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ABSTRACT

In January-June 1985, petrographic research for the
Nevada Nuclear Waste Storage Investigations focused on
xenolithic v a r i a b i l i t y in the Topopah Spring Member and on
variations of c l i n o p t i l o l i t e composition at Yucca Mountain.
Zeolite and smectite occurrences were considered in terms of
their re la t ion to a disturbed zone beneath the potential
repository, and mineral s t a b i l i t y experiments have produced
a new c l i n o p t i l o l i t e structure as a resul t of prolonged
heating a t low temperature. Limitations were defined on the
abundance of er ioni te (a mineral with health-hazard implica-
tions) and of sulfur (important to future pH v a r i a b i l i t y ) .
X-ray d i f f rac t ion studies lead to improved analytical
methods. Progress was made in the comparative study of
mineralogy in sand ramps and in fau l ts . Geological modeling
considered the differences of the diffusion of nonsorbing
tracers 1n ver t ica l ly and in horizontally fractured rock.
Modeling also treated the diffusion of a nonsorbing tracer
in dev i t r t f i ed and in zeo l i t i zed rock. The results of these
experiinents in a l l cases show re lat ive ly symmetrical two-
dimensional diffusion patterns. Preliminary calculations
compare the dispersion/diffusion of nonsorbing Tc with the
dispersion/diffusion/sorption of U.



SUMMARY

This repor t summarizes progress made by the Earth and Space Sciences

D iv i s i on a t the Los Alamos National Laboratory (LAND on research fo r the

Nevada Nuclear Waste Storage Inves t iga t ions (NNWSI). These i n v e s t i g a t i o n s are

managed by the Waste Management Pro ject O f f i ce of the Nevada Of f i ce of

Operat ions, U.S. Department of Energy. During the period covered in t h i s

repo r t (January through June, 1985), much of the research conducted a t Los

Alamos was a f f ec ted by reviews o f the Dra f t Environmental Assessment, Yucca

Mountain S i t e , Nevada Research and Development Area (U.S. Department of

Energy, 1984) and by the preparat ion of the s i t e cha rac te r i za t i on plan fo r

Yucca Mountain. The w r i t i n g and review of these documents have helped to

provide a c r i t i c a l appraisal of what i s being done and why. As one example,

the top ic of poss ib le spring deposi ts w i th in f a u l t s was ra ised by external

i nves t i ga to rs and has become a p a r t of the research program a t both the Los

Alamos National Laboratory and the U.S. Geological Survey.

The top ics covered i n t h i s repor t inc lude mineralogic ana lys is and

experimentat ion and geochemical modeling. An i n t e r n a l s t r a t i g raphy of the

p o t e n t i a l host rock , the Topopah Spring Member o f the Paintbrush t u f f , was

extended across Yucca Mountain. C l i n o p t i l o l i t e compositions have been found

to be d i f f e r e n t beneath the western and eastern par ts of Yucca Mountain. The

occurrence of the f ib rous z e o l i t e e r i o n i t e has been confirmed i n a f r a c t u r e i n

one d r i l l hole a t Yucca Mountain. New quan t i t a t i ve x - ray d i f f r a c t i o n c a p a b i l i -

t i e s are being developed. The mineralogy of f a u l t - r e l a t e d mineral deposits

has been found to be very s i m i l a r to so i l -zone mineralogy and not necessar i ly

a result of deep-seated spring act iv i ty. A different study, but one that has

important implications for near-surface fracture-f i l l ing mineralogy, is that

of the fractures in horizontal Dr i l l Hole UE-25h#l in the eastern flank of

Fran Ridge (Fig. 1). Mineral stabil i ty investigations have led to the

discovery that a new form of c l inopt i lo l i te analogous to heulandite-B can be

formed from Na-rich cl inopt i lo l i te after prolonged heating at 200°C; this

material cannot be formed by short-term heating at any temperature, and i t has

never been observed before. Modeling of tracer diffusion for exploratory

shaft experiments shows that diffusion-limited behavior can be attained within

one month after tracer interception of a near-borehole horizontal fracture. A

near-borehole vertical fracture causes effects similar to a horizontal one at

early periods of such an experiment. A comparison of simulated diffusion
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experiments on Calico Hills tuff with simulated experiments on Topopah Spring

tuff showed that throughout the simulated experiments, Topopah Spring tuff

exhibited higher tracer concentrations and faster moving tracer fronts. These

topics are discussed in detail below. The appendix summarizes the preliminary

results from a comparison of dispersion/diffusion processes (in retardation of

Tc) with dispersion/diffusion/sorption processes ( in retardation of U).

I . MINERALOGY AND PETROLOGY OF TUFF (WBS 2.3.2) (D. Bish, 0. Broxton, F.
Byers, B. Carlos, S. Chipera, S. Levy, D. Vaniman)

Analysis of the mineralogic and petrologic characteristics of Yucca

Mountain tuff samples is one part of a program to characterize the host rock

of the potential repository as well as the rocks along potential transport

pathways away from the host rock. An important part of the characterization

is adequate analysis by x-ray diffraction (XRO) because many tuffs are very

fine-grained rocks that cannot be adequately analyzed by other methods of

determinative mineralogy. Using XRD and petrographic studies in combination

is most effective.

The fine-grained and complex mineralogy of tuffs requires that XRD

studies be based on powdered samples rather than single crystals. The crystal

structures of important fracture-lining manganese minerals have been deter-

mined by the Rietveld technique using small amounts of powdered sample. Also,

the methods of determining abundances of important minerals within tuff

samples are being improved by computer fitting the entire diffraction pattern
and by calculating the background correction.

Faults exposed in trenches around Yucca Mountain contain calcite, sil ica,

and sepiolite deposits that some observers have suggested are spring deposits.

These deposits are similar in mineralogy to slope-capping and fracture-fi l l ing

materials which are found in sand ramps near Yucca Montain and which we

presently interpret as soil features. Comparisons with other soil and spring

deposits are in progress. Studies of the horizontal dr i l l hole at Fran Ridge

also show that a transition from microcrystalUne to sparry calcite can simply

occur as a function of depth beneath the surface and is not necessarily an

indication of spring activity.

Mineral s tab i l i t y experiments have shown that prolonged heating at

relatively low temperatures can result in mineralogic changes that are

otherwise unexpected. Heating for one year at 200°C has produced an altered
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structural form of c l inopt i lo l i te , somewhat analogous to the B-transition that
occurs in heulandite at about 250°C. This transition in c l inopt i lo l i te has
not been seen before and cannot be produced by short-term heating at any tem-
perature. Because this is a new mineral that may be important for long-term
repository performance, i ts sorptive properties are being investigated.
A. Internal Stratigraphy of the Topopah Spring Member

The petrographic internal stratigraphy of the Topopah Spring Member has
been extended from USW G-4 to other cored holes at Yucca Mountain. The
petrologic zones described in USW G-4 (Byers, 1985) are very similar to those
determined in USW G-l and USW GU-3 (Fig. 1). The petrologic zones of the
Topopah Spring in these three holes from top to bottom consist of

1) nonwelded to partially welded v i t r ic tuff
2) upper vitrophyre
3) quartz la t i te caprock, including vapor phase crystallization
4) upper lithophysal tuff (note: al l zones are rhyoli t ic from here below)
5) middle noniithophysal tuff
6) lower lithophysal tuff
7) lower nonlithophysal tuff (potential host rock)
8) altered vitrophyre
9) basal vitrophyre

10) nonwelded to partially welded, variably zeolit ic basal tuf f .
These zones can be recognized petrographically as well as l i thologically and
have been defined with the collaboration of R. Spengler and R. Scott of the
USGS. Zones 4 through 7 have also been recognized in preliminary studies of
x-ray diffraction data from samples of the Topopah Spring Member. Samples
from holes USW G-l and GU-3 have been requested through the Sample Overview
Committee (SOC). These samples wil l be used to define the contacts of the
middle nonlithophysal zone in these holes.

Results of petrographic studies of the Topopah Spring Member in Dr i l l
Hole UE-25a#l are reported in the LANL October-December 1984 quarterly report
(in press). The middle nonlithophysal zone is more spherulitic and more
d i f f i cu l t to recognize petrographically in UE-25a#l than in USW G-4, G-l, or
GU-3; but this apparent difference may not be real as the conclusion is based
on a small number of samples.

The principal discovery during the present report period has been the
recognition of the xenolith-rich zone of the Topopah Spring Member (Lipman et



a l . , 1966) in D r i l l Hole USW G-2. The xenoliths are mainly fragments of

r h y o l i t e wi th minor fragments of g ran i t i c rocks . The matr ix i s also

rhyo l i t i c , similar to the rest of the underlying Topopah Spring. The

xenol i th-r ich zone occurs between the quartz l a t i t e caprock and the underlying

rhyo l i t i c , upper lithophysal zone; i t thickens toward the north, from zero in

the exploration block to 68 f t (21 m) in USW G-2 to about 130 f t (40 m) north

of Yucca Wash (Fig. 1) in Black Glass Canyon (Lipman et a l . , 1966, p. F13).

Liprnan et a l . remarked that the xenoliths, which constitute about half the

rock volume, are packed so closely that they resemble a su r f i c ia l rubble

(Lipman et a l . , 1966, p. F l l ) . The xenoliths average about 10 cm in diameter,

but some are as large as a meter, as seen in outcrop in Black Glass Canyon

north of Yucca Mountain {Fig. 2) .

The xenol i th-r ich zone is recognized in d r i l l core samples from USW G-2

by a high percentage of quartz phenocrysts (Maldonado and Koether, 1983). The

groundmass in th is zone is mi crol i t ic /spherul i t i c to granophyric, very similar

to the enclosing Topopah Spring matrix. The original textures in both

xenoliths and the host have been destroyed by the crys ta l l i za t ion of the

groundmass. The appearance of the xenoliths, medium l i gh t gray in color,

closely resembles that of the Topopah Spring matrix. Independent examination

by the U.S. Geological Survey has confirmed the occurrence of t h i s

xenol i th-r ich zone in USW G-2 from 909.1-ft (277.1-m) to 977.2-f t (297.9-m)

depth (R. W. Spengler, USGS, 7/19/85).

The presence of a 68-f t (20.7-m) xenol i th-r ich zone in hole USW G-2, just

below the caprock of the Topopah Spring, indicates that i t may also occur

elsewhere at Yucca Mountain between D r i l l Hole Wash and Yucca Wash. The

xenoliths in D r i l l Hole USW G-2 are fewer than in outcrop at Black Glass

Canyon, 4 km to the east, and probably would not constitute an impediment to

mining operations. The xenoliths in samples from USW G-2 are "frozen" into

the Topopah Spring rhyo l i t i c matrix, unlike those exposed in outcrop at Black

Glass Canyon. The xenol i th-r ich zone thins southward and the xenoliths in i t

appear to decrease in number and size (R* W. Spengler, USGS, 7/19/85). The

information gained from candidate hole USW G-5 located between D r i l l Hole Wash

and Yucca Wash should contribute to our knowledge on the southward extent of

the xenol i th-r ich zone.

I t has also been found that the nonlithophysal zones in D r i l l Hole USW

G-2 are much thinner than those in d r i l l holes to the south in the exploration

5



Outcrop of the Topopah Spring xenol1thic zone in Black Glass Canyon,
can be seen to the right of the hammer and above the apple.

A large (0.5 m) rhyolite xenolith



block (Fig. 1). The middle nonlithophysal zone, although much thinner in USW
G-2 than in USW G-4, can be recognized lithologically on the basis of smaller
and much fewer lithophysae (R. W. Spengler, USGS, 7/19/85). This subunit can-
not be recognized petrographically in USW G-2, however, because the groundmass
has entirely crystallized to spherulitic texture. The lower nonlithophysal
zone in USW G-2 can be recognized by the abundance of cryptocrystalline
textures.

Comparison of petrographic quantitative criteria for recognizing the
petrologic subunits of the Topopah Spring wi l l soon be quantified by s ta t i s t i -
cal treatment. Preliminary results suggest that subunits are quite similar
among the three cored holes within the repository exploration block but di f fer
slightly from those in UE-25a#l. Most of the subunits cored in USW G-2,
however, differ significantly from those in holes to the south not only in
thickness but also in greater degree of crystal l ihi ty.

B. Comparison of C l inop t i l o l i t e Compositions in the Western and Eastern
Parts of Yucca Mountain
Zeolites constitute one of the most abundant mineral types at Yucca

Mountain. I t is important to understand the range of chemical variation
within the zeolites as potential sorptive minerals. Variations in zeolite
compositions w i l l also affect their dehydration properties and thermal
stabi l i ty (Bish, 1984). Mappable variations in .zeolite composition across
Yucca Mountain also provide information about the transport and alteration
processes that lead to compositional variations.

Clinopti lol i te is the most abundant and the only ubiquitous zeolite in
the interval from the base of the Topopah Spring Member to the base of the
Crater Flat Tuff at Yucca Mountain. In the zeolitized interval at the top of
the Topopah basal vitrophyre (see Section A), the c l i nop t i l o l i t es (and
heulandites; Carlos, 1985) are invariably calcic (Fig. 3). As with other
calcium-rich cl inopti lol i tes at Yucca Mountain, appreciable magnesium (a few
tenths of a percent to one percent MgO by weight) occurs along with the
calcium (Table I ) . Below the Topopah basal vitrophyre, however, there are
significant mappable differences between the cl inopti lol i tes that occur in the
western and eastern parts of Yucca Mountain.

Figure 4 summarizes the potassium, sodium, and calcium-plus-magnesium
variabi l i ty in cl inopti lol i tes from tuffs below the Topopah Spring basal v i t ro-
phyre in the vicinity of the exploration block at Yucca Mountain. Arrows
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• TOPOPAH SPRING
MEMBER

O PAH CANYON MEMBER

Ca + Mg

Fig. 3.
Compositions of c l i nop t i l o l i t es and heulandites at the top of the Topopah
Spring Member basal vitrophyre and in the zeol i t ized Pah Canyon Member. Data
for the Topopah Spring Member are from Dr i l l Holes USW G- l , G-2, GU-3, G-4,
H-4, and UE~25a#l; data for the Pah Canyon Member are from D r i l l Hole USW G-2.

within the ternary diagrams show the trends of compositional var iat ion with

increasing depth in each of the d r i l l holes i l l u s t r a t e d . Present data

indicate that in the western part of the exploration block, c l i nop t i l o l i t es

form a potassium-sodium compositional suite in which sodium contents increase

with depth (Dr i l l Holes USW G- l , USW H-5, and USW G-3). At the eastern margin

of the exploration block and beyond to the east, the calcium- and magnesium-

enriched c l i nop t i l o l i t es occur with a tendency toward increasing calcium

contents with increasing depth (UE-25a#l and b# l , UE-25p#l, J-13, and USW

H-4). The samples from Dr i l l Hole USW G-4 appear to be t rans i t i ona l , having

some properties of both the western alkal ic c l i nop t i l o l i t es and the eastern



TABLE I. Representative Clinoptiioiite Compositions, Yucca Mountain, Nevada

Rock Unit

Sanple No.*

S102

T102

Fe2°3 "
MgO
CaO
BaO

Ha?0

K20

TOTAL

S1
Ti

Al
Fe* 3

Hg

Ca

Ba
Na
K

K

Na

Ca+Mg

Topopah Spring Mbr.,
Paintbrush T u f f ,

Top of Basal V i t rophyre

0-13-1335*

66.0
0.0?

13.1
0.47
0.51

4.49

0.04
1.07

1.05

86.7

72.6
0.02

17.0

0.39
0.84

5.30

0.02
2.28
1.48

4.3

15

23

62

Uns attire ted Zone

Tuff of Calico H i l l s , Tuff of Calico H i l l s ,
East Side of West Side of

Repository Block Repository Block

UE25a#l-1323*

66.1

0.03
11.5

0.02

0.^8
4.01

0.15
0.67

1.78

84.7

USU 6-1-1774*

68.1

0.00
12.2

0.00
0.09
1.11

0.03
2.84

4.20

88.5
Cation Percent

74.8

0.03
15.5

0.02
0.64

4.87

0.07
1.47
2.57

4.8

71.9

0.00
15.2

0.00
0.14

1.26

0.01

5.62
5.66

S1/M

4.7

Holt Exchangeable Cations
27

15

58

44

45

11

Saturated Zone

Prow Pass Mbr.,
Crater Flat Tuff,

East Side of
Repository Block

UE 258/1-2067*

64.1

0.00
12.0

0.00
0.71

3.78
0.05
0.47

1.54

82.7

74.3

0.00
16.4

0.00
1.23

4.70

0.02

1.06
2.28

4.5

25

11

64

Prow Pass Mbr.,
Crater Flat Tuff,

West Side of
Repository Block

USW 6-1-2083*

67.3

0.00

11.7

0.00
0.07

0.78
0.08

3.13

3.34

86.4

72.8
0.00

14.9

0.00
0.11

0.91

0.03

6.57
4.61

4.9

38

54

8

'Sample nuirter consists of d r i l l hole designation, followed by depth of sample 1n feet beneath the surface.
Total Iron calculated as Fe?0,.
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EASTERN
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• PRE-TRAM VOLCANIC ROCKS

NOTE: SMALL ARROWS WITHIN PLOTS INDICATE CHEMICAL TRENDS
WITH INCREASING DEPTH.

Fig. 4.
Comparison of the western (alkalic) and eastern (calcic) clinoptilolite series
at Yucca Mountain. Arrows and symbols within the ternary diagrams also show
second-order variation with depth (generally decreasing potassium content).
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calcic cl inopt i lo l i tes. Representative c l inopt i lo l i te compositions are listed

in Table I .
This difference between western and eastern cl inopti lol i tes is important

for understanding the origins of zeolitization at Yucca Mountain. There are
several possible explanations for the east-to-west variation in c l inopt i lo l i te
compositions. One possibility is that the calcium-rich waters from the
eastern part of Yucca Mountain (Ogard and Kerrisk, 1984) may be responsible
for the calcium-rich zeolite compositions found in this region. Another
possibility is that paleoflow from east to west beneath Yucca Mountain could
lead to an in i t i a l zonation of calcium-rich cl inopti lol i tes forming near
Jackass Flat (Fig. 1) and alkalic cl inopti lol i tes forming farther away (H.
Claassen, USGS, 9/12/85). This second hypothesis would indicate that the
exchangeable-cation compositions were set at the time of zeolitization and
have not changed. The origins of different zeolite cation series at Yucca
Mountain are being investigated by comparing data from dri l l-hole samples with
water compositions and by chemical, isotopic, and radiometric dating studies
of zeolites and associated alteration minerals.
C. Mineral S t a b i l i t y and D e f i n i t i o n of the Disturbed Zone at Yucca

In response to a request from Lawrence Livermore National Laboratory
(LLNL) (LLNL letter WP: 76-84/558IM), we have made a preliminary attempt to
map out the disturbed zone at Yucca Mountain. For the definition of the
disturbed zone, we are using "that portion of the geologic setting that is
significantly affected by ... the heat generated by the emplacement of
radioactive waste" (1OCFR6O.2). Our studies on the reversibility of zeolite
and smectite dehydration will have direct bearing on refinements of the
description of the disturbed zone at Yucca Mountain, but for the time being an
assessment can be made based on the following data:

(1) Published suggestions that zeolite-bearing horizons may be adversely
affected at temperatures above 100°C (Smyth, 1982).

(2) Published data from Yucca Mountain that indicate smectites remain
expandable even after exposure over long time spans to temperatures
up to 100°C (Bish and Semarge, 1982).

(3) Ambient temperatures of less than 28QC for the base of the Topopah
Spring densely welded devitrified host rock (calculated from data in
Sass and Lachenbruch, 1982).

12



(4) Thickness of critical intervals in drill cores USH G-l, USW GU-3,
and G-3, USW G-4, and UE-25a#l (Vaniman et al., 1964).

(5) The time-temperature-depth curves calculated by D. Montan (LLNL,
1984).

Using data sources (1) through (3) and the thermal history proposed by Montan,
it can be estimated that the zone within 20 m below the repository centerline
may be heated to temperatures that might be considered unacceptable for
long-term zeolite stability (>100'C). Combining this result with the major
mineralogic zones defined in data source (4) and assuming that the 20-m
distance is measured from the lowest possible placement of the repository in
the Topopah Spring densely welded devitrified zone would extend this disturbed
zone boundary into the upper part of the Calico Hills zeolitized zone (Zeolite
Interval II; Bish et al., 1984) northeast of the repository exploration block
or into vitric rocks beneath the block. This would effectively place the thin
zeolitized interval above the Topopah Spring basal vitrophyre (Bish et al.,
1984) in the disturbed zone and would not affect the underlying zeolitized
intervals except in UE-25a#l. The placement of the disturbed zone boundary is
described below for four representative drill holes.

(1) USW G-l: All of the zeolites below the Topopah Spring basal vitrophyre
would be outside the disturbed zone; the thin zeolitized interval at the
top of the Topopah Spring basal vitrophyre would be within the disturbed
zone. Over .140 m of zeolitized rock remain outside the disturbed zone
and above the static water level (SUL).

(2) USW G-4: As in USW G-l, only the thin zeolitized interval at the top of
the Topopah Spring basal vitrophyre would be within the disturbed zone.
About 125 m of zeolitized rock remain outside the disturbed zone and
above the SWL.

(3) USW GU-3 and G-3: 100°C horizon occurs within the Topopah Spring basal
vitrophyre; the only abundant zeolites are much farther below, and 57 m
of zeolitized rock occur above the SWL and below the 100°C horizon.

(4) UE-25a#l: Similar to USW G-l and USW G-4, but about 1 m of those
zeolites below the Topopah Spring basal vitrophyre would fall within the
disturbed zone; 66 m of zeolitized rock remain between the disturbed zone
and the SWL.

From the standpoint of repository configuration, these are conservative
calculations because the repository is assumed to be directly above the

13



Topopah Spring basal vitrophyre. All of the zeolites, including the thin

zeolitized interval at the top of the Topopah Spring basal vitrophyre, can be

put beyond the 100"C boundary i f the repository were constructed at least 25 m

above the basal vitrophyre at al l places.

I t is important to emphasize that our concepts of zeolite stability are

s t i l l very preliminary and will remain so until we have more data on the

kinetics of important transitions at low temperatures. Final suggested

temperatures for clay and zeolite stability may be higher or lower than 100"C

(in this regard, this model of the disturbed zone might not be conservative).

This is strictly a ' f i rs t cut1 at a mineralogic definition of the disturbed

zone.

D. Occurrence Of Erionite at Yucca Mountain

Until recently, the only zeolite minerals that had been positively

identified at Yucca Mountain were clinoptilolite, heulandite, mordenite, and

analeime. In February 1985, however, a white fracture coating from dr i l l core

UE-25a#l (1296-ft depth) was analyzed by x-ray diffraction and found to be

erionite (Fig. 5 ) . This depth is within the vitrophyre at the base of the

Topopah Spring Member, below the depth proposed for repository excavations.

I t is unlikely therefore that this erionite occurrence will be of concern to

the NNWSI Project, but i t might be anticipated that the implied correlation

between erionite and mesothelioma may be raised again as a potential health

hazard at the Yucca Mountain site (Mumpton, 1979; Rohl et a l . , 1982).

E. Studies of Sulfur Content Within the Topopah Spring Member

Los Alamos has conducted a survey of a number of hot springs in

tuffaceous rocks of the western U.S. to determine possible long-range effects

of hot water on a tuff repository (Wolfsberg et a l . , 1983). One of the

conclusions of this preliminary work was that highly acid systems had formed

at many springs during some stage in their evolution, presumably through the

oxidation of sulfide minerals. Evidence for this included highly leached

rocks and a variety of sulfate-bearing phases.

We have analyzed a number of tuff samples from Dril l Hole USW G-4 for

sulfur content to assess the potential for sulfide oxidation and formation of

acid conditions in the repository host rock. Analyses were conducted on rock

powders with an automated Rigaku x-ray fluorescence spectrometer. The

detection limit was 19 ppm sulfur, and the standard deviation of sulfur

content was ±12 ppm (Table I I ) . The amount of pyrite, Fe!>2, required to yield
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Fig. 5.
X-ray diffraction pattern of erionite from a depth of 1296 ft (395 m) in Drill Hole UE-25a#l. Erionite
peaks are marked (Er); the remaining peaks are clinoptilolite.



TABLE I I . Concentration of Sulfur and Equivalent Pyrite in USW G-4

Sample

G4-410

G4-817

G4-1089

G4-1117

G4-1244

G4-1301

G4-1330

G4-1369.6

G4-1392

G4-1419

Sulfura

(ppm)

64

50

52

137
68

46

47

68

51

72

Equivalent Pyrite
(%)

0.0120

0.0094

0.0097

0.0256

0.0127

0.0086

0.0088

0.0127

0.0095

a. 0135

aMinimum detection l imit = 19 ppm; a l l analyses are ±
12 ppm.

an equivalent amount of sulfur is also shown in Table I I . Assuming that al l

sulfur in these rocks is present as pyrite, all of the pyrite is oxidized, and

the amount of water present is 5.5S by weight (Montazer and Wilson, 1984),
-4 -3

oxidation of pyrite will produce between 4.7 x 10 and 1.4 x 10 moles of

sulfur per mole of H20 or between 9.4 x 10"4 and 2.8 x 10"3 moles of H+ per

mole of H20. This is equivalent to a range of 0.026 mole to 0.078 mole H2S04.

Ogard and Kerrisk (1984) have specifically dealt with the pH buffering

capacity of Yucca Mountain waters. Their study indicates that the buffering

capacity of the minerals at Yucca Mountain in contact with water of well J-13

type can compensate for this increased H+ addition without any significant

increase in acidity. Their model allows for the addition of at least three

times as much oxidized pyrite with no significant increase in pH.
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F. X-Ray Diffraction Techniques for Tuff Analysis
1. Rietveld Refinements of Manganese Oxide Minerals. Manganese oxide

minerals occur in fractures throughout the potential host rock at Yucca
Mountain, the welded devitrif ied portion of the Topopah Spring Mentf-cr. They
also occur in fractures within the surrounding rock units. Although minor
constituents of the bulk rock (much less than ontr percent), their concentra-
tion along fracture surfaces gives them & potentially much greater s ign i f i -
cance in retardation by sorption.. To date, the manganese oxide minerals
todorokite (Caporuscio et a l . , 1982), cryptomelane (Vaniman et a l . , 1984), and
pyrolusite (Scett and Castellanos, 1984) have been identified within fractures
?.t rucca Mountain; lithiophorite may also occur (Vaniman et a l . , 1984). A
significant problem in characterizing these minerals, however, is the fact
that they occur in finely crystalline masses that yield poor x-ray powder
diffraction (XRD) patterns.

In order to adequately characterize these important minerals, we have
worked with J. E. Post of the Smithsonian Inst i tut ion, using the Rietveld
refinement technique for powder XRD data. As a f i r s t test of this method,
some otherwise well-characterized and commonly available samples of
todorokite, romanechite, and corortadite (same structure as cryptomelane) were
used.

The romanechite structure had been previously solved from two-dimensional
single crystal x-ray data, but the todorokite and coronadite structures had
not been refined. Controversy exists over the structure of todorokite, a
manganese mineral which occurs at Yucca Mountain; both layer and tunnel
structures have been proposed. Before discussing our results on todorokite,
i t is worth comparing the results of the Rietveld method with the more
traditional results in a study of romanechite and coronadite.

Our Rietveld refined structure of romanechite agrees well with that
determined previously but provides additional details. Electron density maps
show that barium is not at y=0.0 as previously suggested (Wadsley, 1953), but
i t is displaced off of the mirror plane ana exhibits anisotropic motion along
the tunnel axis. The refined structure of coronadite is close to those
determined by single crystal methods for other hollandite minerals (such as
cryptomelane, which occurs at Yucca Mountain) (Post et a l . , 1982). In
coronadite, lead is displaced off of the special symmetry position in a manner
similar to the barium displacemant in other hollandite compounds.
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Our refinement of todorokite provides the first confirmation of the 3x3
tunnel structure proposed by some previous studies (Turner and Buseck, 1979)
and provides information on the positions of the tunnel cations. Our
technique was capable of structurally locating such important constituents as
Na, Ca, and H20. The oxygen positions were determined with relatively poor
precision, but our data show that valuable structural information can be
obtained for minerals yielding XRD patterns with broad, overlapping peaks.

Future work will apply the Rietveld refinement technique to samples from
Yucca Mountain. Although the framework oxygen positions may not be well
defined as a result of these studies, the nature and position of large cations
is important for considering sorption properties. Also, the nature and
location of large cations have important implications for past movement or
retardation of heavy trace elements through fractures at Yucca Mountain.

2. Improved Quantitative XRD Capabilities. We have recently modified
our method of quantitatively analyzing rock samples using x-ray powder
diffraction for mineral components (Bish and Vaniman, 1985). In the past we
used the external standard method (the matrix-flushing method) because it is
rapid and relatively easy to perform. To improve the precision and accuracy
of our analyses, we have recently implemented the internal standard technique,
using Linde A or C corundum as an internal standard (Chung, 1974a,b). With
this technique, a known amount of internal standard corundum is added to each
sample. Reference peaks of minerals in the sample are then related to the
internal standard peaks.

Corundum was chosen as our internal standard for a variety of reasons.
It is readily obtainable in large volumes of high purity, is inexpensive, and
is not a mineral phase found in the rocks we are studying. In addition, its
most intense peak (43.3°2e) is not overlain by the diffraction peaks of most
other minerals, and its own peaks do not overlap other mineral reference peaks.

As with the external standard method, the internal standard method
requires that reference intensity ratios (RIR, or I over I corundum) be known
for every phase in the rocks to be analyzed. RIRs are determined from the
ratio of the integrated intensity of the mineral's reference peak to the
integrated intensity of the 43.3°2e corundum peak. We have obtained addi-
tional standards for the minerals in Yucca Mountain tuffs and have measured
RIRs for every mineral mixed in a 50:50 ratio with Linde A corundum. Calcite,
biotite, albite, and sanidine were mixed in a 20:80 ratio to help reduce
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problems with preferred orientation. Table I I I shows the average RIRs from
six independent runs for several reflections. RIRs calculated from single
crystal data are shown for those minerals that showed significant preferred
orientation in the standard runs or were not obtainable in high enough purity
for a mineral standard. These RIRs are used in both our internal and external
standard analyses.

Using the Rietveld quantitative analysis technique, we have recently
discovered that Linde A corundum contains a small amount (*2%) of gamma A12O3.
We therefore are currently using Linde C corundum with our standards.

This summer, S. Howard from the University of Missouri at Rolla visited
LANL for a period of several weeks to work on an improved method of quantita-
tive XRD analysis. Quantitative analysis by XRD is particularly important in
tuff studies, where the very fine grain size of most samples makes this the
only method that gives reliable quantitative mineralogic data. The newly
developed method is now possible only because of the recent connection between
the Siemens XRD system and a VAX computer. The method employs f i t t i ng of the
entire pattern and a calculated background correction, and i t w i l l enable
quantitative information to be obtained as well as structural information on
individual components of the mineral mixtures that comprise tuff. Data that
are put into our code include approximate crystal structural parameters,
including atom positions and unit-cell parameters, for every crystalline phase
in the rock. Quantitative analysis is accomplished by determining, via
least-squares refinement, the best f i t between the observed XRD pattern and
the calculated theoretical pattern. Major variables in this process are the
amounts of the minerals present, and secondary variables are the unit-cell
parameters and atom positions for the individual phases. Also included in the
least-squares refinement are parameters describing the background and the
shape of the XRD profi les. Errors are calculated throughout this process, and
final weight percents include calculated standard deviations. The resulting
output includes best estimates of the above parameters and a plot i l lustrat ing
observed and calculated patterns, the difference between the two, and cal-
culated positions of diffraction maxima. This not only gives us a visual idea
of how reliable our results are, but i t also indicates whether al l phases have
been accounted for. The code is now in the testing phase; an example of i t s
application to a two-phase standard mixture is shown in Fig. 6. This auto-
mated technique is a major breakthrough in quantitative mineralogical analysis
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TABLE I I I . Reference Intensity Ratios (RIR or I / I c ) for Minerals in Yucca
Mountain Tuffs

Mineral

Smectite

Clinoptilolite
Mordenite

Quartz
Cristobalite

Tridymite

Albite

Sanidine

Calcite

Analcime

Biotite

Hematite

Calculated numbers

Peak (2eCu)

6.0

9.8

9.8

26.66

21.99

20.5

13.8

23.6

29.4

15.8

8.8

33.2

•

I / ! c

3.2

1.2

0.56

4.19

4.91

1.6a

0.23

0.55

2.96

1.3

2.0a

1.7

Peak (2eCu)

22.4 + 22.7

19.6

20.85

36.1

21.64

48.5

26.0

35.7

I / I c Peak (2eCu) I / I c

0.81 29.9 0.53

0.20 25.7 0.65

0.86

0.84

1.80a

0.58

1.8

1.2

and wil l be routinely used when a MicroVAXII is integrated with the Siemens

system within the next year.

G. Studies of Fault-Related Minerals and of Spring Deposits Around Yucca
Mountain

Controversy continues over the interpretation of mineral deposits within

faults around Yucca Mountain. I t is important to resolve the question of

whether or not some of these mineral deposits are the result of past spring

activity because spring flow could provide a more rapid access of waste to the

surface than would downward flow to the water table. During this reporting

period, progress was made in defining a joint USGS-LANL approach to resolving

this issue.

Joint meetings between LANL and USGS personnel determined that a multi-

disciplinary program of field work, mineralogy, petrology, geochemistry,
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Fig. 6.
Observed x-ray diffraction pattern (upper) and calculated pattern (lower) for a 50:50 weight mixture of
quartz and corundum. The lowermost marks show the calculated positions of al l K-j and K~ reflections for
this mixture.



paleontology, active and modeled hydrology, stable isotope studies, and radio-
metric dating is necessary. No single line of evidence w i l l be definitive in
proving or disproving a spring origin. Because this is a nontraditional
problem in geologic studies, a multidisciplinary approach wi l l provide the
breadth of data needed to constrain the origins of the deposits around Yucca
Mountain.

The major goal of the LANL portion of the multi disciplinary approach to
this research problem is the development of a determinative method based on
mineralogy for distinguishing spring from non-spring deposits. Field work
during this period concentrated on a suite of sample types from trenched
faults at Yucca Mountain, as well as samples from the currently flowing spring
system of Cane Spring and from the deposit above Wahmonie that has been pre-
viously interpreted as a hot-spring deposit (U.S. Department of Energy, 1984,
pp. 2-14). Cane Spring is a cool discharge from a perched aquifer. There are
thin coatings of very fine-grained calcite along fractures from which the
spring flows. The sepiolite, opal, amorphous sil ica assemblage that occurs in
the faults at Yucca Mountain does not occur at Cane Spring. The reported
spring deposit above Wahmonie (U.S. Department of Energy, 1984) consists
almost entirely of gypsum, with a coarse cellular structure of sl ightly
calcite-enriched septae surrounding gypsum zones about 10 to 20 cm across.
X-ray diffraction shows no other minerals at this locality except gypsum and
calcite. Both of these local i t ies, comprising a known and a suspect spring,
have mineralogies significantly different from the fault-related deposits
around Yucca Mountain.

Comparison of the features deposited from solution along the slopes and
fractures in sand ramps around Yucca Mountain with the calcite - s i l ica -
sepiolite mineralogy that occurs near the surface within fault zones reveals
no signifies*X differences in mineralogy. Figure 7 compares the XRD patterns
of silica-bearing deposits from the sand ramp at Fran Ridge with fault-related
calcite - si l ica - sepiolite deposits within the fault exposed in Trench 17.
Both patterns are very similar, showing assemblages dominated by calcite and
opal-CT (opal with cristobalite- and tridymite-type structure) with lesser
quartz and sepiolite. After treatment with dilute HC1 and separation of the
<2-vm-size fraction, both types of localit ies can be shown to contain very
similar opal-CT and sepiolite patterns. Seams of amorphous si l ica have also
been found in Trench 14, but this material is closely related to the opaline
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Fig. 7.
XRD comparison of features deposited from solution along the sand-ramp slope
at Fran Ridge (upper pattern, FR6) and along the f a u l t exposed in Trench 17
(lower pattern, TR17).
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deposits and Its occurrence may be controlled by near-surface flowage in open

fractures.
Our present interpretation of the sand ramp deposits is that they are

formed through soil-zone solution and deposition. Based on the directly
comparable mineralogy of sand- •amp and fault-related samples, we presently see
no reason to assume an origin-for the fault-related minerals that would be
s ign i f icant ly d i f ferent from the soil-zone or ig in of similar sand-ramp
minerals. If a soil-zone origin can be proven for these minerals in the sand
ramps, then there is no mineralogic evidence requiring a deep-seated spring
origin for the calcite - si l ica - sepiolite deposits that occur within faults
at Yucca Mountain.
H. Interim Report on Fracture Mineralogy in the Horizontal D r i l l Hole at

Fran Ridge
A LANL report t i t led "Fran Ridge Horizontal Coring Summary Report: Hole

UE-25h#l, Yucca Mountain, Nye County, Nevada" (Norris et a l . , in prep.) has
been prepared. This report is a discussion of the capabilities and problems
of horizontal dr i l l ing in welded devitrif ied tuf f . However, study of the
samples returned from this project has yielded useful information on fracture-
related near-surface alteration at Yucca Mountain. Fractures were either
smooth and nonmineralized, calcite coated, si l ica coated, or manganese oxide
coated. Open fractures with caliche (porous, nonsparry calcite) were not
observed beyond 83.5 f t (25.4 m) along the d r i l l direction, corresponding to a
depth of overburden of 30 f t (9.1 m). Sparry calcite was found just beyond
this depth, providing a data point for the maximum depth of caliche formation
and a depth of possible caliche to coarse-grained calcite recrystall ization.
This near-surface mineralogic t ransi t ion has important implications for
comparable fault-related carbonate mineralogy where a possible spring origin
has been suggested for the deposit (see Section G above). The Fran Ridge
dri l l -core fracture mineralogy wi l l provide an important baseline (data point)
for defining exactly which mineralogic features are unique to the
fault-related mineral assemblages that occur elsewhere at Yucca Mountain. The
trans i t ion from microcrystall ine to sparry ca lc i te that occurs in the
horizontal d r i l l core suggests that fracture circulation and transport may
play an important role in ca lc i te deposition, and processes such as
deep-origin spring flowage need not be invoked as an origin for calcite spar.
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I . Formation of a New Zeolite Mineral in Long-Term Heating Experiments

Clinopti lol i te standards from Buckhorn, New Mexico; Fish Creek Mountains,
Nevada; and Castle Creek, Idaho, have been heated for one year at 100°C and
200°C to evaluate the possible effects of long-term, re la t i ve ly
low-temperature heating on zeol i te structure and sorptive propert ies.
Sorption experiments are in progress on these samples, and preliminary studies
of the end products by XRD show that the long-term heating at 200°C has
produced a modification of c l inopt i lo l i te that cannot be formed by short-term
heating at the same or much higher temperatures (Fig. 8). The Na-rich Castle
Creek, Idaho, sample that was heated at this temperature for one year was
converted to a previously unknown mineral structure, perhaps a c l inopt i lo l i te
equivalent of the heulandite-B structure. This experiment demonstrates the
importance of kinetic effects on zeolite stabil i ty in a repository environment.

I I . GEOLOGICAL MODELING (WBS 2.3.1.7) (P. Stringer and L. Brown)
A. Recent Progress in Tracer-Diffusion Experiments for Fractured Rock

Two numerical experiments have been completed that model tracer diffusion
within Calico Hil ls (zeolitized) rock containing a fracture. In one experi-
ment the fracture was assumed to be horizontal; in the other the fracture was
assumed to be vert ical. In addition, another numerical experiment comparing
diffusion in the Tuff of Calico Hi l ls with diffusion in the Topopah Spring
Member has been completed.

1. Modeling of Numerical Horizontal Fracture Experiment. Simulations of
tracer diffusion from a horizontal fracture have been run studying the
diffusion of a nonsorbing tracer with a pure water diffusion coefficient of

-7 2
1.0x10 cm /s. The diffusion coefficient was taken to be independent of
water content, and a linear model results. The hydraulic properties for the
Calico Hills material were based on the following model:
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Fig. 8.
Original sample of sodium-exchanged (Na-rich) Castle Creek c l inopt i lo l i te (lower pattern), with structure
resulting from 200°C heating for one year superposed.
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K = KrKs

where: K = permeability

Kr = relative permeability
K = saturated permeability

Pc = capillary pressure
s = water content
swi = r e s i d u al water content
x = 1 - 1/e.

The constants s w i , Kg, B, and a were taken as 0.0809, 2.068 x lo" darcys,

1.489, and 3.65 x 10"5 for the matrix respectively. For the fracture a l l the

constants were the same except for Ks» which was 12.8 darcys.

The simulations assumed a vertical borehole 3 cm in diameter with a

packed-off tracer source section at the end of the borehole. The borehole

walls and the top of the tracer-addition section were numerically restricted

so that water could not flow across them. Grid spacings of 0.5 cm were set up

in the x and z directions, and radial symmetry was assumed. The horizontal

fracture (0.01 cm wide) was surrounded by z-direction grid spacings of 0.05

and 0.1 cm. The matrix and fracture saturations were in i t ia l ly taken as 0.7

with porosities of 0.33, and the hydraulic properties for the tracer source

were assumed to be the same as those of the matrix. The tracer-source water

content was in i t ia l ly set at the saturated level. At time t=0, a tracer
3

concentration of 1 g/cm was placed in the source region and allowed to
diffuse into the matrix.

The water-content profile came to equilibrium quickly; about 10 days

were required for this in the presence of the horizontal fracture as compared

with about 18 days for the unfractured rock. The tracer-source water ran

quickly out through the fracture rather than diffusing with radial uniformity

as i t did when no fracture was present. This caused an early variation in

tracer-concentration profiles, which lasted up to one month. After about one

month, the tracer was moving by pure diffusion without bulk flow in both the
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fractured and unfractured rocks. The modeling equation was the same for both

cases:

3(eopC) =

where: e = porosity
o = water content
P = density
t = constrictivity
D = diffusion coefficient
C = tracer concentration.

This equation neglects bulk flow and sorption effects. Because the porosity,
density, constrictivity, and diffusion coefficient are the same, and the water
contents and tracer concentrations are similar, tracer movement wi l l be
similar for both cases.

Two typical sets of tracer-concentration profiles for the fractured rock
experiment are shown in Figs. 9 and 10. One is for 5.1 days into the
experiment, the other for 1.8 months. These figures show a vertical slice
through the center of the rock with the lef t axis corresponding to the center
of the borehole. After 5.1 days, the distortions of the profiles caused by
the fracture are readily apparent. These distortions gradually decreased and
after about a month were no longer visible. There is no apparent distortion
in the profiles of the 1.8-month figure (Fig. 10), and indeed there is no
discernible difference between the profiles in the fractured rock (Fig. 10)
and those obtained for the unfractured rock (Fig. 11) at the 1.8-month point.

Summary of Horizontal Fracture Experiment
In the f i r s t of these numerical experiments, a 0.01-cm-horizontal

fracture was placed 1.15 cm below the source of the tracer, and the resulting
tracer profiles and liquid velocity plots were compared with those from an
unfractured model. The tracer was not specified but was assumed to have a

-7 2diffusion coefficient in water of 1.0 x 10 cm /s . The in i t i a l source-water

content of the rock was set to saturation, the rock porosity was set at 0.99,
and the tracer concentration at 1.0 g/cm . The tracer was allowed to diffuse

unimpeded through a matrix and fracture with uniform in i t ia l water content of
3 3

°*7 *cm water^cm voids^ and a P° r°sity of 0.33 for a period of six months. I t
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Fig. 9.
Continuous outflow boundary tracer-concentration profiles at 5.1 days cal-
culated for horizontally fractured tuff of Calico Hills (zeolit ized).
Contours indicate the log of tracer concentration in gm/(cm3).
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Fig. 10.
Continuous outflow boundary tracer-concentration profiles at 1.8 months
calculated for horizontally fractured tuff of Calico Hills (zeolitized).
Contours indicate the log of tracer concentration in gm/(cm ).
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Fig. 11.
Continuous outflow boundary tracer-concentration profiles at 1.8 months
calculated for unfractured tuff of Calico Hiljs (zeolitized). Contours
indicate the log of tracer concentration in gm/(cm ).
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TABLE IV. Tracer Concentration and Water Content in Fracture at Given
Distance from Source Center

Fractured
Unfractured

Fractured
Unfractured

Fractured
Unfractured

Fractured
Unfractured

Fractured
Unfractured

Tracer
Concentration
(g/cnTxlOOO)

2.89
1.15

0.790
0.442

2.00
1.67

0.509
0.432

1.10
1.04

Water
Content

0.70
0.707

0.70
0.705

0.70
0.704

0.70
0.703

0.70
0.702

Hor. Distance from
Source Center

(cm)

3.25
II

4.25
II

4.25
II

5.25

6.25
II

Total
Time

18.6 days
•I

1.22 mo
•1

1.8 mo

2.4 mo
•I

5.3 mo
•1

was found that the fracture had a noticeable effect on tracer dispersion

during the first month after the tracer was released but negligible effect

after two or more months time. The tracer concentration and water content in

the fracture at a given horizontal distance from the source for various total

elapsed times are summarized in Table IV.

The difference in the modeled runs was caused by the fluid velocity in

the fracture. After 10 days the tracer-source water had drained out through

the fracture, and the water content had come to equilibrium. For the

unfractured case the water content had come to equilibrium in less than 18

days by diffusion through the matrix. The initial rush of water out the

fracture caused the early tracer variation.

2. Modeling of Numerical Vertical Fracture Experiment. Simulations of

water moving through devitrified tuff of the Topopah Spring Member with a

vertical fracture were run to study the diffusion of a nonsorbing tracer with
-7 2a diffusion coefficient in pure water of 1.0 x 10 cm /s. As before, the

diffusion coefficient was assumed to be independent of concentration, and a

linear model resulted. The hydraulic properties for the Topopah Spring
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material were calculated from the same equations as were used for the Calico

H i l l s rock in the previous experiment. For the Topopah Spring rock, the

parameter values for s w i , Kg, B, and « were taken as 0.0669, 1.965 x 10

darcy, 1.787, and 0.519 x 10" , respectively. A porosity value of 0o094 was

used in the calculat ions. The saturated permeability, K , for the f racture
-3

was assumed to be 1.1 x 10 darcy.

The borehole dimensions, boundaries, and tracer-addit ion section were the

same as in the horizontal fracture experiment. Grid spacings of 0.5 cm were

set up i n the x and z di rect ions, except for the f rac ture , and radial symmetry

was assumed. The ver t ica l fracture was 0.01 cm wide and was 5.15 cm away from

the borehole center. Matrix saturat ion, hydraulic properties of the tracer

source, and tracer-source water content were the same as in the hor izonta l -

f racture experiment. Again at time t=0, a tracer concentration of 1.0 g/cm

was placed in the source region and allowed to diffuse in to the matrix.

Tracer prof i les for 1.5 days into the experiment are shown in Figs. 12

and 13. The f i r s t is a vert ical s l ice through the center of the experiment

with the l e f t axis corresponding to the center of the borehole. The second is

a s l ice along the fracture and normal to the f i r s t s l i c e . In both f igures

there i s symmetry about the left-hand ax is . The spiked shape of the p r o f i l e

caused by the fracture can be seen in Fig. 12. Figure 14, showing the

re la t i ve tracer ve loc i t ies within the fracture at 1.5 days, shows that

a r t i f i c i a l l y high veloci t ies have developed at the simulation boundaries.

These are caused by radiat ion boundary conditions in the code. These high

veloc i t ies in turn caused the numerical time step size to decrease to an

unacceptably low leve l , and the run was terminated a f te r f ive days in to the

experiment. The s i tuat ion with the boundary conditions is being addressed.

Summary of Vert ical Fracture Experiment

A numerical simulation was made to study tracer d i f fus ion from a packed-

of f ver t ica l borehole with a vert ical fracture 0.01 cm wide, 5.15 cm away from

the borehole center. The Topopah Spring hydraulic properties were used for

the matrix and f racture. The source-water content was i n i t i a l l y set at the

saturated level , the source porosity was taken as 0.99 (boundary condition for
3

tracer in water), and the tracer concentration assumed to be 1.0 g/cm • The
3 3

rock had a uniform i n i t i a l water content of 0.7 c m
w a t e r

/ ' a n
v o i C | S . as in the

e a r l i e r experiment. As expected, the water moved qu ick ly through the

f racture, creating a spiked tracer p r o f i l e . Because of the high f l u i d
33



0.00 0.02 0.04 0.06 0.0B
X-direction (meters)

0.10

Fig. 12.
Continuous outflow boundary tracer-concentration profiles at 1.5 days for
vertically fractured devitrif ied Topojpah Spring Member. Contours indicate the
log of tracer concentration in gm/(cm ).
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0.00 0.02 0.04 0.06
Y-direction (meters)

0.08

Fig. 13.
Tracer-concentration prof i les at 1.5 days within the fracture of Fig. 12.
This f igure represents a vert ical section perpendicular to Fig. 12 and along
the fracture at X = 0.052. Contours indicate the log of tracer concentration
in gm/(cm ).
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Fig. 14..
Tracer velocities at 1.5 days within the plane of the fracture in Fig. 13.
Fracture is modeled as being 5.155 cm away from the injection point, along the
x-direction. Arrow lengths are proportional to velocity.
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velocities in the fracture, the time step in the numerical simulation was very

small, and the run was ended after simulating five days of transport.
B. Models of Tracer Diffusion in Topopah Spring and Calico Hills Materials

Two runs were made to study the differences in tracer diffusion in
unfractured Topopah Spring and Calico Hills materials. The tracer was allowed
to diffuse unimpeded through both matrices with uniform initial water contents

of 0.7 cm
water^

cmvoids for a Per*od of one year* Throughout the test period,
the Topopah Spring material exhibited higher tracer concentrations and a
faster moving tracer front. The hydraulic properties for the two materials
are very similar; the tracer concentration differences are a pure tracer
diffusion effect caused by the great porosity difference between the two
materials.

Modeling in Numerical Comparison of Diffusion Rates. As in the experi-
ments reported above, diffusion of a nonsorbing tracer with a diffusion

-7 2coefficient in water of 1.0 x 10 cm /s was simulated. The diffusion

coefficient was assumed independent of concentration. Hydraulic properties
were based on the equations presented above. The values of equation
parameters used in the simulations were

Ks

swi
8

a

E

Topopah Spring

1.965xlO~b

0.0669

1.787

0.519xl0"4

0.094

Calico Hills

2.068xl0~°

0.0809

1.489

0.364xl0"4

0.33

The borehole dimensions and boundary conditions were the same as used in
the experiments described above, as were the conditions of the source water
and the tracer concentration at time t=0. Grid spacings of 0.5 cm were set up
in the x and z directions, and radial symmetry was assumed. Tracer concen-
trations were followed in the two materials for 12 months.

The tracer concentrations and water contents at particular horizontal
distances from the source center are shown for different times in Table V.
The table shows that the water contents for the two materials do not differ
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TABLE V. Tracer Concentration and Water Content in Topopah Spring and Calico
Hills Experiments

Calico Hills
Topopah Spring

Calico Hills
Topopah Spring

Calico Hills
Topopah Spring

Calico Hills
Topopah Spring

Calico Hills
Topopah Spring

Tracer
Concentration
(g/cnr)xl000)

1.96
11.4

1.39
5.68

1.84
5.90

1.75
4.68

1.76
4.39

Water
Content

0.709
0.709

0.709
0.709

0.708
0.708

0.700
0.708

0.700
0.707

Hor. Distance From
Source Center

(cm)

4.75
II

5.75
n

6.25
II

7.25
ii

7.75
II

Total Time
(mo)

1.93
1.92

3.81
3.80

5.73
5.72

9.51
9.53

11.97
11.97

greatly. This was to be expected; the hydraulic properties for the Topopah

Spring and Calico Hills materials are similar. The porosities are not,

however. For this reason, the tracer moves faster in the Topopah Spring

Member, and concentrations are several times higher in the Topopah Spring

material at any given time. The differences in tracer concentrations are not

as obvious on the figures because the concentrations there are depicted in

exponential gradations. It requires a close comparison of Figs. 15 and 16,

typical plots of the concentration profiles, to discern the difference.
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0.00 0.02 0.04 0.06 0.08 0.10 0.12

X-direction (meters)

Fig. 15.
Tracer-concentration prof i les at 5.7 months calculated for d i f fusion in
unfractured devitrif ied Topopah Spring material. Contours indicate the log of
tracer concentration in gm/(cm ).
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Fig. 16.
Tracer-concentration prof i les at 5.7 months calculated for d i f fus ion in
unfractured zeolitized Calico^Hills material. Contours indicate the log of
tracer concentration in gm/(cm ).

40



APPENDIX : GEOCHEMICAL RETARDATION IN THE HOST ROCK AND SURROUNDING
UNITS--ANTICIPATED CONDITIONS

Through the use and application of numerical models, the data on
sorption properties, matrix diffusion, flow rates (advection),
radioactive decay, colloids speciation, and precipitation and dissolution
can be synthesized with numerical models. Numerical models use the data
concerning the processes as input and then calculate the total
radionuclide transport and retardation through Yucca Mountain.

Currently available computer models can account for most of the known
physical and geochemical transport processes (advection, diffusion,
dispersion, matrix flow, fracture flow, and equilibrium sorption). More
complex geochemical processes, such as speciation, dissolution and
precipitation, and colloid formation have only very recently been
incorporated into transport models. One model that can be used to
simulate the transport of radionuclides from the repository to the water
table is TRACR3D (Travis, 1984; Perkins et al., 7.985). As an example of
model calculations under anticipated conditions, the transport of
technetium-99 and uranium-238 was calculated. The processes assumed to
affect transport in this example are advection, sorption, dispersion,
matrix diffusion, and radioactive decay.

The relative importance of these processes is shown in Figs. A-la,
A-lb, A-2a, and A-2b. Figures A-la and A-lb show the results of TRACR3D
calculations after a 10,000-yr pulse of technetium-99 is introduced into
a uniform vertical flow field of (1) 4.5 mm/yr and (2) 0.5 mm/yr. The
normalized mass flux entering the water table is plotted against time.
The expected flux has been shown to range from 0.1 to 4.5 mm/yr (Montazer
and Wilson, 1984). If simple advection is the only transport process
operating, the technetium-99 pulse will arrive at the water table without
attenuation (the square pulses). Technetium-99 has a long half-life and
is only slightly sorbed onto the Yucca Mountain tuffs. Dispersion will
be an important attenuating mechanism (by spreading out the pulse and
reducing amplitude) followed by matrix diffusion. In the calculations, a
dispersivity of 10 cm was used. Comparison of Figs. A-la and A-lb show
the magnitude of this effect. So, even where a small dispersivity is
used, attenuation occurs. Also, in Fig. A-lb for the case of a slower
flow rate, dispersion has a greater effect in attenuating the pulse
because of the longer travel time. Therefore, for a conservative,
nonsorbing radionuclide such as technetium-99, a slower flow rate will
result in a longer travel time to the water table and a more attenuated,
broadened pulse.

Figures A-2a and A-2b show the effects of sorption, dispersion, and
diffusion on the transport of uranium-238. Again a 10,000-yr pulse is
introduced in a uniform vertical flow field of (1) 4.5 mm/yr and (2) 0.5
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mm/yr. Uranium-238 adsorbs readily to the Yucca Mountain tuffs. In Fig.
A-2a (with the larger flow rate) sorptlon, dispersion, and diffusion act
to delay the arrival of the peak by a factor of 10 and decrease the peak
concentration by almost a factor of 10. When the flow rate Is decreased
as In Fig. A-2b, sorptlon, dispersion, and diffusion act to delay the
arrival of the peak to the water table by a factor of 200 and decrease
the peak concentration by more than a factor of 100.

It has been shown In this example calculation that under anticipated
conditions the combined processes of sorptlon, dispersion, and diffusion
have a significant effect on the transport of sorblng and nonsorblng
radlonuclldes. Therefore, It Is extremely Important that these processes
and their relative parameter values are well defined. As the processes
and their relative parameter values become updated, more calculations
similar to the example given above will be done to Investigate the
sensitivity of radlonuclldes transport to sorptlon, dispersion, and
diffusion.
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