and
intergranular pore Spaces to fractures that are
centimeters in width. The chemical structures
of rocks such as tuff are also hetercgeneous:
void spaces may be filled with secondary phases
and fractures lined with precipitates, while
phenocrysts and inclusions abound throughout
che rock., Diffusive movemant of aquecus species
within the rock then depends on the effective
length of the voids and their interconnected-
ness, i.e. the tortuosity of any diffusive
path. The sorptive capacity of each mineral

nhase for the aqueous species of interest can
‘differ by orders of magnitude. Differing sorp-
tive mechanisms can also result in large dif-
ferences among minerals for reversibility and
xinetica of sorption.

This complicated heterogenecus system
makes a mechanistic prediction of diffusion
rates difficult without information abkout the
relative importance of the different factors.
An understanding of the effect of multiple
transport paths and sorption machanisms is par-
ticularly important for planning containment of
hazardous materials since a small amount of ra-
dioisotope travelling via a faster than antici-
pated path (Table 1) may invalidate the predic-
tions vf transport models that assume homoge-
neous or average behavior. Consequently, the
heterogeneity of actinide diffusion in Topopah
Spring tuff was investigated in scatic- diffu-
sion experiments in which aqueous 238y, 235",
or 239y tracer diffused into tuff that was
pre-saturated with groundwater.

Table 1. Near field geochemical and hyglroloqical transport
processas affected by chemical or physical heterogenaily

Transport Process

Enhanced  reduced

Fluid advection (fracture flow) i
Fiuid difusion (matrix imbibition)
Intarmittent flow
Sorption
Pracipitation

{onto mabile/immobile phases) 4
Colloid fiitration
Fracture sealing
Channeling i

Ll L 2 L L

II. DESCRIPTION OF WORK

Experimental conditiona were as follows:

—£: 3 Radiotracers that had pre-
equ.}l:.b:a:ed with groundwater from well J-13
(\.chl.ch contacts Topopah Spring tuff in situ)
diffused into samples of Topopah Spring tuff
:ock,‘:he proposed repasitory horizon material
for high -level waste in the U.S.A,., The tufg



was obtaired from drill cocre, machined to spec-
ified sizes, cleaned, and saturated to >70% by
immersion in J-13 well-water prior to contact
with radiotracers.

[} % } The radiotracers were 238y ang
23%py, leached from actinide~containing borosili-
icate glass, the experiment was at 90°C in
stainless steel (306L) containers and tracers
diffused into 0.2 cm thick by 2.5 cm diameter
tuff disks for 14 d, 28 d, 56 d, 91 d, and 162

d. Further experimertal details are given in

phinney et al.l
experiment 2) The radiotracer was 2 ppm 238p
pre-equilibrated with J-13 water, the experi-
ment was at 2S°C in atainlesa ateel (306L) con-
tainers and the tracer diffused into 0.2 cm
thick by 2.5 cm diasmeter tuff disks for I min,
20 min, 2 hr, 8 hr, 4 d, and 14 d. Further ex-
perimental details are given in McKeegan et
al.2:3.
experiment 3) The radiotracer was 2 ppm 235y
pre-equilibrated with J-~13 water and NaHCO3,
the experiment was at 25°C in polyethylene
{HDLPE) containers and the tracer diffused into
0.2 cm tnick by 2.5 cm diameter vuff disks for
8 hr. Further experimental details are given
in McKeegan et al.3
i The radiotracers were B0 ppb
238y and 20ppb 239p, leached from actinide-
containing borosilicate glass, the experiment
was at 90°C and the tracers diffused from the
interior to exterior of a tuff vessel with 2 cm
thick walls for 183 days. Tuff was obtained
from Fran Ridge outcrop. Further experimental
details are given in Pazin et al.t
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Puo* and Uo* concentrations were measured
in the tuff with a CAMECA IMS-3f secondary ion
mass spectrometer (SIMS) equipped with a resis-
tive anode encoder (RAE} detector (Figure 1),
The distributions of Li%*, a1**, si**, 2zt and
B* were measured in conjunction with the ae-
tinides while major elements were also deter-
mined in scme cases. Areas {60 pum in diameter)
in the fine-grained matrix> were selected for
analysis at random on the surface of the tuff
that had been exposed to radiotracers. con-
centration vs. depth was measured parallel to
the transport path every 0.1 um in the upper
20 pm (depth-profiling mode). Spatially ori-
ented concentrations within the analysis spot
were obtained for samples from experiments 2
and 3 with the RAES {imaging mode)
Concentrations in the interior of some of tuff
samples from experimenta 3 and 4 were measured
both perpendicular and parallel to the
transport path evary 50 um (step-scan modej.
Corrections were madea for surface roughness and
sample drying eftects’, Apparent diffusion
coefficients {Dapp) were calculated from
profiles of tracer-concentration vs. depth of
<20 um1'3 where the concentration was the total
observed in the analysis spot. Dapp values were
also calculated from concentrations measured in
the interior of the tuff ({,0l-2 mm depth)r7.

Secondary (S5EM) and back~scattered (BSE)
electron imaging of the tuff samples allowed
examination of large areas on the samples and
helped identify mineralogy, pore atructure, and
the presence of micro-fractures. The size dis~
tribution of porosity in the tuff samples was
determined with image processing and mercury
porosimetry. The chemical composition of the
actinide-groundwater solution was determined
with ICP-ES, ICP- MS, ion chromatography, and
liquid-scintillation detection. The particle-
size distribution of actinide complexes in ao-
lution was determined for some of the solutions
by ultra-filtration and auto-correlated photon
Jpectroscopy.

IIZ. RESULTS AND DISCUSSION

Apparent diffusion rates for U or Pu in
Topopah Spring tuff matrix vary by 80% on the
average between locations (3.6 mm2 area) mea-
sured on the zame sample (Table 2). Regions of
greater actinide concentration are associated
with either greater porosity, identifiable mi-
cro-fractures, oc concentrations of specific
elements ({(Figure 2). Even greater spatial
varjability in concentration -depth profiles is
observed with images obtained using the RAE de-
tector which allows spatial resolution on a
scale of a few microns.

A. Physical heterogeneity

Uranium concentrations were elevated
above backgrcund levels in the interior of the
tuff samples, well beyond depths expected from
assumptions of transport by a single diffusion
coefficient in a homogeneous porous medium®: 7.
The distribu n of interconnected pores in the
tuff is approximately 35% of the pore volume in
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Figure 2. Uranium concentration vs. depth in tuff wafer showing evidence

of physical and chemical heterogeneity on diffusive transport. .
Pore Size Distribution Assuming that the Dapp measured in the interior
for Topopah Spring Tuff ‘of 1078 to 10~? cm?/a 67 is valid for the ~5%
~ 0.008 volume of larger pores (a fasr path) allows
g correction of the aurface concentration pro-
E Sample Porosity Vol%s10um files to obtain a "matrix" Dapp between 10712
e 0.006 1 ——F 2% 32 and 1013 em2/s for experiment 3. This dual-
o i ": “’.3;. s porosity model explains the shape of the tracer
E - e S profiles (e.g. Figure 2) observed in all of the
3 tuff diffusion experiments and the elevated U
[ 0,004 concentrations observed below ~7 pm in that
. these can be attributed to transport of aqueous
a U species through the macro-pores or micro-
- fractures. The typical steep slope near the
g omJ surface and gradual slope deeper in the concan-
® tration-vs.-depth profile has been identified
] in other systems having dual po:ositya while
£ materials having uni-modal porosity de not show
0.000 - the tailing at depth.
100 1077 10" 10° 10' 10® 10° . R
The variability in tracer concentration
Pors diameter (um) measured at any given depth on a single tuff

Figure 3. Distribution of pore-size in Topopah
Spring tuff.

pores of .01 -1 Hm (mean .03 um} while about
5% of the pore volume is in pores with 10-100
um equivalent diameter (Figure 3). The regions
of elevated U concentration in the interior
were in regions identified as having more of
the 10-100 pUm pores or micro-fractures (Figure
4)7._ Resistive anode encoder images (Tigure S)
indicate that the spatial variabiliry associ-
atf.ed with enhanced transport in more porous re-
gions also exists on scales of microns.

sample decreases as the time for diffusion in-
creases. This is observed both for the 0.1 um
spatial resolution images obtained with the RAE
and the apparent "matrix" diffusion
coefficients (Dapp) calculated from tracer
concentratiocna integrated over 3.6 mm2 area
(Table 2). The ratio of small pores (matrix) to
large pores (micro-structure) in the analyzed
region thar are exposed to radiotracer solution
increases with time for diffusion (Figure 6),
Hence, the inappropriate interpretation of the
combined "matrix" slow path and "fracture” fast
path as equivalent routes for diffusion in a
homogeneous media results in an arcparent time
dependency of the bulk diffusion coefficient?,



Table 2.
DIFFUSION PARAMETERS (2) FOR ACTINIDES IN TUFF

EXP(®) SAMPLE TIME SPOT# ISOTOPE Dyppcm?/s(®  Averige EXP(") SAMPLE TIME SPOT#  ISOTOPE Dyppom?/s () Average

Dapp cm?/s Dapp cm¥s
(asiddev) (s1dev)
1 G231 Md ) My 2.00E.16 4.20E-16 -
2 4.532E-16 $1.37E-16 2 waler 4 ad 1 U 6.44RE-15 1.60E-14
3 5.518E-16 3% 2 5.628E-14 $1.93E-14
4 3.894E.16 3 7.634E-15 121%
4 4.203E.15
H 2.598E-14
1 G233 LT Mp; 1879E-16 318E-16 6 6.198E-15
2 1.817E-16 $2.23E-16 7 5.32E.15
3 1.036E-16 0%
4 6.007E-16 2 wafer 4d 1 ™Yy 3I492E-16 9.91E-16
2 1.088E-15 46.65E-16
1 G-235 568 1 Py 1.244E07 2.042-16 3 5.194E-16 61%
2 3.119E-16 1.48E-16 4 1.442E-15
k] 8.111E-17 3% 5 4.93E-16
4 1.501E-16 6 2.05E-15
5 4.067E-16
3 .05um S ; ™™y LINME-D 1.37E-12
1 G237 nd 1 My 1407E-16 2.29E-16 4.677E.13 12.15E-12
2 1.5988-16 1141E-16 " 4 1.014E-12 158%
3 1.747E-16 62% ] 2.997E-13
4 4.398E.16 6 1.427E-13
7 $.707E-12
1 G-239 1824 1 M LIT4E17 6.50E-17 s 9.038E-13
2 1.744E-17 $3.11E-17
4 4.078E-17 48% 3 3pm She ) WY 2.66E-12 1.03E-12
s 1.068E-16 2 1.464E-13 $8.86E-13
9 2.843E-17 3 1679E-13 B6%
5 1.013E-12
2 wafer & Im 1 ™My LI7E-10 9.71E-11 [ LESAE-12
; 2.99E.11 +7.44E-11 ? 8.535€-13
8.436E-1 7%
! 3 400 grit TN my 1352602 29612
2 wafer A 20m 1 ™y ).0E9E12 2.7tE-12 2 4.576E-12 $2,28E-12
; 1.086E-12 £4.05E-12 7%
5.017E-13 150% .
4 9.26E.13 3 600 grit [ | W 7.26E-13 9.54E-13
5 9.943E.12 2 9.841E-13 22.{4E-13
3 1.152€-12 3%
2 waler 2 2k 1 ™y 1.261E-13 2.86E-13
" 2 3.983E-14 $3.87E-13 4 ve 183d 1 Py, W <E-16, SIE-15
3 9.64E-13 135% - _ -
4 5.796E-14 (a) Determ'ned from SIMS concentration vs. depih profiles in the upper 15 pm
s 2.443E.13 (b) Conditions for experiments 1,2,3.4 are discussed in the text
(c) This value is cakculated for regions that appear to he matrix under low
2 wafer 3 Shrs 1 My 1.285E-1) 5.15E-14 power magnification. Phenocrysts, fractures, and obvious subsurface pcaks have
2 7.844E-14 15.12E-14 been excluded for calculation
3 2.852E-14 100%
4 1.499E 14
H 6.864E-15
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Figure 5. Elevated U concentrations associated
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Figure 6. Schematic of effect of fracture-ma-
trix model vs, continuum model on transport and
observed concentration vs. depth profiles.

B. Chemical heterogeneity

Topopah Spring tuff has heterogeneous
mineralogy on all of the scales over which ac-
tinide diffusion rates were measured, cm to .01
wm 5.3, Major-element mineralogy varies even
within a 60 um diameter analysis spot (Figures
3 and 7) and affects the concentratian of
tracer that sorbs to the solid pha5e3.
Distribution coefficients for actinides on dif-
ferent pure minerals? ¢an vary by as much as
three orders of magnitude. Consequently, any
tracer concentration measured for an analysis
Jpot may actually be attributed to transport or
retardation in just a small region of that area
and Dapp values may not represent the true max-
imum or average value of the rock.

The chemical composition of the fluid also
determines the rate of diffusive transport in
the system in that sarption, precipitation and
filtration are affected by the actlnide specia-
tion and size., Addition of sodium bicarbonate
to U -groundwater solutions increased tae ap-
parent bulk diffusion coefficient by ovne ta
two orders of magnitude (Figure 8} and in-
creased the abundance of colloidal-sjized parti-
cles. Changes in speciation of the actinides in
solution, e.g., formation of U-carbonate com-
plexes, likely resulted in decreases in the
amount of U retarded by sorption that are re-
flected in the faster transport rate for exper-
iment 3 than experiment 2. Colloidal particlea
that approach the size of the average pores oc-
cur naturally in J-13 waterl? and are present
in actinide-glass leach solutionsll. The siower
rate of "fracture" transport, Dapp ~10711 cmi/s,
identified in the tuff interior far experiment
4 than for experiment 3 may also be attributed
to association of the tracers with colloid
particlea spalled off or formed from the
actinide-glaas?, Despite having zero charge

2 hour (water 2) POt 3wl 3.5 um

Figure 7. Elevated U concentrations associated
with concentrations of other elements

and low tencency to sord to the tuff minerals,
transport for these particles may be retarded
by filtration effects. Neither taemperature
(25°C ~90°C) nor dissclved tracer concentratio..
appeared to have a discernable Lnflu’ncl on the
measured transport of agueous actinide species
in tuff.

IV. SUMMARY

The pore structure and mineralogy of
Topopah Spring Tuff are heterogeneous on
scales less than one cm. This heterogeneity
creates spatial variation in transport rates
for aquecous actinide species both on the scale
of tenths of microns and the scale of mm. ?he
volumetric distribution of £fluid paths having
very different tortuosity, and pogantially
differing surface mineralogy aund sorptive prop-
erties, must be considered in order to provide
realistic predictions of transport raCes_for
hazardous materials in this type of qeologxgal
material. In addition, actual size and specia-
tion of actinides in solution must be identi-
fied since coexisting actinide species can dif-
fuse at different rates through the porous ma-
terial due to both size~filtration effects and
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differences in tendencies to sorb onto mineral
surfaces exposed within the porous structure of
the rock, It is clear that further measurxe-
ments of radionuclide transport ratea in cou~
pled chemical -~hydrological experiments are
necessary to bound, validate and guide mecha~
nistic models of transport processes for
actinides in heterogeneous systems.
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