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ABSTRACT

Several physical and chemical processes can affect transport
of radionuclides in Yucca Mountain. Geometric spreading and
lateral flow will reduce the concentration of contaminated water
reaching the accessible environment. Travel times to the water
table are calculated to be at least several tens of thousands of
years. Colloid transport can also enhance transport, but will be
important only if fracture flow is. Finally, the heat load from
repository waste can alter the distribution of naturally occurring
dissolved minerals. In particular, dissolution and precipitation
of SiO should lead to a region of reduced permeability around
waste canisters.

I. INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) program of the

US Department of Energy is studying the suitability of an area in southern

Nevada as a potential repository for high-level radioactive waste. The in-

vestigations include site and regional studies of the Nevada Test Site (NTS)

area to determine whether the site is technically acceptable. Los Alamos

researchable are contributing to these investigations through studies of the

geochemistry, mineralogy, and petrology of Yucca Mountain and its environs

and through engineering design for the exploratory test shaft. Our goal is

to ascertain whether the site will retard the transport of radionuclides to

the accessible environment over the lifetime of the waste package.

Figure 1 presents a cross section of Yucca Mountain. The potential

site lies in the Topopah Spring Member, some 300 m below the surface, and

about 200 m above the water table. The stratigraphy is detailed in a recent

report.1 At the respository location Yucca Mountain has five stratigraphic

units: (1) Surficial units are alluvium and densely to moderately welded,

fractured Tiva Canyon tuff. (2) Below this lies the upper clastic unit,

which has bedded and nonwelded tuffs of the Yucca Mountain and Pah Canyon
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Paintbrush tuffs. This unit is highly porous and relatively (matrix)

permeable. (3) The next unit down is densely welded with a thin upper and

lower vitrophyre and a thick central zone of densely welded ashflow. The

matrix permeability of this central zone of the Topopah Spring member is

very low, but the rock is highly fractured. (4) Below this lies the lower

clastic unit, which contains nonwelded ashflow, ashfall, and reworked tuffs

(the lowest part of the Topopah Spring tuff and the Calico Hills tuff).

This unit is highly porous and relatively permeable. (5) The bottom unit

consists of several nonwelded to moderately welded tuffs with some thinner

layers of densely welded ashflow and bedded ashfall tuffs. These rocks ap-

pear to be moderately fractured. Much of this unit is below the water

table.

In a previous report,2 we estimated the effects of lithology and frac-

tures on water flow and radionuclide transport in Yucca Mountain. We

presented a sensitivity analysis of transport along a one-dimensional verti-

cal pathway to the water table. The effect of waste heat on near field

water saturation was also estimated.

In this report, we address several questions not treated in that last

report.

1) How will geometric spreading and lateral flow affect transport?

2) Will waste-heat-induced hydrologic transients significantly alter

distribution of salts in pore water near waste canisters?

3) Under what conditions will colloidal transport be important?

A. Geometric Effects

In a previous study, 2 we estimated water flow and radionuclide

transport through fractured Yucca mountain tuffs. Travel times to the water

table without fracture flow are very large because of the low-recharge rate

and because of sorption retardation. With fracture flow, travel times are

less, but are still on the order of 10,000 years for nonsorbing ions such as

Technetium-99 because of diffusion from fractures into the porous tuff

matrix. In those studies, we assumed a source of infinite horizontal

extent. A more realistic calculation of travel time would account for the

finite extent of the source--namely, the placing and spacing of individual

canisters. In addition, concentrations of nuclides at the canisters was not

known, so that only relative concentrations could be calculated.
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Two calculations, using the TRACR3D code,3 are described here that com-

pute radionuclide transport from discrete sources for two flow scenarios.

Processes included in these calculations are steady advection, molecular

diffusion, hydrodynamic dispersion, radioactive decay and equilibrium

adsorption. In the first situation, flow is assumed-vertical from the

respository to the water table and then horizontal in the saturated zone.

The canisters are assumed to be in long regularly spaced rows as shown in

Fig. 2. Because of symmetry, we need only calculate transport between a

vertical line through a canister and a vertical line midway between that

canister and the next row. An average vertical recharge of 4.5 mm/yr 4 is

assumed. The radionuclides included in the calculation are listed in

Table A-1 with some of their transport properties. In the highly fractured

Topopah Spring tuff, transport is assumed to be primarily in fractures. For

100 mm fractures with a 5 cm spacing fracture flow rate is approximately

2.3 m/yr.

In the Topopah Springlay
e

r, we u se 
equivalent frac

ture wa ter flow
rates Vc, for conservatism. Because of diffusion into the matrix, the ef-

fective flow rate for radionuclides must be modified. Sudicky and Frind

have worked out an expression for this. The effective fracture transport

velocity V in a medium with regular fracture spacing is
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TABLE A-1

PROPERTIES OF TRANSPORTED RADIONUCLIDES

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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TABLE A-2

RETARDATION FACTORS FOR RADIONUCLIDES

Stratigraphic Unit

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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TABLE A-3

SOURCE CONDITIONS: CALCULATED CONCENTRATIONS IN
WATER PASSING THROUGH canister (mole/)

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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repository and a fault is arbitrary. The ratio of vertical to lateral flow

rates and the rate of flow down faults is difficult to determine at this

time. We are forced to use what we hope are reasonable estimates, and ex-

pect the transport behavior that results to be qualitatively correct. Table

A-4 lists vertical and horizontal flow rates used for each unit. In the

fault region, we used retardation values calculated in Table A-2 for frac-

tured Prow Pass tuff. Results of the second calculation are included in

Figs. 24 to 37 . Arrival times at the water table are essentially the same

as in the previous calculation. Concentrations show some increase

downstream in the lateral flow region between the Topopah Spring and

Calico Hills units. The lateral flow causes an overall shift of the con-

centration patterns but not to a large extent. In addition, in this

calculation, lateral flow is not strong enough to transport radionuclides

100 m downstream to the fault. Retardation and diffusion and vertical flow

move species down into the Calico Hills before they can travel laterally to

the fault through the bedded tuff layer. Eventually, however, species will

get into the fault due to lateral movement in the Calico Hills unit. For

the parameters of this calculation, the fault actually has little impact on

transport to the water table. Absolute concentrations at the water table

are quite small, due to lateral spreading and to retardation. Travel time

to the water table for the fastest moving specie, 99Tc, is still about

1.5x104 years.

It is important to remember that we are assuming a recharge rate of

4.5 mm/yr, which may be high. The results shown should scale roughly

linearly with the recharge rate. Only two nuclides ( 99Tc and 238U) are

considered. None of the others will even reach Calico Hills layer within

105 years; it would be meaningless to calculate those.
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TABLE A-4

FLOW RATES USED IN SIMULATION (mm/yr)

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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water from well J-13 has the composition listed in Table B-1. One of

the main constituents is Sio 2 Si0 can exist in several forms--quartz and
cristobalite are two examples. In a sample of Topopah Spring tuff used in a

heat alteration study, 9 the mineral content was found to be 80-90% glass,

5-10% alkali feldspar, and 5-10% S10 2 (cristobalite). The solubility of

SLO is strongly temperature dependent8 (about 10 3 at 23 C and about

10 M at 150 C). In the heat alteration study described in Ref. 7, a great

amount of SiO2 had dissolved at elevated temperature (152 C) and then

precipitated upon cool down. In addition, a great amount of clay was

deposited. Placement of waste canisters will lead to the development of a

temperature gradient in the surrounding Topopah Spring rock. This will

induce a solubility gradient. If water also flows, Si0 will be

redistributed. Depending on the magnitude and duration of the heat induced

flow, Si02 may accumulate in some region. Deposition will result in reduced

pore size which will lower permeability. At late times, a region of reduced

permeability around a canister will tend to isolate the canister from in-

filtrating water, a beneficial effect.

Whether this will happen in Yucca Mountain, however, is not clear. We

have made a numerical study of this scenario using the WAFE code.9

Figure 38 shows the problem geometry.

First, a simplified analysis is made using a numerical solution for 1-D

radial flow from a heat source (canister). Material properties for the cal-

culation are given in Tables B-2 and B-3. We assume a uniform initial

saturation of 87% and temperature of 23 C and air pressure of 1.0 bar. We

also assume a uniform concentration of SLO in the pore water of 10 3 M.

The heat source has a radius of 63.6 cm and is centered at radius - 0. A

no-flow boundary is imposed at radius - 16 m, the assumed midpoint between

waste canisters. In addition to SiO2, a relatively simple ion, C1 , has

been included. It will not adsorb and is not to any significant extent,

present in the tuff minerals. Its source is from the surface.

We are making a number of assumptions here and no interactions between

the various water components is perhaps the most important. Solubility is

assumed to vary according to
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Figures 39-44 show the calculated transient pressure, temperature, and
saturation, and concentration distributions. The total SiO2 (SiO2 in solu-
tion plus precipitated) is also shown.

Pressure and temperature go through an initial buildup. A narrow
elevated saturation region develops. After several decades, the pressure
and temperature fields decay and the saturation returns to ambient. SiO
dissolves in a region near the canister and moves outward where it condenses

when it teaches a cooler environment. There is some return of SiO to the
initially hot region, but a net outward flux of SiO2 has occurred.

Chlorine concentration increases initially in the hottest region be-

cause of decreasing water saturation due to boiling. Concentration in the

elevated saturation region decreases, however, due to the addition of

distilled water as the steam condenses. At late time as the saturation
returns to ambient, so too does the chlorine concentration profile.

Significant changes in the amount of Si02 dissolved or precipitated can

lead to large permeability changes. If we assume that permeability is re-

lated to the pore diameters and that SiO2 precipitate will pore walls

uniformly, we can write an expression for permeability change as a function

of porosity change. One possible relation is

where K0 is ambient saturated permeability, K2 is permeability after
precipitation or dissolution, rO is initial pore radius and r2 is pore

radius after precipitation or dissolution. The value of r 2 is determined

from Q(Si02) where a volume of rock, is t he am-
bient porosity, and Q(SiO2) ls the volume of SiO2 dissolved or precipitated

in that volume. of rock.

Figure 45 shows the permeability change we would expect based on our

WAFE calculation by the end of the heat decay period. The Sio2 precipitate

distribution leads to an elevated permeability region in close to the

canister with a reduced permeability region immediately outside the elevated
permeability region. These regions are fairly thin, only a few cm, The

presence of these regions can have a significant effect on late time

near-field hydrology. A reduced permeability shall around the canisters
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will tend to deflect downward flowing water around instead of through the
canister region. In addition, the high permeability ring inside will tend
to channel water that penetrates the low permeability shell around the
canister rather than through it. The exact quantitative magnitude of this

affect depends of course on the details of the hydrologic behavior of
Topopah Springs, in particular on the presence or absence of fractures.

Our numerical simulation cannot treat the full complexity of the water
composition and reactions. Instead, we greatly simplify by considering only
Sio2 dissolution, transport, and precipitation and neglect chemical

reactions. Other details of the benchmarking exercise referred to can be

found in Ref. 10.
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TABLE B.1

COMPOSITION OF J-13 WATER 7

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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TABLE B.2

MATERIAL PROPERTIES
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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TABLE B.3

HYDROLOGIC PROPERTIES
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C. Colloids
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39. Calculated pressure distribution at selected times.
40. Calculated temperature distribution at selected times.
41. Calculated saturation distribution at selected times.
42. Calculated chlorine distribution at selected times.
43. Calculated Si 2 distribution at selected times.
44. Calculated total SiO2 (dissolved and precipitated) at selected times.
45. Calculated permeability assuming relationship between pore volume and

permeability.

46. Distribution of pore sizes by % volume for a sample of Topopah Spring
tuff.

47. Distribution of pore sizes by % volume for a sample of Calico Hills
tuff.
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Calculated pressure distribution at selected times.
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Caclulated choloride distribution at selected times.
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Calculated Si02 distribution at selected times.
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Calculated pressure distribution at selected times.
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Calculated temperature distribution at selected
times.
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Caclulated chloride distribution at selected times.
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Calculated SiO2 distribution at selected times.
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Calculated permeability assuming relationships
between pore volume and permeability.
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