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ABSTRACT

An approach is developed for including aspects of mechanistic models of radionuclide <orption into
performance assessment (PA) calculations. Water chemistry data from the vicinity of Yucca Mountain (YM), Nevada
are screened and used to calculate the ranges in key parameters that could exen control on radionuclide sorption
behavior. Using a diffuse-layer surface complexation model, sorption parameters for Np(V) and U(VI) are calculated
based on the chemistry of each water sample. Model results suggest that lognormal probability distribution functions
(PDFs) of sorption parameters are appropriate for most of the samples; the total calculated range is almost five orders
of magnitude for Np(V) sorption and nine orders of magnitude for U(VI) sorption, but most samples fall in a narrower
range. Finally, statistical correlation between the calculate. Ip(V) and U(VI) sorption parame‘ers can be included as
input into PA sampling routines, so that the value selected for one radionuclide sorption parameter is conditioned by
its statistical relationship to the others. The approaches outlined here can be adapted readily to current PA effonts, using
site-specific information to provide geochemical constraints on PDFs for radionuclide transport parameters.

INTRODUCTION

Current performance assessments (PA) for the proposed high-level radioactive waste (HLW) repository at
Yucca Mountain, Nevada (YM) rely on empinical parameters such as distribution coefficients (Kp,) to describe
radionuclide sorption. Each radioelement 1s assigned a K, probability distnbution function (PDF) that is typically based
on either batch experiments for a limited number of water chemistries or expert judgement. During PA calculations,
each PDF is sampled for multiple realizations to estimate dos to a critical group [1,2]. It is assumed that sampled K,
values are constant for each hydrostratigraphic unit and do not vary with time in each realization. It 1s further assumed
in the sampling procedures used in some PA models [2, dhat the sorption parameters for the radionuclides of concem
are statistically independent of one another. Experimental and modeling studies indicate, however, that sorption
behavior (and the parameter values that describe it) is strongly dependent on physical and chemical properties along
transport paths [3-5). It is therefore difficult to extrapolate K;, values beyond experimental conditions with any
quantifiable certainty in PA calculations [6]. This also means that there is an underyling link that is dependent on
variations in the chemistry of the system at YM that may be used to correlate the sorption behavior of different
radioelements. The purpose of this study is to outline an approach that incorporates aspects of detailed geochemical
models in estimating Ky, for radionuclide transport at YM, and to describe how it may be implemented to represent
the chemical effects on sorption behavior more accurately in the PA abstraction process.

SORPTION MODELING APPROACHES

The distribution (or sorption) coefficient (Kp) 1s a convenient empincal ratio for representation of sorption
data and is commonly used to represent retardation in transport models in PA. The K, (ml/g) is dfined as:

equilibrium mass of radionuclide sorbed on solid " (_\i) (1
equilibrium mass of radionuclide in solution M

K, (mL/g)=

where V i« the volume of solution in mL., and M is the mass of solid in g. The use of K}, has the effect of normalizing
sorption results to the solid-mass to solution-+olume (M/V) ratio used in batch expeniments.

Experimental and modeling results show that actinide sorption is important under conditions that favor
aqueous actinyl-hydroxy complexes [7.8]. Geochemical conditions that inhibit actimide hydrolysis, such as low pH and
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wide vanety of minerals of distinct surface properties suggests that actinide SOrption is not sencitive o the surface
charge charactenistics of the sorbent as compared to the effect of changing the total number of available sites [7.8]).
: - Mineral specific surface area (A) measured by gas adsorption (e.g., N»-BET) methods can be used as a

relative measure of the number of sorption sites. Expuimemaldaasuggesmmd\enmgnimdcsofwdnidempdm
(at a specific pH, initial radionuclide concentration, and PCO),) are the same for different minerals if normalized to an
"effective” surface area (A ', in m*/g) available for sorpuon. Normalized to surface area, sorption can be expressed in
terms of the parameter K, (mL/m’) such that K = Ki/A ' [7,8). For nonporous minerals such as quartz and a-alumina,
A "can be assumed equal 1o the N,-BET measured surface area. In clays, where internal sites are not likely accessible
for actinide sorption, assuming A “of the variably charged edge sites is equal to about 10 percent of the total area
measured by N,-BET, similar to estimates based on titration of montmorillonite [9), matches the sorption curves for
nonporous minerals [7,8].

The effects of chemistry on actinide sorption behavior suggest that sorption parameters in PA can be
constramned by geochemical models capable of accounting for the influence of varying physicochemical conditions.
A class of models that has boen used with success in modeling pH-dependent sorption is the electrostatic surface
complexation madel (SCM) [5,6]. SCMs are based on the assumption of analogous behavior between agueous
complex formation in the bulk solution and formation of surface complexes with amphoteric binding sites at the
mineral-water interface. Surface reactions are written for sorbing species, and mass action and mass balance relations
for the surface reactions and bulk aqueous system are used to determine sorption at the mineral surface. Of the different
SCMs, the Diffuse-Layer Model (DLM) is perhaps the simplest, using a two-layer representation of the mineral-water
interface. The details of the DLM and the simplified approach used in this study to model actinide sorption are
described elsewhere [5,6,10,11]; unly a bnef overview is presented here.

In using the DLM, a generalized pH-dependent sorption reaction between aqueous actinides, such as Np(V),
and a vanably charged surface sorption site is wnitten in the form:

>XOH® + pNpO,’ + nH,0 & [>XOH, -(NpO,), (OH),I"*"" + (1+n-gH* (2]

where q is the protonation state of the sorption site (q=0, 1, or 2 for deprotonated, neutral, and protonated sites,
respectively), and p and n are the reaction coefficients for NpO," and H,0. respectively. NpO,* represents the aqueous
neptunyl species, and [>XOHANpO,)(OH), ™" represents the Np(V) surface complex. Similar reactions can be
written for other actinides. In the electrostatic DLM approach, coulombic terms are incorporated into the mass action
expressions for surface reactions of the type given in Equation [2).

The dependence of actinide sorption on pH and PCO, is a consequence of mass action and equilibrium
chemistry in the actinide-H,0-CO-mineral system. In a qualitative sense, an increase in the activity of NpO,* (or
similarly other actinides) drives the equilibrium reaction in Equation [2] forward (increasing sorption). The presence
of a complexing ligand, such as dissolved carbonate, tends to cause the formation of aqueous actinide complexes in
competition with the sorbing surface. Competition by a carbonate higand for the available actinide increases with
increasing pH, reducing the aqueous activity of NpO," and driving the reaction in the opposite direction (decreasing
sorption). Because the DLM provides information on the distribution of a given radioelement between the sorbed and
aqueous phases, model results can be used to calculate Kj, values as a function of vanations iri  hemistry.

REGIONAL GROUNDWATER CHEMISTRY

To construct a mass action/mass balance simulation of radioelement distribution at YM using the DLM, some
estumate of site-specific water chemistry 1s necessary. One source of these data is the compilation of [12] that includes
major and minor element analyses for over 3700 samples compiled over several decades for the region surrounding
YM. For this study, it has been assumed that the ranges of values of the chemical parameters reported in | 12] represent
the vanation that can be expected along potential flow paths in the YM hydrologic system dunng the postclosure
penod. Potential changes to the chemistry of the YM region due to the emplacement of HLW are neglected. Based
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on geachemicai critena presented in [13), a

Table L Screening and culling cnitenia as modified from [13)

develop a refined dataset suitable for . b Bt
. geochemical  sorption  modeling.  An (fmm?;;l)
additional  screening  criterion  included p—
limiting the study to post-1960 analyses, [ No reported pH. pH <5 or pH >10 1708 2025
which were assumed to be more traceable || No reponed Ca 121 1904
and reliable. The study was also limited to Ne: reported M
those waters within an area with UTM ,‘ g 2 L
coordinates listed in Table 1. This area is [1No reported CI 9 17¢8
much larger than the flow model used in || No reported SO, 21 1747
likely flow paths to the location of potential
receptor groups downgradient from YM (2], No reparted HOO, or CO, 405 1298
current natural discharge points at Ash [ Not charge balanced (1 10 %) 23 1275
Meadows and Franklin Lake Playa, and || No collection date reported 82 1193
paleodischarge points near Crater Flat. The Collected S .
resulting dataset contains 460 water analyses - oL - e
collected from 238 separate locations. Mg >Ca 72 956
UTM coordinates: 496 460
Regional _ Groundwater - Measured | 4.000,000N to 4,100,000N
Geochemical Parameters 500,000E to 600,000E |

The database of water chemustries developed in this study can be used to identify ranges and distribution types
for parameters such as pH and total inorganic carbon (Cy) that are likely to exen control on radioelement sorption
behavior [3-8,14] in the ambient hydrochemical system at YM. It is important to remember that water samples are
typically integrated over a large interval in the well, and local horizons of higher or lower component concentration

may not be distinguishable.

For the culled database (n = 460 samples), the minimum and maximum groundwater pH are 6.3 t0 9.6 (Table
II). The mean and median are nearly identical, and the data yield a straight line when plotted on normal paper,
suggesting a normal distribution. It is noted in [12] that there was no attempt to distinguish between laboratory and field

pH measurements; uncertainties due to degassing of
CO, prior o analysis may exist and not be discemible in
the dataset. Groundwater C;; in the YM system covers a
broad range from 6.8 to greater than 10,000 mg/L, and
calculated equilibrium ionic strength ranges trom to
4.3 x 10 * to about 1.3 molal. The nu.nber of analyses
with high C; (> 1,000 mg/L) and/or high ionic strength
(> 0.5 molal) is small (fewer than 10 out of 460
samples), but gives a positive skewness to the
distributions (Table II). These sampies are brines from
playa deposits south of YM, and therefore are fikely not
to represent deep regional groundwaters. Without
treatment, the brines are also unusable as a potable
drinking water source.

RADIONUCLIDE SORPTION MODELING FOR
THE YUCCA MOUNTAIN SYSTEM

Table 1L Descriptive statistics of groundwater

chemical parameters [12].
pH Gy fon. Str.
(std units) | (mg/l) (molal)
Mean 783 29576 | 193xi0°
Median 78 2450 | 856x10°
Std.Dev. 045| 52599| 986x10°
Kurtosis 1.75| 27067 139.44
Skewness 043 15.03 11.65
Minimum 63 680| 434x10°
Maximum 96| 101400 131x10°
Count 460 460 460

The type and limits to PDFs used 1o descnibe sorption parameter uncertainty in PA are usually based on
informal expert elicitations [1] and batch experiments with crushed rock and a limited suite of groundwater chemistnes
[2]. Computational requirements limit the explicit incorporation of geochemical sorption maodels into current PA codes,
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and it is likely that the use of Table L DLM parameters used in modeling Np(V) a:d U(VI) sorption on
PDFs will continue in the  montmonillonite.

o 8:‘“"“0"& o -‘:nt Model Parameter/Surface Reaction Mineral/Surface Parameters
codes. & may p:;:bd Total site concentration, >AIOH" =1.7 x 10° mol siteslL.
honever, & apply del >SIOH" =2.0 x 10° mol sites.
wmﬁw" ‘Om Total radionuclide concentration 110 molal
PDF constraints in PA | roeeSie Reactions: . LS
transport models that reflect . NV uwe
the site-specific effects of >AIOH" + H' « >AIOH.* 8.33, 8.33,
kcy N‘mﬂ W >AIOH" » >AI0 + H* -9.73,. -9.73.,
on radionuchde sorption. To | >SIOH" = >80 + W' -7.20, -7.20,
demonstrate this approach, | >AIOH" + NpO,* + H,0 = >AIO-NpOLOH) + 2H' -13.79,
sorption  of  Np(V) and  {>Si0H" + NpO," = >SIOH-NpO.* 405, "
U(Vl, was mu uslng )Am' + lK)}!O . >A’0‘lD}’ + Ho o 270‘,
:“ DLM p and I SO + U0, ~ >SI0-U0;" + H' - 2,60
s-' d'iwﬁ:'em"“YCM“l information IS0 + 3U0; + SHL0 = >AIO-(UOOH).' + 61" - 11495,
n ' SI0H" + 3U0,™ + SHO = 5810-(UO,)(OH)." + 6H° - -15.29,
Model Setup a. Al/Si ratio of 0.83 [8].
b. Ref [11]
; c. Ref. [17)
——Y) Ref. [16]

and U(VI) sorption was
performed using the DLM option in the geochemical code MINTEQAZ2 [15]. Data from each chemical analyses in
the culled database were written to a MINTEQA?2 input file. The pH and temperature were fixed at the measured
values, Eh was unspecified due to a lack of measured data, and measured Fe was assumed to be entirely Fe™. Surface
sorpion reactions for the actinide-H,O-CO-montmorillonite system (Table III), based on experimental work [16,17),
were added to the MINTEQAZ2 input file. Montmonllonite was selected since it 1s a common alteration mineral in the
volcanic wffs at YM [18] and 1s potentially a strong sorber of actinides. In the absence of data on solid-mass to
solution-volume ratios in the YM system, it was assumed that M/V = 1 g/L.. For simplicity, ion exchange reactions,
which may be less significant for neptunium and uranium at the observed groundwater pH [16,17)], were not included
in the model and only surface complexation was considered. It 1s important to note that, although full agueous
speciation is incorporated in the model, the only surface reactions considered are protonation/deprotonation and
actinide sorption reactions. Calculated changes in sotption behavior are therefore limited to those resulting from
changes n aqueous speciation of the radionuclide due to complexing with ligands in the groundwater [16,17]; direct
competition for available surface sites is neglected.

Total dissolved and sorbed concentrations for Np(V) and U(VI) were extracted from the MINTEQA2 output
file for each of the 460 groundwater analyses. K, was calculated assuming A ‘= 9.7 m*/g for montmorillonite (10
percent of the N-BET surface area) [16,17]. Additional information in the MINTEQA2 output file that may be useful
in future PA calculations includes aqueous species concentrations, equiibrium ionic strength, gas partial pressures
(e.g.. PCO,), and saturation indices for minerals that are in the MINTEQA?2 database.

RESULTS
Np(V)Montmonillonite

Calculated Np(V) sorption on montmorillonite (Table IV), expressed in terms of K, | is shown in Figure 1a
The calculated values of K (and Kj,) range over five orders of magnitude, although most of the samples fall within
a range of 2-3 orders of magnitude. The maximum K, 1s almost 76 mL/m’ (comesponding to a maximum K, of about
730 ml/g). The distribution is roughly lognormal for most of the samples, with a mean of about 10°™ = 5.5 mL/m’
(mean K of 1017 = 53 mL/g). About 95 percent of the values lie within 2 standard deviations (o) of the mean, but
there is a negative skewness © ¢ le TV) due to a small number of low values calculated for the carbonate-rich waters
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discussed previously. The similanty of the mean
and median values suggests the mean is not
overly affected by the extremes of the

- distnbution. Plotting K, against measured pH and

Cy shows the effect of system chemistry on
sorpion. The calculated pH-dependence 1s very
similar to controlled laboratory expeniments [17)
that show a sharp increase in maximum sorption
over a narrow pH range of about 7.5 10 9 (Figure
Ib). Calculated sorption also decreases with
increasing Cy, reflecting the effects of aqueous
neptunyl-carbonate complexation.

UV M llord .

Calculated UVIh-montmonlionite
sorption (Table IV), expressed as Ky, is shown in
Figure 2a The distribution is approximately

Table IV. Descriptive statistics of calculated Np(V)- and
U(VI-montmorilionite sorption for groundwaier chemisties

in [12]. Denved uw in Table I11.

Np(V) UvI)

Log Ky | LogKp | LogKy | LogKp

(mi/m’) | (ml/g) | (mlm’) | (mlsg)
Mean 0.74 1.73 .03 0.96
Median 0.77 1.76 0.002 0.99
Std. Dev. 042 042 0.98 0.98
Kurtosis 26.58 26.58 1293 1293
Skewness -3.56 -3.56 -2.32 -2.32
Minimum -3.26 -2.28 6.84 -5.85
Maximum 1.88 2.86 2.57 3.56
Count 460 460 460 460

lognormal, with a total range of nine orders of magnitude that is much broader than the K, (and K,,) distribution for
Np(Vy-monimonillonite. Like Np(V )-montmorilionite, however, most of the calculated U(VI) sorption parameters are
concentrated in a narrower range that spans about 4-5 orders of magnitude. The maximum K, is about 10°" mL/m’
(K = 10" ml/g) (Table IV). There is a negative skewness, due to low values calculated for the carboaate-rich
groundwaters. As with Np(V )}-montmorillonite sorption, about 95 percent of the values lie within 20 of the mean (K,
=10°" mL/m", K, = 10°™ ml/g) and the similasity to the median suggests that the mean is not overly influenced by
extreme values. In contrast o the positive correlation shown in Figure 1b, U(VI)-montmorillonite shows a decrease
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Figure 1. Distribution of DLM-calculated
(@) K (in mL/m’); (b) K, (in mL/g), for tie
Np(V)-montmorillonite system as a function
of groundwater pH and C.

in sorption with increasing pH for the YM groundwaters (Figure
2b), reflecting the higher pH for Np(V) hydrolysis reactions relative
to U(VI) hydrolysis [7.8]. The calculated pH-dependence is very
stmilar to controlled laboratory ex~enmental results [16] that show
a sharp decrease in sorption over a narmow pH range in the presence
of aqueous carbonate. Like Np(V), there is a negative correlation
between U(VI) sorption and Cy. The reduction in U(VI) sorption
with increasing Cy is even more pronounced than that determined
for Np(V) somption, reflecting the effects of stronger carbonate
complexation of U(VI) relative to Nr«V) [7.8].

Descriptive statisucs such as those in Table IV represent
the type of information from detailed models that can be used to
constrain sorption parameter PDFs for current PA models. Np(V)
and U(V]) sorption on various aluminosilicate minerals exhibit a
similar pH-dependent behavior that 1s independent of mineral type
[7.8]. The amount of radionuclide sorbed is instead a function of
mineral surface area. This suggests that the K, distributions
developed in Figures 1 and 2 for montmonllonite are valid for
other aluminosilicate and silicate minerals. The magnitude of K,
for input into PA transport calculabons can therefore be determined
for a given mineral by multiplying the distibution in Figures 1a
and 2a by A" for that mineral. For example, for quartz, A " is small
(e.g. ~ 0.03 m*/g [7)). Assuming that the distribution shown in
Figure 1a is valid for Np(V)-quartz sorption, the mean calculated
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Koo = Ku sum A G = (5.5 mL/m’) = (0.03 m*/g) = 0.2 mL/g. This
value compare: well to the low values (Ky,, < 1 mL/g) reported for
Np(V) batch sorption studies with quartz and J-13 well water [19).

The apphication of calibrated sorption models also offers a
way of developing a multivanate statistical correlation among
sorption  parameter PDFs to reflect the underlying effects of
geochemistry on sorption that are not accounted for in current PA
codes. For example, calculating a distribution for Np(V)- and U(VI)-
montmorilionite sorption can provide a direct means of testing the
bivanate correlation between Np(V) and U(VI) sorption that results
from the effects of chemical vanability. The relationship is not 1:1
due to differences in the aqueous speciation of Np(V) and U(VI)
(dashed line in Figure 3). The correlation coefficient for Log K,
calculated for Np(V) and U(VI) is about 0.6, indicating a positive
correlation in sorpuion behavior for these two actimides (Figure 3) due
to geochemical effects alone. The correlation is weak, however (1 =
0.37), and is likely influenced by a few outhier points. Nevertheless,
carrelation coefficients calculated in a similar manner for multiple
painings of radioelements can be included as input into the PA
sampling routine; in this way, the value selected for one radioelement
sorption parameter 1s conditioned by its statistical (and therefore
geochemical) relationship to the other radioelements.

The large range in calculated sorption parameters (Table

IV) is due to spatial vanability in the ambient regional groundwater
chemistry at YM. One means of showing the vanability in
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Figure 2. Distribution of DLM-calculated
(@) Ky (in mL/m’); (b) Ky, (in mlJ/g), for
the U(VI)-montmorillonite system as a
function of groundwater pH and C,.

geochemical and sorption parameters is through the use of contour plots. A geographic information system (GIS)
coverage was created to show the spatial vanation in potential radionuchide sorpaon that may have an effect on PA
calculations (Figure 4). Higher regions of potential sorption are due to small chusters of high pH/low carbonate waters
located 1o the east of YM and to the southwest of Crater Flat. Calculated £y, for Np(V)-montmorillonite sorption is
in the range of 25 to 100 mL/g for most of the region downgradient from YM. There is a local high in potential
sorption with a northwest-southeast trend in calculated K, that parallels trends in pH and PCO, as well as the axis of
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Figure 3. Np(V) and U(VI) distribution
coefficients for montmorillonite (Log Ky,
in mL/g) calculated using the DLM.

Amargosa Valley. Contour plots of a denved parameter such as Ky,
should be used carefully given the large number of groundwater
properties that may potentially affect the model calculations. The
map also shows that even with 238 separate sample locations,
sampling density 1s concentrated in a few areas, and generally quite
sparse over much of the region of interest.

SUMMARY AND CONCLUSIONS

While coupled hydrogeochemical transport codes may be used o
examine particular aspects of reactive transport in detail, the
addiuonal computational burden that results from couphng equations
for geochemistry and fluid flow may be excessive for the purposes
of current PA calculations. The need for simplified abstractions 1s
even more important for stochastic approaches that rely on sampling
techniques and many realizations to generate complementary
cumulative  distribution  functions that measure repository
performance. Screening and culling of regional groundwater
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chemustry data in the YM vicinity [12] provides a set of consistent and complete hydrochemical analyses suitable for
detailed geochemical modeling of radionuclide transpont processes. Using the DIM "off-line”, both Np(V)and U(VI)
ace calculated to be weakly sorbed under most the observed groundwater conditions; the model results suggest that
lognormal distnbutions of actinide sorption parameters are appropniate. The total ranges in calculated sorption
parameters are greater than five [Np(V)] and nine [U(VI)] orders of magnitude due to changes in observed
hydrochemistry alone, but much of the lower pant of the range is due to a relatively small set of carbonate-rich
groundwaters. The statistical relationship between the calculated Np(V) and U(VI) K, PDFs also provides a
demonstration of calculating correlation coefficients among radioclement sorption parameters. While not an explicit
ncorpaiason of geochemustry in transport calculations, this indirect means of including the effects of geochemistry
does provide a step towards a more theoretical basis for sorption modeling in PA

Contour Map of Kd for Neptunium
Yucca Mountain Region
520000 540000 560000 580000 600000
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Figure 4. Contour map of Np(V)-montmorillonite K, (in mL/g) calculated using the DLM with parameters from Table
Il and water chemistry from [12]. Contour interval = 25 ml/g. Heavy outline shows the flow model from YM (white)
used in NRC PA calculations [2]
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