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GROUNDWATER CHEMISTRY AT YUCCA MOUNTAIN,
NEVADA, AND VICINITY

by
Jerry F. Kerrisk

ABSTRACT

The chemistry of groundwater at Yucca Mountain
and vicinity has been reviewed and compared with the
chemistry of water from the Nevada Test Site and
surrounding areas such as the Amairgosa Desert and
Qasis Valley. Sodium is the primary cation and
carbonate is the primary anion in water from the
saturated zone of the tuffaceous aquifer at Yucca
Mountain. Other major cations present are calcium,
potassium, and magnesium; other major anions are
sulfate and chloride, with lesser quantities of
fluoride and nitrate. Aqueous silica is also
present. The primary purpose of this review was to
survey water-composition data and look for relations
among the compositional variables that could provide
insight into the processes that controi the
composition and would ultimately affect radionuclide
transport. The following conclusions were inferred
from the review. Major cation concentrations are
controlled by rock dissolution and mineral
precipitation reactions as vell as by cation
exchange with existing minerals. Aqueous carbonate
initially comes from atmospheric and soil-zone
carbon dioxide, but there is evidence at Yucca
Mountain that carbon dioxide in the gas phase of the
unsaturated zone supplies additional carbonate to
saturated-zone water in the tuffaceous aquifer as
mineral dissolution and precipitation reactions
raise the pH of the water. This combination is
effectively mineral dissolution and precipitation in
a system that is open with respect to carbon
dioxide. A carbon model for this process is
discussed; one conclusion of the model is that the
true age of water that has obtained significant
amounts of carbonate from the gas phase of the
unsaturated zone is older than its apparent age.

The primary source of aqueous chloride and sulfate



is probably from precipitation; there does not
appear to be any mineralogical controls on these
species at Yucca Mountain. There is some evidence
that water in the deep saturated zone at Yucca
Mountain may be reducing; this conclusion would be
difficuit to prove.with existing data. HWater near
the static-water level is oxidizing. HWater in the
western part of Yucca Mountain is lower in calcium
than water to the east. Carbonate and fluoride tend
to be more concentrated in the water in the
southwestern part of Yucca Mountain. The
implications of these conclusions for radionuclide
transport primarily reflect the range of water
compositions that could be encountered at Yucca
Mountain. Oxidizing conditions, and carbonate and
fluoride complexes, will have the largest impact on
solubility and speciation. There are not enough
data available at this time to discuss the processes
that control unsaturated-zone water compositions at
Yucca Mountain.

I.  INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project is
studying a site at Yucca Mountain in southern Nevada as a potential nuclear
waste repository. The site is located on the sputhwestern‘edge of the Nevada
Test Site (NTS) and on adjacent US Bureau of Land Management land and land
controlled by the US Air Force (see Fig. 1). The Topopah’Sprinq Member tuff
in the unsaturated zone of Yucca Mountain has been selected as the candidate
rock unit for the repository. Waste-element transport in water that moves
thrcugh the waste-storage area and toward the environment {is- considered the
most 11keiy mechanism for release of most waste elements. To evaluate the
importance of this mechanism, site-characterization information is required
about water flow paths, water fluxes, and water chemistry. This report
discusses water chemistry at Yucca Mountain and in nearby areas. Water
chemistry s an important parameter for waste-element transport because the
solubiiity, speciation, and sorption of waste elements on local minerals all
depend on water chemistry. Water chemistry can also affect the composition
and stability of the minerals in contact with the water. Questions concerning
water fluxes and flow paths are being addressed by the US Geological Survey

(USGS) in another part of the NNWSI Project (Montazer and Wilson 1984: Waddell
et al. 1984).
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Fig. 1. Area map of Yucca Mountain and vicinity with well locations.



The Yucca Mountain site lies within the scuthwest Nevada volcanic field
in the southern Great Basin and is a remnant of the Timber Mountain-Oasis
Vallay caldera complex. Thick deposits of ash-flow tuffs overlying Paleozoic
carbonate deposits predominate at Yucca Mountain. Alluvium fills some of the
washes on Yucca Mountain as well as adjacent basins such as Jackass Flats and
Crater Flat. The unsaturated zone is ‘quite thick at Yucca Mountain (about 500
to 750 m). The repository would be located 300 m or more below the land
surface in the densely welded, devitrified tuff of the Topopah Spring Member.
In addition to the lower portions of the Topopah Spring tuff, tuffs of the
Calico Hills and the Prow Pass Member of the Crater Flat tuff are unsaturated
below the repository location. Two additional units of the Crater Flat tuff
(the Bullfrog and Tram Members) are in the saturated zone below Yucca
Mountain. To the east of Yucca Mountain, all the tuff units mentioned above
are partially or completely below the static water level. A summary of the
mineralogy of Yucca Mountain has recently been published (Bish and Vaniman
1985). Farther from Yucca Mountain, the sequence of alluvium and tuff
overlying Paleozoic carbonates persists in areas such as=J;ckass Flats, Yucca
Flat, and Rainier Mesa; some exposure of Paleozoic carbonates also .occurs.
Static water levels in alluvium, tuff, or carbonates have been found (Claassen
1973).

At Yucca Mountain and vicinity, sodium is the primary cation and
carbonate (as H,CO,, HC03'. and CO3") is the primary anion in water from the
saturated zone (Benson et al. 1983; Ogard and Kerrisk 1984; Benson and
McKinley 1985). Other major cations present are calcium, potassium, and
magnesium; other major anions are sulfate and chloride, with lesser quantities
of fluoride and nitrate. Sodium and total carbonate concentrations are
generally in the range of 2 to 10 mmoles/1. Aqueous silica is also present at
a concentration of about 1 mmoles/1. Most waters have a pH in the 7 to 8
range and a temperature in the 25 to 40 °C range. In the wider area covering
NTS, Oasis Valley, and the Amargosa Desert, the relative proportions of
dissolved species is generally similar to water from Yucca Mountain; waters in
the higher range of total concentrations of dissolved species are more often
found, however, particularly in areas where evaporation is important.

Examples also exist of different water compositions in specialized
environments.



Current USGS models indicate that, at Yucca Mountain, water would move
generally downward (with some possibility of lateral transport) through the
unsaturated zone and into groundwater in the saturated zone (Montazer and
Wilson 1984). Thys, water chemistry in both the unsaturated ;nd s;turated
zones is of interest. To date, numerous wells have sampled water from the
saturated zone at Yucca Mountain, and other studies have examined water
chemistry in nearby areas such as Qasis Valley, the Amargosa Desert, Pahute
Mesa, and Rainfer Mesa. Thus, information is available about saturated-zone
water chemistry at Yucca Mountain and its relation to the chemistry of water
in adjacent areas. However, no analyses of pore water from the unsaturated
zone at Yucca Mountain have been reported. (Gas analyses from the unsaturated
zone at Yucca Mountain have been published.) Some pore-water compositions from
Rainier Mesa have been reported and can be used as a guide until data from
Yucca Mountain are available. Because the distribution of available data is
weighted heavily toward the saturated zone, this report will necessarily
concentrate on chemistry of saturated-zone water. The 1mpbrténcerof the .
chemistry of unsaturated-zone water at Yucca Mountain 1s recognized, however,
and when sufficient data are available, a study emphasizing the unsaturated
zone is planned. _

The phrase "water chemistry" can have a variety of meanings. For this
report, water chemistry relates to the identities and concentrations of
dissolved specties present in the water (including {sotopic data where
available), the origins of these species, and the chemical controls on their
concentrations. An understanding of water chemistry at Yucca Mountain starts
with compilations of Tocal water compositions and mineralogy. However, Yucca
Mountain cannot be viewed in isolation, so that similar data from surrounding
areas are also useful. The similarity of water compositions and mineralogy in
a larger area containing Yucca Mountain makes an area-wide comparison even
more valuable. An understanding of the origins of dissolved species and
chemical controls on their concentrations leads to knowledge of the chemical
and physical processes that affect water compositions. This knowledge is
important because Yucca Mountain is not a static system; future climatic
changes and even the presence of a repository can change some of the
parameters that control water composition, such as recharge rate, recharge
mechanism, temperature, or materials that contact the water. Thus, in order
to assess the effects of changes in boundary conditions, an understanding is



necessary of the origins »f dissolved species in the water and the processes
that controt their concentrations. For quantitative predictions, a
quantitative model of water chemistry is required. At this time, however,
only a qualitative understanding is available of most aspects of Yucca
Mountain water chemistry.

The fo]lowing sections of this report (1) describe previous reports of
water chemistry at Yucca Mountain and nearby areas, (2) discuss the wells at
Yucca Mountain and vicinity that are the primary focus of this report,

(3) discuss some possible sources of groundwater at Yucca Mountain, (4)
outline chemical and physical processes that can affect water compositions in
this area, (5) present data for important compositiona' variables of water
from *he area and som: relations among the compositional variables, (6)
discuss controls that appear to exist on water chemistry at Yucca Mountain,
and (7) discuss the implications of the water chemistry for solubility and
speciation of waste elements and for mineral stability.

II. PREVIOUS WORK

Water from Yucca Mountain and many nearby areas has been sampled and
analyzed. The operation of N7S led to test wells and producing wells in areas
such as Yucca Flat, Frenchman Flat, Jackass Flats, and Pahute Mesa. In
addition, springs and seeps have been sampled in some of these same areas as
well as at Rainier Mesa. The compositions of water from areas near NTS have
also beenvreported; these include Oasis Valley to the west of Yucca Mountain
and NTS, and the Amargosa Desert to the south of NTS. In recent years, a
number of test wells have been dug and sampled at Yucca Mountain as part of
the NNWSI Project. Data from all of these locations provide a base for the
analyses done in this report.

The sources of water-composition data that were reviewed and included in
this investigation of groundwater chemistry are listed below along with a few
words about the water sampled.

1. Clebsch and Barker.(1960), composition of water from wells and
springs at Rainier Mesa,

2. Clebsch (1961), tritium analyses of water from NTS,

3. Blankennagel and Weir (1973), composition of water from wells at
Pahute Mesa and vicinity,



4. Claassen (1973), composition of water from various water-supply wells

around NTS,

Benson (1976), composition of pore water from Rainifer Mesa,

. White (1979), composition of water from Qasis Valley,

. White et al. (1980), composition of fracture water from Rainier Mesa,

. Henne (1982), composition of fracture water from Rainier Mesa,

. Benson et al. (1983), composition of water from wells in the vicinity

of Yucca Mountain,

10. Ogard and Kerrisk (1984), composition of water from wells in the
vicinity of Yucca Mountain,

11. Benson and McKinley (1985), composition of water from wells in the
vicinity of Yucca Mountain,

O 00 ~ O N

12. Claassen (1985), composition of water from wells and springs in the
Amargosa Dasert and at other locations at NTS and vicinity, and

13. White and Chuma (1986), composition of water from Qasis Valley and
Pahute Mesa.

A tabulation of the various water compositions is given in Appendix A. In
addition to the water-composition data outlined above, analyses of the gas
phase from the unsaturated zone at Yucca Mountain have been reported by Yang
et al. (1985). These data were taken from near-surface locations tc about
368-m depth; they provide direct information about the gas phase contacting
pore water in the unsaturated zone at Yucca Mountain, but only indirect
information about the pore water.

A general review of groundwater chemistry in the south-central Great
Basin was given by Winograd and Thordarson (1975). They identified five types
of groundwater in the area:

1. a czlcium-magnesium-bicarbonate water that moves only through the
carbonate aquifer or through a valley-fill aquifer that is rich in
carbonate detritus,

2. a sodium-potassium-bicarbonate water that moves only through the tuff
or lava-flow terrane, or through a valley-fill aquifer that is rich
in volcanic detritus,

3. a mixture of the first two types that results from downward flow of
the sodium-potassium-bicarbonate water into the carbonate aquifer,

4. a sodium-sulfate-bicarbonate water in east-central Death Valley, and



5. a playa water that exists as shallow groundwater beneath saturated
playas.
Winograd and Thordarson (1975) infer, on the basis of hydrochemical data, that
groundwater beneath NTS moves toward the Ash Meadows area.

White (1979) reviewed the geochemistry of groundwater associated with
tuffaceous rocks in Oasis Valley, which is west of NTS and Yucca Mountain. He
concluded that most recharge entering Oasis Valley comes from the north and
east, including Pahute Mesa. The water moves from the recharge areas through
the fracture system in the tuffaceous rocks and into the alluvium in the
valley floor. The close proximity of the water ir the alluvium to the ground
surface promotes evapotranspiration and an increase in concentration of the
dissolved species. Some dissolved species such as sodium and chloride were
not selectively added or removed from the water, but others such as calcium,
fluoride, aqueous silica, and bicarbonate were affected by precipitation or
dissolution reactions.

White, Claassen, and Benson (1980) described the effect of volcanic glass
dissolution on water chemistry in a tuffaceous aquifer at Rainier Mesa (see
also Claassen and White 1979). HWater containing dissolved carbon dioxide
reacts with vitric and crystalliine tuffs. As dissolution proceeds, the water
becomes saturated with respect to various minerals. The competition between
species added by dissolution and removed by precipitation controls water
composition. Experiments with vitric and crystalline tuff produced aqueous
solutions of different composition, crystalline tuff giving more calcium-rich
water and vitric tuff giving more sodium-rich water. The authors concluded
that dissolution of vitric tuff was the predominant reaction affecting water
composition; this predominance was probably related to different flow
mechanisms in the two materials (fracture flow dominating in crystalline tuff
and interstitial flow in vitric tuff). Cation compositions in fracture and
pore water sampled at Rainier Mesa were similar, but pore water was higher in
chloride and sulfate relative to bicarbonate than was fracture waters (see
also Benson 1976). Kerrisk (1983) modeled glass dissolution and mineral
precipitation reactions with reaction-path calculations. He was able to
reproduce the general trends of major-species water composition and mineral

precipitation by using glass dissolution data measured by White, Claassen, and
Benson (198Q).



Claassen (1985) reviewed data for groundwater in the west-central
Amargosa Desert. He concluded that overland flow of snowmelt in or near
present-day stream channels was the primary recharge mechanism rather than
subsurface flow from highland recharge areas in the north. Two of these
stream channels are the Amargosa River, which enters the Amargosa Desert in
the west from Oasis Valley, and Fortymile Wash (Fortymile Canyon), which
passes Yucca Mountain on its way to the Amargosa Desert. Recharge through
alluvium composed of fragments of tuff or carbonate, or mixtures of the two,
and through playa deposits results in different water compositions. He also
saw evidence for upward leakage of water from a regional carbonate aguifer
into alluvium and mixing with water recharged directly into the alluvium at
the eastern edge of the study area.

White and Chuma (1986) reviewed data for water from Oasis Valley and
Fortymile Wash. They used isotopic data to conclude that groundwater from
Pahute Mesa discharges thrcugh tuffaceous aquifers into Oasis Valley, but not
into Fortymile Wash. They also concluded that water in the alluvium in the
upper north-central Amargosa Desert originated principally as groundwater in
tuffs in Fortymile Wash; this disagrees with the conclusion of Claassen (1985)
that overland flow was more important. MWhite and Chuma (1986) infer that,

during passage through Qasis Valley, dissolved carbonate in the water is
~ exchanged with soil-zone carbon dioxide and carbonate in caliche; this

exchange is facilitated by the proximity of the water to th2 ground surface in
Casis Valley.

III. YUCCA MOUNTAIN WELLS

A number of wells have been completed and sampled at Yucca Mountain and
vicinity as part of the NNWSI Project or other programs at NTS. Compositions
of water from these wells have been reported primarily by Benson et al.
(1983), Ogard and Kerrisk (1984), and Benson and McKinley (1985). Table I
1ists the 15 wells from Yucca Mountain and vicinity that were reviewed as part
of this report. MWells J-12 and J-13 are water-supply wells; the others are
test wells. Table I also lists the well locations and Fig. 1 shows the
locations around Yucca Mountain.

A1l but one of the wells (UE-25p#1) sample the tuffaceous aquifer around
Yucca Mountain. MWell UE-25p#1 encountered the carbonate aquifer at about
1300-m depth and continued to about 1800-m depth (Craig and Robison 1984).

—_—
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J-12

J-13

UE~25b#
UE-25¢c#]
UE-25¢c#2
UE-258¢c#3
UE-25p#1
UE-29a#2

USH G-4
USKH H-1
USHW H-3
USH H-4

USH H-5
USW H-6

USK VH-1

TABLE 1

WELLS AT YUCCA MOUNTAIN AND VICINITY

Location

Fortymile Wash, east of Yucca Mountain
Fortymile Wash, east of Yucca Mountain
Yucca Mountain, Drill Hole Wash

Yucca Mountain, Midway Valley

Yucca Mountain, Midway Valley

Yucca Mountain, Midway Valley

Yucca Mountain, Midway Valley
Fortymile Wash, northeast of Yucca
Mountain

Yucca Moyntain, Orill Hole Wash

Yucca Mountain, Drill Hole Wash

Yucca Mountain crest

Yucca Mountain, wash south of Drill
Hole Wash

Yucca Mountain crest

Jet Ridge, across Solitario Canyon,
vwest of Yucca Mountain

Crater Flat, southwest of Yucca
Mountain

Water Samples?

Integral

Integral

Integral, 863-875 m
Integral

Integral

Integral

381-1179 m, 1279-1805 m
87-213 m, 247-354 m

Integral

572-687 m, 637-1829 m
822-1220 m

Integral

Integral

Integral, 608-646 m,
753-835 m

Integral

4 ists depth interval sampled or whether the entire well bore was pumped
(integral sample).

Water samples from two depths have been reported from UE-25p#1.

A deep sample

that appears to represent the carbonate aquifer in this location is called

“carbonate water" in this report.

A shallower sample that represents a

mixture of tuffaceous and carbonate aquifer water is called "tuffaceous-

carbonate water” in this report.
compositions and are usually differentiated in discussions.

These two samples have different

Most samples from

the other wells, which all sample the tuffaceous aquifer, have been integral
samples in which no attempt was made to seiectively pump particular zones.

The exceptions are shown in Table I, where information under the heading WATER
SAMPLES indicates whether an integral sample was taken or whether specific

intervals were sampled.

Discussions of water from the tuffaceous aquifer

around Yucca Mountain have usually not differentiated between samples from
different depth intervals.

10



IV. SOURCES OF GROUNDWATER

One of the boundary conditions that infiuences the composition of
saturated-zone water at Yucca Mountain is the source of the water. Water
entering the area carries dissolved species with it. The identities and
concentrations of these dissolved species depend on the past history of the
water. There are three potential sources of groundwater in the tuffaceous
aquifer at Yucca Mountain and vicinity: (1) subsurface flow from other
recharge areas, (2) direct recharge from local precipitaticn or runoff, and
(3) flow from the carbonate aquifer that underlies the tuffaceous aquifer. A
hydrologic model of Yucca Mountain that outlines sources of groundwater in the
saturated zone is still being developed by the USGS. However, some ideas
about the likelihood of these sources can be obtained from the preliminary
models that have been developed (Waddell et al. 1984; Robison 1984; Czarneckt
1985) and from consideration of nearby areas.

The general similarity cf the composition of the tuffaceous-aquifer
minerals around NTS and vicinity makes it difficuit to distinguish, from
geochemical evidence alone, between subsurface flow through the tuffaceous
aquifer from other recharge areas and direct recharge. Two different
proposals for the source of groundwater in the southern part of Fortymile Wash
have been made. Claassen (1985) concluded that groundwater was recharged
primarily by overiand flow and local recharge, but White and Chuma (1986)
considered subsurface flow more 1ikely. 1In either case, the water would
contact tuffaceous material in the aquifers or valley fill and have a similar
overall composition.

The general flow direction from north to south proposed by Winograd and
Thordarson (1975) for groundwater beneath NTS makes highland areas to the
north of Yucca Mountain potential recharge areas. MWhite (1979) and White and
Chuma (1986) have concluded that groundwater from Pahute Mesa flows into Oasis
Valley, but that it is not a source for groundwater in Fortymile Wash. The
relationship between water from Pahute Mesa and Yucca Mountain is uncertain at
this time.

Claassen (1985) found evidence for upward flow of water from the
carbonate aquifer and mixing with water from the tuffaceous aquifer in local
areas in the eastern Amargosa Desert. Springs in the Ash Meadows area also
discharge water from the carbonate aquifer. No geochemical evidence of upward
flow of carbonate aquifer water around Yucca Mountain has been reported;

N



however, there are potentiometric data indicating this possibility (Robison
1984). Broxton et al. (1986) have proposed this process as the cause of a
trend from more sodium- and potassium-rich zeolites in western Yucca Mountain
to mora calcium-rich zeolites in the eastern part.

V. ACTIVE CHEMICAL AND PHYSICAL PROCESSES

This section presents short discussions of chemical and physical
processes that are active at Yucca Mountain and that could affect water
comrnositions. Its purpose is to remind the reader of those processes that
could control water composition or that could change water composition as
conditions change at Yucca Mountain.
A. Transport with Water

As discussed in Section IV above, transport of dissolved species with
water that enters or leaves the Yucca Mountain area is an important process
affecting water compositions. Because of the similarity of mineralogy in the
tuffaceous aquifers at NTS, it may be that water entering Yucca Mountain by
subsurface flow through the tuffaceous aquifer has already achieved a
steady-state composition in the major cations and anions. MWater from the
carbonate aquifer has its own characteristic composition. HWater directly
recharged through the unsaturated zone may also have a different composition,
but this has not been determined as yet. |
B. Rock-Water Reactions

Dissolution of volcanic glass and minerals provides a major source of
alkali metal and alkaline earth cations, and aqueous silica to water in the
tuffaceous aquifer (Hoover 1968; Claassen and White 1979; White et al. 1980).
Dissolution and secondary mineral precipitation are responsible for the
sorptive minerals found at Yucca Mountain. MWater-mineral reactions also
stabilize the pH of the water (Ogard and Kerrisk 1984). These processes are
particularly important for water that is recharged through the unsaturated
zone. Reactions between water and carbonate minerals in the Paleozoic

(carbonate) aquifer strongly influence the chemistry of that water.
C. Ion Exchange

Cation exchange between local water and secondary minerals such as clays
and zeolites at Yucca Mountain can also change or control alkali metal and
alkaline earth concentrations in the water. Isotopic exchange between
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dissolved carbonate species and carbonate minerals has also been reported
(White and Chuma 1986).
D. Gas Dissolution

Various gases dissolved in water influence water chemistry. At Yucca
Mountain, two important gases are oxygen and carbon dioxide. Most
saturated-zone water from Yucca Mountain and vicinity is oxidizing, containing
measurable quantities of dissolved oxyger (Ogard and Kerrisk i384). This
affects the chemistry of many of the waste elements, particularly the
actinides.

Water containing dissolved rarbonate species has an equilibrium carbon
dioxide pressure that is a function of the amount of dissoived carbonate and
the water composition, including pH. The atmosphere and the soil zone are two
important sources of gaseous carbon dioxide. Precipitation and water passing
through the soil zone pick up dissolved carbon dioxide. The carbon dioxide
content of gas from the unsaturated zone and the iéotopic composition of the
gas has been measured at and near NTS {Henne 1982; White and Chuma 1986) and
at Yucca Mountain (Yang et al. 1985). These data have not been related to the
carbonate content of water from the saturated zone as yet.

E. Mixing of Different Water Compositions

There are two major aquifers in the vicinity of Yucca Mountain, the
tuffaceous aquifer and the carbonate aquifer, which generally underlies the
tuffaceous aquifer at NTS. The waters from these two aquifers have somewhat
different compositions, and mixtures of the two extremes have been noted
(Winograd and Thordarson 13975). This process could be important at Yucca
Mountain if water from the carbonate aquifer enters the tuffaceous aquifer.

F. Evaporation

Evaporation is observed in areas such as Qasis Valley where the static
water level approaches the land surface. At Yucca Mountain, however, the deep
unsaturated zone would preclude evaporation from saturated-zone water. There
are two situations where evaporation may be important at Yucca Mountain: in
the unsaturated zone and during the thermal pulse in the repository. In the
matrix of the unsaturated zone, where 1iquid water presents a large surface
area to the gas phase, evaporation may affect water compositions. Because of
the limited amount of data about unsaturated-zone water compositions, little
can be said about evaporation in the unsaturated zone at this time.
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VI. IMPORTANT GROUNDWATER COMPOSITIONAL VARIABLES AND RELATIONS AMONG

THESE VARIABLES

The composition of groundwater represents direct evidence of the chemical
and physical processes that are active in control of that composition. Water
compositions and relations among compositional variables are often used to
support interpretations or models about the origin or age of the water, or
about its relation to the local area (Fritz and Fontes 1980; Drever 1982;
Claassen 1985; White and Chuma 1986). This section presents information about
relations among various compositional variables of water from Yucca Mountain,
NTS, and vicinity. The object of these presentations is to show relations
where they exist and, in this and the following sections, to interpret these
relations in terms of the physicai and chemical processes that control water
composition.
A. Major Species and Variables

Sodium is the primary cation in essentially all the saturated-zone water
in this area. Calcium and potassium are next in importance, with calc¢cium
predominating in waters from the carbonate aquifer. Magnesium is also present
in smaller quantities in these waters; it is more prominent in waters from the
carbonate aquifer. The dissolution of volcanic glass and minerals in the
tuffaceous and carbonate aquifers is the major source of these cations (Hoover
1968; Winograd and Thordarson 1975; Claassen and White 1979; White et al.
1980). Figure 2 shows plots of total sodium content as a fuaction of total
carbonate (the primary anion) content of water from Yucca Mountain, NTS, and
vicinity. The meanings of the abbreviations shown in the legends are
described in Table II. 1In Fig. 2(a), data from 187 samples are plotted; the
data are segregated into 10 sets, primarily based on location. Definite
clustering of some sets of data can be seen. Above about 6 mmoles/1 total
carbonate, the data split into two groups; water from Oasis Valley continues
to increase in sodium content with increasing carbonate, but other water does
not. HWhite (1979) concluded that the water in Qasis Valley is undergoing
evaporation as it moves down the valley; this is demonstrated by the roughly
Tinear variation of sodium and carbonate concentrations (as well as a number
of other concentrations that will be discussed later) in that water. Three of
the samples with high carbonate (9-10 mmoles/1) and intermediate sodium (5-7
mmoles/1) are from carbonate aquifer wells (UE-25p#1 carbonate water, Well C,
and Well C-1). Some of the higher carbonate waters that fall in the group
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Abbreviation

YM/ FMW

AD/FMN

AD/MISC

AD/QV

OTHER

ov

PM
RM/PW

RM/FW
RM/MISC

TABLE II
WATER SAMPLING LOCATIONS

Location

Wells at Yucca Mountain and vicinity including Fortymile Wash
(J-12, J-13, UE-25b#1, UE-25c#1, UE-25c#2, UE-25c#3, UE-25p#1,
UE-29a#2, USW G-4, USW H-1, USW H-3, USW H-4, USW H-5, USH H-6,
and USH VH-1).

Amargosa Desert wells and springs in the Fortymile Wash stream
channel - sites 3 to 19 from Claassen (1985).

Miscellaneous wells and springs in the Amargosa Desert - from
Claassen (1985).

Amargosa Desert wells and springs in the Qasis Valley drainage
system above the Fortymile Wash stream channel - sites 45 to 52
from Claassen (1985).

NTS wells and springs from Yucca Flat, Frenchman Flat, and the
Calico Hills - Claassen (i973) and Claassen (1985).

Wells and Springs from Oasis Valley - White (1979) and White
and Chuma (1986).

Wells from Pahute Mesa

Pore water from the unsaturated zone at Rainier Mesa - Benson
(1976).

Fracture water from Rainier Mesa - White et al. (1980).

Miscellaneous wells, springs, and fracture-water samples from
Rainier Mesa.

between the carbonate wells and the main body of the data may result from
mixing more dilute water from the tuffaceous aquifer with water from the
carbonate aquifer; two of these wells are from the tuffaceous aquifer at

Pahute Mesa (UE-19¢ and UE-19d).

Winograd and Thordarson (1975) identify a

mixed tuffaceous-carbonate water in terms of downward flow of water from the

tuffaceous aquifer into the carbonate aquifer.

It s also possible that

upward flow of water from the carbonate aquifer into the tuffaceous aquifer

(Waddell et al. 1984) could result in a similar mixing process and similar
water compositions.
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In Fig. 2(b), the shaded area represents the range of compositions
covered in Fig. 2(a) by all the data, and only the compositions from Yucca
Mountain and vicinity are plotted as specific points. Excluding data for the
UE-25p#1 carbonate water (9.3 mmoles/1 total carbonate), which ts a carbonate
aquifer sample, there is about a factor of 2 variation in the sodium and
carbonate contents of water from the tuffaceous aquifer at Yucca Mountain.
The trend of the compositions of the Yucca Mountain water with increasing
carbonate content generally stays below the Qasis Valley data.

Figure 3 shows plots of total calcium content as a function of total
carbonate content of water from Yucca Mountain, NTS, and vicinity. In
Fig. 3(a), data from the same 187 sources that were shown in Fig. 2(a) are
presented. As in Fig. 2(3), definite clustering of some sets of data can be
seen in Fig. 3(a). The Oasis Valley data show a relatively constant calcium
content with increasing carbonate, probably because of solubility
constraints. In Fig. 3¢(b), the shaded area represents the range of
compositions covered in Fig. 3(a) by all the data, and only the compositions
from Yucca Mountain and vicinity are plotted as specific points. Except for
both samples from UE-25p#1, the water from Yucca Mountain has relatively low
calcium content (less than 0.5 mmoles/1). This is particularly true of water
from wells USW H-3, H-6, H-S, and H-1, which have calcium contents of 0.15
mroles/1 or less. These wells are on the western part of Yucca Mountain or
across Solitario Canyon. The Ghost Dance Fault is an approximate dividing
Tine between these low calcium wells and those to the east with higher calcium
content (see Section VI(D)).

Figure 4(a) shows a ternary plot of the relative sodium, calcium, and
potassium contents of water from Yucca Mountain, NTS, and vicinity. Water
from the carbonate aquifer has high calcium (and magnesium), up to about 45%
in the ‘data shown in Fig. 4(a). Most of the Yucca Mountain waters plot along
a line with about 0-5% potassium, and sodium ranging from about 70% up to
essentially 100%; this is more apparent in Fig. 4(b), which shows a shaded
area representing all the data in Fig. 4(a) with only Yucca Mountain data
plotted as specific points. Two of the wells in Fortymile Wash (J-12 and
J-13) have slightly higher relative potassium contents. An attempt was made
to correlate the relative sodium content (Na/(Na+Ca+K)) of the water with
other compositional variables, but no significant correlations were found for
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all the data. There is, however, a relation between relative sodium content
and pH for water from Yucca Mountain and vicinity, and between relative sodium
content and the location of Yucca Mountain welis. Ffigure 5 shows a plot of
Na/(Na+7=:X) as a function of pH for water from Yucca Mountain and vicinity.
In addition to the water data plotted there, the two lines show variation in

~ the same variables from reaction-path calculations of volcanic-glass
dissolution and secondary-mineral precipitation at Rainier Mesa (Kerrisk
1983). The general shape of the data, relatively flat at itower Na/(Na+Ca+K)
values with increasing pH as Na/(Na+Ca+K) approaches 1, is also predicted by
the calculations. The variation of Na/(Na+Ca+K) with location is discussed in
Section VI(D).

The pH of water from Yucca Mountain, NTS, and vicinity is generally in
the range of 7 to 9. Two extreme values are observed at Yucca Mountain; the
carbonate-water sample from UE-25p#1 has a pH of 6.6 and water from H-3 has a
pH of 9.2. The pH of all water samples as a group did not show any
correlations with other compositional variables. However, at Yucca Mountain
and vicinity, pH is related to a number of other compositional variables. The
relation between pH and Na/(Na+Ca+K) was noted above and shown in Fig. 5. The
pH is also inversely reiated to calcium content and, to some extent, to
magnesium content. If the calcium content is related to pH through calcite
solubility, a plot of loglo(calcium content) as a function of pH should be
linear with slope -2 when the carbon dioxide partial pressure is constant, or
curved with the slope varying from -2 through O with increasing pH when the
total carbonate content is constant. Figure 6 shows a plot of ]og]o(calcium
content) as a function of pH of water from Yucca Mountain and vicinity. The
slope of a curve through the data would decrease from about -2 at pH 6-7 to
about -1 at pH 8-9. This variation approximates the expected behavior for
constant total carbonate content and would indicate that calcite solubility
may be a factor in controlling the calcium content of water at Yucca
Mountain. There is also a relation between pH and total carbonate content of
tuffaceous-aquifer water from Yucca Mountain and vicinity (see Fig. 7).
Although most of the tuffaceous-aquifer data are grouped together in one area,
water with higher total carbonate content tends to have higher pH. Water from

UE-25p#1 has high carbonate content but low pH; thus, it does not fit this
trend.
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The carbon dioxide partial pressure in equilibrium with water
compositions was calculated using the EQ3 chemical equilibrium computer
program (Wolery 1983) for about two-thirds of the samples reviewed here.
Figure 8(a) shows a plot of 1og1o(carbon dioxide pressure) as a function of pH
for samples from Yucca Mountain, NTS, and vicinity. There is a trend toward
decreasing carbon dioxide pressure with increasing pH. As expected, water
from the carbonate aquifer tends to have higher equilibrium carbon dioxide
pressures than water from the tuffaceous aquifer. The Rainier Mesa pore water
shown in Fig. B(a) has lower equilibrium carbon dioxide pressures than the
fracture water. Figure 8(b) shows a similar plot for data just from Yucca
Mountain and vicinity. There is much less scatter in these data. The slope
of a line through the UE-25p#1 data is about -2; in the higher pH range (7.5
to 9), the slope is about -1. The maximum carbon dioxide pressure calculated
for tuffaceous waters from Yucca Mountain (~10'2 atm) is similar to peak
carbon dioxide pressures observed in the soil zone at Yucca Mountain (Yang et
al. 1985). Thus, soil-zone carbon dioxide is a possible source of the aqueous
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carbonate in the water The calculated carbon dioxide pressure of water from
Well H-3 at Yucca Mountain (10'3'8 atm) is below the carbon dioxide pressure
in the atmosphere (10‘3'5 atm) and well below carbon dioxide pressures
measured in the gas phase <7 the unsaturated zone at Yucca Mountain (Yang et
al. 1985). This water also has the highest total tarbonate content of the
tuffaceous aquifer wells at Yucca Mountain. The high carbonate content of
this water could result from some process that increases the pH, thus driving
down the equilibrium carbon dioxide pressure of the water to the level where
it is below carbon dioxide partial pressures in the unsaturated-zone gas phase
above the water, and allowing dissolution of gas-phase carbon dioxide in the
water.

As could be implied from the relations between pH and total carbonate
(Fig. 7), and carbon dioxide pressure and pH (Fig. 8(b)) for tuffaceous water
at Yucca Mountain, there is also a relation between carbon dioxide pressure
and total carbonate for these data (see Fig. 9). For the tuffaceous wells,
those with higher total carbonate tend to have lower carbon dioxide pressures.
This is consistent with the possibility that gas-phase carbon dioxide in the
unsaturated zone could be the source of aqueous carbonate contents above about
2 mmoles/1 in tuffaceous-aquifer water from Yucca Mountain. The two samples
from UE-25p#1, which represent carbonate aquifer water and mixed
tuffaceous-carbonate water, do not fit this trend (see Figs. 7 and 9).

The discussions about relations among pH, total carbonate, calcium

_content, and equilibrium carbon dioxide pressure in the previous two

24

paragraphs alluded to the possibility that calcite or dolomite solubilities
may also be involved in controlling water chemistry at Yuc~1 Mountain. The
state of water with respect to saturaf1on with a mineral can be represented by
the quantity log]O(QlK), where Q is the ion activ1ty product and K is the
equilibrium constant for the solubility reaction (Stumm and Morgan 1981). The
quantity log]O(Q/K) is negative for undersaturation, zero at saturation, and
postitive far oversaturation. Figure 10 shows a plot of calcite log]o(Q/K) as
a function of pH for water from Yucca Mountain and vicinity. The log]O(QlK)
data were calculated from water compositions using the EQ3 chemical
equilibrium computer program at the same time that carbon dioxide pressures
were calculated (Walery 1983). Most of the waters with high pH are near
saturation with respect to calcite; these are the same waters that showed low
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calcium contents in Fig. 6. Thus, the low calcium content of these waters may
be the result of calcite (or dolomite) precipitation as water pH increases.
The low calcium content and the high carbonate content in the
tuffaceous-aquifer water in the western part of Yucca Mountain may be
connected phenomena.

Essentially all the aqueous silica contents of the waters from Yucca
Mountain, NTS, and vicinity range from about 0.6 to 1.3 mmoles/1, with an
average of 0.89 mmoles/1. This puts the water in the range of cristobalite to
amorphous silica saturation. A few samples show higher and lower values. In
particular, water sampled from the surface soil of Rainier Mesa show lower
aqueous silica contents, 0.3 to 0.6 mmoles/1 (Benson 1976; Henne 1982). MWells
that tap the carbonate aguifer (Wells Army-1, C, and C-1) are also low in
aqueous silica; Winograd and Thordarson (1975) noted the low agueous silica
content of water from the carbonate aquifer. The aqueous silica contents of
waters from this area did not show significant correlations with any of the
other compositional variables examined. Aqueous silica is supplied to these
waters primarily by dissolution of tuffaceous rock and minerals;
concentrations are probably controlled by precipitation of various solid
silica polymorphs. Kerrisk (1983) has proposed that high aqueous silica
activity (in equilibrium with cristobalite) 1is required for the presence of
the zeolites found at Yucca Mountain.

Carbonate is the primary anion in essentially all the water from Yucca
Mountain, NTS, and vicinity. After cgrbonate, chloride and suifate are next
in order of amount present; these two anions are generally present in about
equimolar quantities. Carbonate, chloride, and sulfate usually represent 95%
or more of the anion content of the water. Figure 11 shows plots of (chloride
+ sulfate) content as a function of total carbonate content of these waters.
In Fig. 11(a), data from 185 sources are plotted. Three types of behavior can
be seen moving away from the dilute region of the plot. Many samples of
Rainier Mesa pore water show high (chloride + sulfate) content (1-2.5
mmoles/1) for the amount of carbonate present (0.4-1 mmoles/1) (the data
cluster near the vertical axis); this is consistent with the low equilibrium
carbon dioxide pressures calculated for this water (see Fig. 8(a)). Data from
Oasis Valley show a roughly linear trend of increasing (chloride + sulfate)
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with carbonate; water from the Amargosa Desert in the Qasis Valley drainage
system has somewhat higher (chloride + sulfate) content. These data tend to
cluster in the middle of the plot. Water from carbonate aquifer wells and
other wells around NTS shows lower (chloride + sulfate) content for the amount
of carbonate present; these data cluster near the horizontal axis. In

Fig. 11¢(b), the shaded area represents the range of compositions covered in
Fig. 11¢a) by all the data, and only compositions from Yucca Mountain and
vicinity are plotted as specific points. Except for UE-25p#1 carbonate water,
water from Yucca Mountain and vicinity is low in (chloride + sulfate), 0.3-0.8
mmoles/1. Figure 12(a) shows an expanded-scale plot of sulfate content alone
as a function of carbonate content for water from Yucca Mountain and vicinity;
Fig. 12(b) shows a similar plot for chloride. Neither plot includes the
carbonate water from UE-25p#1 (sulfate content 1.67 mmoles/1, chloride content
0.79 mmoles/1, and carbonate content 9.3 mmoles/1), but they both include the
mixed tuffaceous-carbonate water from this well. The sulfate content shows an
almost linear relation with carbonate except for Well VH-1 (see Fig. 12(a)).
There is enough scatter in the chloride plot so that there appears to be
1ittle or no relationship between chloride and carbonate for these wells (see
Fig. 12(b)).

Figure 13 shows plots of sulfate content as a function of chloride
content for water from Yucca Mountain, NTS, and vicinity. In Fig. 13(a), data
from 185 sources are plotted. Most of the data cluster around the origin,
with less than 0.% mmoles/1 sulfate and chloride contents. The straight 1ine
through the origin, with a slope of 0.82, represents a least squares fit of
all the data. Claassen (1985) shows a similar plot with a line representing
evaporation of modern precipitation; the slope of that line is approximately
1.65, that is, twice the slope of the line in Fig. 13(a). Claassen (1985)
also noted that groundwater in the Amargosa Desert contains less sulfate
relative to chloride than modern precipitation. EQ3 calculations of gypsum
loglo(Q/K) for about two-thirds of the samples in Figs. 12 and 13 gave values
from -5 up to about -1. This indicates that all these waters are
undersaturated with respect to gypsum so that gypsum solubility should not
limit sulfate concentrations. The Rainier Mesa pore-water data with high
(chloride + sulfate) in Fig. 11(a) plot below the line in Fig. 13(a), with
sulfate content about half the chloride content. Figure 13(b) shows an
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expanded view of the region near the origin; most of the data from Yucca
Mountain wells appear in this region. The straight line is the same line
shown in Fig. 13(a).

Measurements of the redox state of water have been made for some wells at
Yucca Mountain and vicinity but have not been réported for any of the other
waters reviewed here. Dissolved oxygen, Eh, and nitrite/nitrate ratios have
been measured (Ogard and Kerrisk 1984). Most of the waters measured showed
detectable dissolved oxygen (2 to 6 mg/1) and Eh values in the 200~ to 400-mV
range (against a H2 electrode). Both measures are signs of oxidizing
conditions. Two wells, UE-25b#1 and USKW H-3, had dissolved oxygen contents
below detection limits (0.1 mg/1) and negative values of Eh in pumped
samples. During a 28-day pumping test from a packed-off interval of the
Bullfrog Member tuff in Well UE-25b#1, reducing conditions at the start of the
test gave way to oxidizing conditions at the end; the measured Eh of the water
increased, dissolved oxygen increased during the latter third of the test, and
the total iron, total manganese, and nitrite/nitrate ratio decreased (Daniels
et al. 1983; Ogard et at. 1983; Rundberg et al. 1985). All these trends are
indications that the water became more oxidizing as the test progressed.
However, the three direct measures of the redox state, dissolved oxygen, Eh,
and nitrite/nitrate ratio, gave conflicting quantitative information. The
lack of equilibrium among various redox couples that can exist in solution is
common (Lindberg and Runnells 1984). The other well to show reducing
conditions during pumping tests, USW H-3, had detectable dissolved oxygen that
decreased with time early in a three-month pumping test; however, the water
stabilized at oxygen levels below detection and Eh in the range of -80 to -140
mV for most of the test (Crowe and Vaniman 1985). The oxidizing conditions
observed early in the USW H-3 test were probably a result of contamination
during drilling. Two other wells, USW H-1 and H-4, showed reducing conditions
(negative values of Eh and detectable sulfide concentrations) in samples taken
in evacuated bottles that were lowered into the well bores to various depths
after pumping tests were completed and the pumps removed (Ogard and Kerrisk
1984). Hell USW H-4 water had positive Eh and considerable dissolved oxygen
in the sample taken during pumping. In addition to the redox measurements on
water samples, measurements of the composition of the unsaturated-zone gas
phase at Yucca Mountain have shown about 20% oxygen present even at 300-m
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depth (Yang 1986). The presence of gaseous oxygen above the static water
level is an indication that water at that level should be oxidizing. The
existence of a wide range of redox conditions in water from Yucca Mountain and
vicinity, and the variation of redox conditions in individual wells, have not
been satisfactorily explained at this time.

B. Isotopic Data

There have been a number of measurements of carbon, hydrogen, ‘and oxygen
isotopic data on the waters reviewed here. These data often provide
information about the origin of the water or the physical and chemical
processes that the water has undergone (Fritz and Fontes 1980; Faure 1977;
Dansgaard 1964; Craig 1961). Figure 14 shows plots of the percentage of
modern carbon (PMC) in aqueous carbonate as a function of total carbonate
content of water from Yucca Mountain, NTS, and vicinity. PMC is a measure of
the ]4C content of carbon in terms of the ]4C content of a carbon standard,
and it ranges from about 100% for carbon that is in equilibrium with the
atmosphere to 0% for carbon that has been isolated from sources of 14C for a
long time (Fritz and Fontes 1980). Values of PMC greater than 100% are also
found because the standard represents ]4C contents before atmospheric nuclear
testing increased the ]4C content of the atmosphere. Carbonate derived from
Paleozoic rocks has very low values of PMC. The apparent age (ta) of the
water is related to PMC by

ot
[}

~[In(PMC/100)1/%, )
1.24x10"4/yr is the decay constant of ]4C. In Fig. 14(a), data for
53 samples are plotted. There are two distinct trends apparent. The data
from Oasis Valley show an increase in PMC with increasing carbonate content,
and were explained by White and Chuma (1986) in terms of contact between the
water in the shallow saturated zone of Qasis Valley and soil-zone carbon
dioxide or caliche; this leads to increasing PMC as the water moves down the
valley. Some of the increase 1s caused by an addition of carbonate to the
water and some by isotopic exchange between aqueous carbonate and the
soil-zone sources. The data from Yucca Mountain and vicinity, on the other
hand, show a range of PMC (20% to 60% or apparent ages of 13000 to 4000 yr) at
2 mmoles/1 total carbonate with a trend toward decreasing PMC with increasing
carbonate content above 2 mmoles/1; this trend is more apparent in Fig. 14(b),

where A
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where only the Yucca Mountain data are plotted. It is not clear whether there
1s a connection between the tuffaceous water data and UE-25p#1 data, or
whether the tuffaceous water data level off at about 10% PMC (apparent age
18500 yr). A connection could indicate that the trend in Fig. 14(b) is caused
by the addition of carbonate water to the tuffaceous aquifer (see Section
VII(B)).

Another feature of the data in Fig. 14(b) is that those wells with the
highest values of PMC or youngest apparent age (UE-29a#2, J-12, and J-13) are
in Fortymile Wash where local recharge may be high (Claassen 1985). These two
characteristics, high local recharge and young water, are consistent.

Figure 15 shows plots of the relative 13C/12C content (6]3C) of aqueous
carbonate in these same waters as a function of the total carbonate content.
The 8]3C data can provide some information about the origin of the carbonate
(Faure 1977; Fritz and Fontes 1980; Haas et al. 1983; Thorstenson et al. 1983:
Kigley et al. 1978). In particular, paleozoic carbonates have a 8]3C value of
~-2°/40, atmospheric carbon dioxide has a 5]3C value of ~ -7 to -9°/.,., and
soil-zone carbon dioxide that is derived from plants has 8]3C values of ~-12
to -25°/,,. Some care must be taken in comparing 8]3C values of gas, aqueous,
and solid phases because of fractionation; thus, carbon dioxide gas will have
a different 5]3C than the carbonate in an aqueous phase in equilibrium with it
(Wigley et al. 1978). Figure 15(a) shows data for 55 samples from Yucca
Mountain, NTS, and vicinity. As with the ]4C data (PMC) in Fig. 14, there are
two trends apparent in Fig. 15C(a). The data from QOasis Valley, although
scattered, show a decrease in 8]3C with increasing carbonate. This trend is
consistent with the variation of PMC with carbonate; soil-zone carbonate that
is added to the aqueous phase or exchanges with aqueous carbonate is derived
from plant respiration and has more negative 8]3C than the original carbonate
in the water. The data from Yucca Mountain and vicinity (see also Fig. 15(b))
show a range of 813C values (-13°/,, to -7°/,,.) at about 2 mmoles/1 total
carbonate, with some tendency to more positive 8]3C with increasing
carbonate. Only one tuffaceous aquifer well from Yucca Mountain (USW H.3; has
a 6]3C value above about -7°/.,,. As with PMC, it is not clear whether there
is a connection between the tuffaceous water data and the UE-25p#1 data. If
there is a connection, the increase in GISC with increasing carbonate could be
caused by the addition of carbonate aquifer water to the tuffaceous aguifer.
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The relation between pH and total carbonate shown in Fig. 7, and the
relations between PMC and total carbonate and between 8]3C and total carbonate
shown in Figs. 14(b) and 15¢(b), imply a relation between pH and the isotopic
variabies. Figure 16(a) shows a plot of pH as a function of PMC and Fig. 16(b)
shows a plot of pH as a function of 5]3C for water from Yucca Mountain and
vicinity. Both plots show some trends in the data for the tuffaceous waters,
but the UE-25p#1 samples do not follow these trends. This disparity between
the UE-25p#1 data and the tuffaceous water data was also evident in plots of
pH and carbon dioxide pressure as a function of total carbonate (Figs. 7 and
9), and zalcite 10910(Q/K) as a function of pH (Fig. 10). This behavior
contrasts with the apparent continuity between the UE-25p#1 data and
tuffaceous data in plots of calcium content and carbon dioxide pressure as a
function of pH (Figs. 6 and 8(b)) and of PMC and §'°C as a function of total
carbonate (Figs. 14{b) and 15(b)). Although some data point to a connection
between the tuffaceous and carbonate waters at Yucca Mountain, it is far from
clear that an actual physical or chemical connection exists (see Section
VII(B)).

Stable hydrogen and oxygen isotopic data can also provide information
about the origins of water or some of the physical and chemical processes that
the water has undergone (Craig 1961; Faure 1977; Dansgaard 1964; Fritz and
Fontes 1980). Figure 17(a) shows a plot of the relative deuterium/hydrogen
content (8D) of water from Yucca Mountain, NTS, and vicinity as a function of
the relative ]80/]60 content (6180). The straight line represents a relation
obtained by Craig (1961) for meteoric water. Claassen (1985) shows a similar
plot (with only some of the data) and interprets the distribution of the data
along the meteoric water line as a temperature effect, with more negative 8§D

and 8]80 originating as precipitation at lower temperatures. Claassen (1985)

also shows relations between §D and 8]80. and apparent age, with older waters
(lower PMC) showing more negative &D and 8]80. He relates this to colder
temperatures 10,000 to 15,000 years ago (see also the following paragraph).
White and Chuma (1986) reported the data from Pahute Mesa and Oasis Valley in
Fig. 17(4). They interpreted the spread in Qasis Valley as caused by a mixing
of Pahute Mesa water (8D = ~-114°/,, and §'50 = ~-14.5 to -14.7°/.,) with
water from the Bullfrog Hills in Oasis Valley (8D = ~-102°/,, and 6]80 =
~-13.4°/,,). They also cite the difference between Pahute Mesa water and

water from Fortymile Wash and the portion of the Amargosa Desert that drains
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Fortymile Wash as evidence that Pahute Mesa is not a recharge area for
Fortymile Wash. Figure 17(b) shows a plot of 8D as a function of 5]80 for
water from Yucca Mountain and vicinity only. The wells from Fortymile Hash
(3-12, 3-13, and UE-29a#2) plot at more positive 8D and §'C0 than the Yucca
Mountain wells, consistent with that water originating as precipitation at
higher temperatures or lower elevations (Dansgaard 1964, Fritz and Fontes
1980) .

. The relation between 8D and apparent age reported by Claassen (1985) for
water from the Amargosa Desert also holds for Yucca Mountain. Figure 18(a)
shows a plot of &D as a function of PMC for water from Yucca Mountain and
vicinity. Water with lower values of PMC (older apparent age) has more
negative values of &D, indicating it originated as precipitation at lower
temperatures or at higher elevations. Because PMC and the total carbonate
contant of water from Yucca Mountain are related (see Fig. 14(b)), there is
also a relation between 8§D and total carbonate; this is shown in Fig. 18(b),
where increasing carbonate content above about 2 mmoles/1 leads to more
negative values of éD. Both plots show scatter; however, the relationship
between &D and PMC (Fig. 18(a)) seems to be better defined. This leaves two
possible explanations for the range of &D values observed: that it is a
temperature effect with older water originating as precipitation at lower
temperatures (Claassen 1985) or that it is a mixing of waters with different
vaiues of §D. Some combination of these two limiting cases is also possible.

Tritium is a radioactive isotope of hydrogen that is sometimes useful for
dating water (Fritz and Fontes 1980). Because of its short half-life
(12.3 yr), water isolated from atmospheric sources of tritium would not
contain measurable levels after about 100 yr. Before atmospheric testing, the
natural tritium content of precipitation was less than about 60 pCi/l;
atmospheric testing of nuclear weapons increased tritium contents of
precipitation by several orders of magnitude (Fritz and Fontes 1980). The
tritium contents of water from a number of wells at Yucca Mountain (Benson and
McKinley 1985) and around NTS (Clebsch 1961; Claassen 1973) have been
reported. Most of the results represent tritium contents below detection
limits of the analysis, however some analyses have reported measurable tritium
contents. Clebsch (1961) found detectable tritium in Whiterock Spring and in
water from a tunnel at Rainier Mesa; tritium was not detected in water from a
number of wells around NTS. Claassen (1973) reported detectable tritium
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levels in water from a number of NTS water-supply wells during a 1964 survey;
levels of 1000 to 2500 pCi/1 (300 to 800 tritium units) were measured for some
wells, but most wells had much lower levels. Benson and McKinley (1985)
reported detectable tritium levels in six wells from Yucca Mountain and
vicinity, UE-25b#1 (2 pCi/1), UE-25c#3 (2 pCi/1), UE-25p#1 carbonate water (10
pCi/1), UE-29a#2 (37 pCi/1), USW H-3 (2 pCi/1), and USW H-6 (1-4 pCi/1).* The
highest tritium level around Yucca Mountain is from the shallow (29-m depth to
static water level) Well UE-29a#2 in Fortymile Wash; this well also has the
highest value of PMC (youngest apparent age) of these wells. The meaning of
measurable tritium levels in water from deep wells (over 100-m depth to static
water level) is uncertain. If they are representative of the water at depth,
they imply a connection that allows fast transport (less than 100 yr) between
an atmospheric source of tritium and the saturated zone, or a source of
tritium at depth. Low but measurable levels of tritium may also result from
sample contamination.

C. Other Species and Variables

In addition to the discussions of major species and isotopic data
presented above, there are a number of minor species or other variables that
are important or that show some interesting relationships. This section
discusses nitrate, fluoride, organic and particulate concentrations, and
water temperature.

Analyses for nitrate are often not done. Only about a quarter of the
water samples reviewed here had nitrate contents reported; however, two—fh?rds
of the samples from Yucca Mountain and vicinity included nitrate data. The
nitrate content of all the waters as a group did not show any relationship
with other compositional variables, but the data from Yucca Mountain and
vicinity did. Figure 19(a) shows a plot of nitrate content of water from
Yucca Mountain and vicinity as a function of PMC. Figure 19(b) shows nitrate
content as a function of total carbonate. The behavior of nitrate content as
a function of these variables shows the same general trends as that of &§D (see
Figs. 18). For these wells, low nitrate content is associated with low PMC
(older apparent age) and, to some extent, with higher total carbonate

*In their report on UE-25p#1, Craig and Robison (1984) quoted tritium levels
less than 10 pCi/1 for both carbonate water and mixed tuffaceous-carbonate
water; thus, the report of 10 pCi/1 for UE-25p#1 carbonate water in Benson
and McKinley (1985) may be a misprint.
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content. High nitrate content in water is usually associated with surface
contamination such as fertilizers or sewage, or with shallow wells (Feth
1966). The well with the highest nitrate content in Figs. 19 (UE-29a#2) is
very shallow (29-m depth to water (Benson and McKinley 1985)), compared to the
other wells around Yucca Mountain (180- to over 700-m depth to water (Robison
1984)). Data on nitrate contents were unavailable for most other waters
examined here; data were reported for some wells from NTS (Claassen 1973) and
Pahute Mesa (Blankennagel and Weir 1973). The data from Pahute Mesa showed
low nitrate contents (less than 0.05 mmoles/1); the data from wells in Yucca
Flat and Frenchman Flat showed higher nitrate contents (up to 0.2 mmoles/1).

A survey of 950 groundwater analyses around the United States showed that
two-thirds were in the 0- to 0.15-mmoles/1 range (Feth 1966). This range
covers all the water from around Yucca Mountain except UE-29a#2. Based on
this comparison, the presence of nitrate in the water and the range of nitrate
concentrations observed at Yucca Mountain are not unusual.

Data on fluoride contents are available for about half the water samples
reviewed here; all of the samples from Yucca Mountain and vicinity included
fluoride data. The fluoride content of all the water samples taken together
did not seem to be strongly correlated with other compositional variables,
however there was a tendency for increasing fluoride content with increasing
sodium and carbonate contents and relative sodium content (Na/(Na+Ca+K)).
Considering only the data from Yucca Mountain and vicinity, there is a nearly
linear relation between fluoride content and sodium and carbonate contents.
Figure 20(a) shows a plot of fluoride content of water from Yucca Mountain and
vicinity as a function of sodium content and Fig. 20(b) shows fluoride content
as a function of total carbonate content. The wells with high sodium and
carbonate contents also have high fluoride contents. The carbonate water from
UE-25p#1 does not fit the fluoride-carbonate relation well (see Fig. 20(b)).
Ogard and Kerrisk (1984) also showed a tendency for F /(F +C17) to increase
with increasing Na/(Na+Ca+K) for water from Yucca Mountain. EQ3 calculations
of fluorite log]O(Q/K) for 56 water samples from Yucca Mountain, NTS, and
vicinity gave values from -3 up to 0.5. Two wells from Yucca Mountain and
vicinity (UE-25p#1 carbonate water and USW H-4) were supersaturated with
respect to fluorite; other supersaturated waters were from Oasis Valley and
Panute Mesa. Waters with both phosphate and fluoride concentrations reported
(Claassen 1973) were highly supersaturated with respect to fluorapatite.

43



{mmoles/L)

FLUORIDE CONTENT

{mmoles/L]

FLUORIDE CONTENT

0. 00 ~mrmepmeereeepmeeeere

CRENOSXRIOX+DDOC

LEGEND

< J-12

- J-13
UE-25bn1
UE-25¢=1
UE-25¢cn2
UE-25c#3
UE-25pnl
UE-29¢22
USKW G-4
USW H
USW H
USHW H-
USKW H
USH H
USk v

3?0' i ' 410'
SODIUM CONTENT

5.0
(mmoles/L)

6.0

7

7.0

(b) ®

SOREMBOXRIOX+D>OO0

LEGEND
J-12
J-13
UE-25bs=]
UE-25c#]
UE-25cs2
UE-25¢=3
UE-25p= 1
UE-29a#2
USW G-
USW H
USKW H
USW H-
USH H
USKH H
USW v

T T
0.0 2.0 4.0

TOTAL CARBONATE

g.D 8
{mmoles/L)

T -

.0

10.0

20. Fluoride content as a function of sodium content and total
carbonate at Yucca Mountain and vicinity.
a. Fluoride content as a function of sodium content.
b. Fluoride content as a function of total carbonate content.



The organic contents of water from two wells at Yucca Mountain and
vicinity were reported by Means et al. (1982). No other organic analyses were
found for water from Yucca Mountain, NTS, and vicinity. The total organic
carbon content of Well J-13 water was 0.15 mg/1, and of UE-25b#1 water was
0.55 mg/1. About 50% of the organic content of J-13 water and 33% of the
organic content of UE-25b#1 water were high molecular-weight organics
(molecular weight greater than 1000). The organic content of J-13 water is
probably more representative of conditions in the saturated zone because it is
a producing well and all drilling fluids have been removed by extensive
pumping. At this time, there are not enough data on the organic contents of
water from Yucca Mountain and vicinity to attempt to relate organic
concentrations to other compositional or physical variables. The low levels
of organics may make further investigation unnecessary.

Particulate material, although in suspension rather than in solution, can
significantly affect concentrations of dissolved material. The particulate
content of water from oniy one well near Yucca Mountain (Well J-13) has been
examined. This well was chosen because it has been used for over 20 years and
the particulate material produced during drilling should no longer contaminate
the water. Water from Well J-13 was pumped through filters during & 14-day
test. Two size fractions of solids were collected, »0.4 um, and 5 nm to
Q.4 um. Based on the quantity of water filtered and the mass of solids
collected, the average concentration of the larger size fraction was

approximately 3x10'5 g solids/1 water; the smaller size fraction was estimated

to be present as approximately 6x10'7 g solids/1 water. Analysis of the
cation content of the larger size fraction showed 60 wt% silicon, 20 wt% iron,
11 wt% calcium, and 4 wt% aluminum. The smaller size fraction contained 44
wtZ sodium, 42 wtZ silicon, 8 wt% calcium, and 4 wt% iron. Aside from the
fron, these compositions could easily result from particulates of local
minerais. The relatively large amount of iron in both groups may result from
particulate material from the pumping and piping system of the well. A more-
complete description of this work, along with a discussion of the possible
influence of particulate concentrations at this level on radionuclide
transport, is contained in Appendix B of this report. There are no other data
on particulate concentrations in water from Yucca Mountain, NTS, and vicinity
available for comparison.



As expected, the temperature of water from wells at Yucca Mountain, NTS,
and vicinity tends to increase with increasing depth of the water sample. In
addition to this variation, the temperature of water from wells at Yucca
Mountain and vicinity is correlated with PMC and total carbonate content of
the water (see Figs. 21¢a) and 21(b)). Part of this relation is from water
sample depth. For example, the carbonate water from UE-25p#! is the deepest
sample, has the lowest PMC, and has the highest temperature; water from
UE-29a#2 is the shallowest sample, has the highest PMC, and has the lowest
temperature. However, for the intermediate samples, water temperature is not
a function of sample depth, well depth, or depth to the static water level.
Water from H-3 seems to have an anomalously low temperature (see Figs. 21).
The trends of temperature with PMC and carbonate content seen in Figs. 21 are
similar to the trends of 6]3C, pH, and fluoride content seen in Figs. 15(b),
16(a), and 20{b).

D. Relations with Location or Depth

During a discussion of the relative sodium content (Na/(Na+Ca+K)) of
water from Yucca Mountain and vicinity (Section VI(A)), a relation between
relative sodium content and well location was mentioned. Figure 22 shows a
map of the Yucca Mountain area with locations of wells near the Exploration
Block shown; associated with each well is a value or range of values of
Na/(Na+Ca+K) for that well. There is a definite east to west trend in this
variable. HWells west of the Ghost Dance Fault (USW H-3, H-5, and H-6) show
high relative sodium content, 0.94 to 0.98, compared to wells directly to the
east of the fault (USW G-4, H-4, and UE-25b#1), 0.69 to 0.79. This trend of
low relative sodium content in the east and high in the west also includes the
other Yucca Mountain wells. The high relative sodium content of water from
wells west of the Ghost Dance Fault is more a result of the low calcium
content of these waters that was noted in Section VI(A) than from a high
sodium content (see Fig. 23). The reasons for the trends in calcium and
sodium content are not evident from these data alone.

Figure 24 shows a map of the Yucca Mountain area in which the total
carbonate contents are noted. HWells to the south and west (USW H-3, H-4, and
H-6) tend to have higher carbonate contents than wells to the north and east.
This trend is not as well defined as that noted above for relative sodium
content. In particular, the Ghost Dance Fault no longer represents a dividing
line for these data. Because of the relations beteen PMC and 6]3C and the
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total carbonate content for wells at Yucca Mountain (see Figs. 14(b) and
15(b)), both PMC and &' 3C show trends with location that are similar to that
of total carbonate as seen in Fig. 24. The fluoride content of waters from
Yucca Mountain also shows a trend with location that is similar to the total
carbonate trend; that is, Hells USH H-3, H-4, and H-6 are high in fluoride
compared to other nearby wells to the northeast. The relation between
fluoride content and total carbonate was discussed in Section VI(C) and shown
in Fig. 20¢(b). As with the trends in cation concentrations noted above, the
reasons for the trends in carbonate content and associated variabhles are
uncertain at this time.

Five wells at Yucca Mountain and vicinity have been pumped from two
packed-off intervals or from one interval and the entire well bore (integral
sample). Ccmpositional variables from these five wells were examined to 1ook
for trends with depth. Table III 1ists the depth intervals sampled and the

values of four variables (§D, PMC, 5]3C, and total carbonate) at these
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TABLE III
VARIATION OF WATER PROPERTIES WITH DEPTH

Integrald Shallow Deep
Parameter Well Sample Interval Interval
Depth UE-25b#1 Yes No 863-875
Interval UE-25p#1 No 381-1197 1297-1805
Sampled UE-29a#2 No 87-213 247-354
(m) USH H-1 No 572-687 687-1829
USW H-6 Yes 608-646 753-835
§D UE-25b#1 -99.5 to -101 - -99.5
(%/e0) UE-25p#1 - -106 -106
UE-29a#2 - -93 -93.5
USW H-1 - -103 -101
USW H-6 -106 -107 -105
PMC UE-25b#1 16.7 - 18.9
(%) UE-25p#1 - 3.5 2.3
UE-29a#2 - 60.0 62.3
USW H-1 - 19.9 23.9
USW H-6 16.3 12.4 10.0
§13¢c UE-25b#1 -10.4 to -10.7 - -8.6
(°/e0) UE-25p#1 - -4.2 -2.3
UE-29a#2 - -13.1 -13.0
USH H-1 - - -11.4
USW H-6 -7.5 -7.1 -7.3
Total UE-25b#1 2.3-2.8 - 2.2
Carbonate UE-25p#] - 4.6 9.3
(mmoles/1) UE-29a#?2 - 1.8 1.8
USW H-1 - 1.9 2.0
USW H-6 3.0 3.8 3.6

dEntire well bore pumped.

intervals. The variation of some variables (PMC, 8]3C, and total carbonate)
for UE-25p#1 1s understandable because the deep interval sampled the carbonate
aquifer and the shallow interval sampled a mixture of carbonate and tuffaceous
water (Craig and Robison 1984). However, there is no obvious trend in the
data for the other four wells, which sample the tuffaceous aquifer at all the

intervals sampled. The same conclusion holds for other compositional
variables not listed in Table III.
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During a 28-day pumping test of the 863-875 m packed-off interval
(Bullfrog Member) of UE-25b#1, a significant variation in a number of the
compositional variables was observed (Daniels et al. 1983; Rundberg et al.
1985). Dissolved oxygen and Eh increased and total iron, manganese, and
nitrite decreased with time after the first few days; alkalinity also showed a
slight drop. Major cation concentrations were relatively constant. One
possible explanation for these results is that the water sampled early in the
test is representative of the interval pumped, but with continued pumping,
water was being drawn from other vertical locations (Daniels et al. 1983). If
this is true, the significance of pumping packed-off intervals to investigate
variation of water composition with depth at Yucca Mountain is uncertain.
Similar pumping tests of two intervals from Weil USW H-6, the 608- to 646-m
interval (Bullfrog Member) and the 753- to 835-m interval (Tram Unit), gave
water compositions that were essentially constant with time and very similar
(Ogard and Vaniman 1985).

Another technique was used to sample Wells USW H-1 and H-4 (Qgard and
Kerrisk 1984). HWater samples were taken from static holes after the
compietion of pumping tests by lowering evacuated, stainless-steel bottles to
selected depths. <(These samples were already mentioned in Section VI(A)
during the discussion of redox conditions.) The USW H-1 samples were taken at
four depths, about a year after the pumping test was completed.

Concentrations of some major species varied considerably from sample to sample
(factors of 2 to 4 for calcium, potassium, silicon, chioride, and sulfate);
the static-sample compositions also differed from the integral sample taken
during the pumping test on this well. There was no consistent variation in
the USW H-1 static samples with depth. The USW H-4 static samples were taken
at eight depths, about a week after completion of the pumping test.
Concentrations of the major species were similar at all depths and generally
similar to the integral sample taken during the pumping test. The similarity
of all the USW H-4 compositions may result from mixing during pumping that did
not have time to equilibrate with local formation water in one week. Qgard
and Kerrisk (1984) did not interpret the static sample compositions in terms
of the water chemistry; they recommended further static sampling as a function
of time after the completion of pumping tests before interpretation.

There are two reports of measurements of water compositions of near
surface water (within ai few meters of the surface) in conjunction with
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measurements at depth. At Rainier Mesa, Benson (1976) measured compositions
of two surface samples along with pore-water compositions at 130- to 530-m
depth. Also at Rainier Mesa, Henne (1982) measured surface water compositions
and fracture water compositions from tunnel samples. Figure 25(a) shows a
ternary plot of the sodium-calcium-potassium composition of the water analyzed
by Benson (1976), separated into surface samples and two depth intervals.
Figure 25¢(b) shows a similar plot for the data of Henne (1982), separated into
surface samples and samples at depth. In both cases there i< a tendency
toward increasing relative sodium content (Na/(Na+Ca+K)) with increasing
depth. This is also a tendency toward increasing maturity of water in the
process of glass and mineral dissolution and secondary mineral precipitation
(White et al. 1980; Kerrisk 1983; Claassen 1985). As noted in Section VI(A)
in the discussion of aqueous silica, the surface samples taken by Benson
(1976) and Henne (1982) also have about half the aqueous silica content of
waters at depth. This bias also indicates that dissolution continues with
increasing depth. The two surface samples analyzed by Benson (1976) had much
lower chloride and sulfate contents (0.05 to 0.08 mmoles/1) than the
pore-water samples and than essentially all other waters reviewed in this
report; this trend did not occur with the surface samples of Henne (1982).

The total carbonate content and pH of the surface waters did not differ from
other tuffaceous waters.

VII. CONTROLS ON GROUNDWATER COMPOSITION

In the previous section, relations were presented among many of the
compositional variables of water from Yucca Mountain, NTS, and vicinity.
These relations were primarily presented in the form of plots of one variable
as a function of another. Very little effort was made in the previous section
to connect the various relations observed with each other or with physical or
chemical processes. This section describes a number of processes that appear
to control water composition at Yucca Mountain and vicinity and relates these
processes to the variations among compositional variables described i the
previous section.

A. Control of Cation Content, Aqueous Silica Content, and pH of Tuffaceous
Water

The primary cations in tuffaceous water at Yucca Mountain and vicinity
are sodium, calcium, potassium, and magnesium. A number of studies in nearby
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Fig. 25. Ternary diagrams of relative codium, calcium, and
potassium content at Rainier Mesa.
a. Surface water and pore water (Benson 1976).

b. Surface water and fracture water (Henne 1982).
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and similar systems have led to the general conclusion that glass and mineral
dissolution, accompanied by secondary mineral precipitation, provides the
primary control on cation composition of tuffaceous water (Hoover 1968;
Winograd and Thordarson 1975; Claassen and White 1979; White et al. 1980,
Moncure et al. 1981:; Kerrisk 1983; Claassen 1985). The dissolution process
represents an exchange of H* from the water for cations in the solid, as well
as a breakup of the silicate structure of the solid. The reaction-path
calculati:: s reported by Kerrisk (1983) indicate that early in the dissolution
process, dissolution rates control the relative concentrations of sodium,
calcium, potassium, and magnesium. As dissoluticn proceeds, calcium,
potassium, and magnesium are incorporated into various secondary mineral
precipitates such as zeolites and clays, thus decreasing their
concentrations. The presence of these secondary minerals at Yucca Mountain
(Bish and Vaniman 1985; Broxton et al. 1986) gives additional evidence that
this process has been active. The net result of the dissolution and
precipitation processes is an increase in relative sodium content
(Na/(Na+Ca+K)) of the water as well as an increase in pH. The variation of pH
with relative sodium content of water from Yucca Mountain and vicinity (see
Fig. 5) is consistent with this process. Concentrations of calcium may also
be limited by calcite solubility in the high-pH water in the western part of
Yucca Mountain (see Fig. 10) and may be influenced by other supplies of
calcium in the eastern part (see below). MWater-composition data show that
aqueous silica concentrations are near saturation with respect to
cristobalite. Reaction-path calculations indicate that these high
aqueous-silica activities are necessary for the stability of the zeolites
found at Yucca Mountain (Kerrisk 1983).

Surface samples of water taken at Rainier Mesa demonstrate that this
dissolution process starts at the surface. However, the tendency of the
surface waters to have higher relative calcium contents (Ca/(Na+Ca+K)) and
lower aqueous silica contents than water at depth (see Figs. 25) suggests that
this process is continuing as water moves down through the unsaturated zone.
The moderate cation concentrations of water from the saturated zone of the
tuffaceous aquifer at Yucca Mountain (see Figs. 2 and 3) indicate that
evaporation is not an important process for controlling concentrations. Ogard
and Kerrisk (1984) have proposed that the pH of water in the tuffaceous
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aquifer at Yucca Mountain is buffered by aqueous carbonate and the minerals
present.

There is an east to west variation in Na/(Na+Ca+K) of tuffaceous-aquifer
water at Yucca Mountain (see Fig. 22) that is primarily raused by higher
calcium content waters in the east thar in the west. There is an opposite
trend in total carbonate content; it is higher in the southwest than in the
east (see Fig. 24). These two trends combine to result in water in the
eastern part of Yucca Mountain (for example, Wells J-12, J-13, UE-25b#1,
UE-25c#1, UE-25c#2, and UE-25c#3) with higher calcium and lower carbonate
contents than water in the west (for example, USW H-3 and H-6). The variation
in calcium content of Yucca Mountain water coincides with the east-west
variation in calcium content of zeolites at Yucca Mountain described by
Broxton et al. (1986). They state that the variation in calcium content of
Zzeolites probably developed during initial stages of zeolite formation (11 to
14 million years ago) and that the enrichment of calcium in the eastern
zeolites may have been caused by water from the carbonate aquifer mixing with
tuffaceous water in that area. Based on a discussion of the carbonate content
of water from Yucca Mountain (see section VII(B) below), mixing of tuffaceous-
and carbonate-aquifer waters does not appear to be occurring in water recently
sampled. Thus, carbonate aquifer water is not causing the higher calcium
content of tuffaceous-aquifer water presentiy found in the eastern part of
Yucca Mountain. However, the eastern zeolites provide a source of calcium and
that source is independent of carbonate; thus, it i's possible to have the
eastern water higher in calcium but lower in total carbonate than water in the
west if calcium is supplied to water presently in the eastern part of Yucca
Mountain by cation exchange with the high caicium content zeolites. This
mechanism provides an example of mineral compositions established in the past
that influence present-day water compositions.

B. Control of Carbonate Content of Tuffaceous Water

Carbonate in water in the tuffaceous aquifer is normally considered to
come from soil-zone carbon dioxide (Claassen 1985; White and Chuma 1986).

This hypothesis is generally consistent with calculated carbon-dioxide
pressures of tuffaceous water from Yucca Mountain and vicinity (see

Fig. 8(b)), and with measured carbon-dioxide pressures in the gas phase of
the unsaturated zone at Yucca Mountain (Yang et al. 1985). There is, however,
a range of carbonate contents in the tuffaceous waters at Yucca Mountain (1.8
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to 4.5 mmoles/1) that is larger than one might expect if passage through the
soil zone early in the recharge cycle is the only source. There are also
relations between carbonate content and a number of other compositional
variables that point toward a more complex picture (see Figs. 2(b), 3(b), 7,
9, 12¢a), 14¢b), 15¢b), 18¢b), 19¢b), 20(b), and 2i(b)). 1In particular,
tuffaceous-aquifer waters with higher carbonate contents tend to have higher
pH (Fig. 7), lower carbon-dioxide pressures because of the shift in carbonate
equilibria with pH (Fig. 9), and lower calcium contents (Fig. 3(b)). There
are two sources of carbonate available to these waters: carbon dioxide (from
the atmosphere, soii zone, or unsaturated-zone gas phase) and the carbonate
aquifer. Some of the aqueous carbonate undoubtedly comes from carbon dioxide
in the atmosphere and the soil zone as precipitation is recharged into the
groundwater system. The relations between carbonate content and other
compositional variables point to carbon dioxide as a more likely source of the
additional carbonate in some waters at Yucca Mountain for three reasons.
First, as pH increases, the equilibrium carbon-dioxide pressure drops,
creating a driving force for dissolution of carbon dioxide from the gas
phase. Second, carbonate in water from the carbonate aquifer would bring
along calctum, which is quite low in concentration in the higher carbonate
waters and in minerals in the western part of Yucca Mountain (Broxton et al.
1986), where the higher-carbonate waters are generally located. Third, it is
unlikely that mixing Tow-pH water from the carbonate aquifer (UE-25p#1
carbonate water) with dilute, intermediate-pH water from the tuffaceous
aquifer is the cause of high-pH water in the tuffaceous aquifer. The
conclusion that gaseous carbon dioxide is the source of additional aqueous
carbonate at Yucca Mountain wells does not necessarily extend to other waters
examined in this report. In particular, there are tuffaceous-aquifer wells at
Pahute Mesa (UE-19c and UE-19d) with high total carbonate, intermediate pH,
and moderate to high calcium content that could result from mixing of
tuffaceous and carbonate waters.

The reasoning of the previous paragraph relates an increase in carbonate
content to an increase in pH of the water. As discussed above in Section
VII(A), and indicated in Fig. 5, the higher pH waters from the tuffaceous
aquifer at Yucca Mountain tend to have higher relative sodium content
(Na/(Na+Ca+K)), consistent with the process of glass and mineral dissolution
and precipitation of secondary minerals as the cause (Claassen 1985; Kerrisk
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1983). This combination of glass and mineral dissolution, increasing water
pH, and carbon-dioxide dissolution can be considered as mineral dissolution in
a system that is open with respect to carbon dioxide. Mass transfer probably
limits carbon-dioxide contents of deeper parts of the saturated zone, so that
the entire saturated zone may only be partially open with respect to carbon
dioxide. This may be the reason that calculated carbon-dioxide pressures of
saturated zone water do not approach a 1imit with increasing pH (see

Fig. 8(b)). Claassen (1985) mentions that mineral dissolution in a system
that is open with respect to carbon dioxide is a likely process in surface or
shallow saturated-zone conditions. However, at Yucca Mountain, most of the
tuffaceous-aquifer wells have deep unsaturated zones (300 to 700 m). Although
gaseous carbon dioxide has been observed in the deep unsaturated zone at Yucca
Mountain (Yang et al. 1985), it is surprising that it could act as a source of
aquecus carbonate.

Some additional information about this process can be obtained from the
isotopic carbon data of Yucca Mountain waters (see Figs. 14(b) and 15¢(b)>. In
the Section VI(B) discussion of the variation of both ]4C (measured as
percentage modern carbon, PMC) and ]3C (measured as 5]3C) contents of Yucca
Mountain water with total carbonate content, the possibility was mentioned
that the observed variation could result from mixing tuffaceous and carbonate
waters. This process was proposed because of the continuity of the tuffaceous
and carbonate data seen in Figs. 14(b) and 15(b). However, based on the model
described above of glass and mineral dissolution in a system open or partially
open to carbon dioxide, mixing of carbonate and tuffaceous waters is not
considered likely at Yucca Mountain. In an attempt to see if the model of
carbon-dioxide addition to saturated-zone water could explain the variation of
PMC and 5]3C with total carbonate content, a simplified carbon-balance model
was developed. The model is based on the assumption that an initial charge of
carbonate (probably from the soil zone) is present in the water and that
carbonate from another source (carbon dioxide in the gas phase of the
unsaturated zone) is added at some rate as time progresses. The rate of
change of the isotope (]4C or ]BC) content of the water is the sum of three
components, (1) addition with the added carbonate, (2) addition or loss by
isotopic exchange between the water and the carbon-dioxide source, and (3)

loss by radioactive decay (for ]4C only). If x is the isotope concentration
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(PMC for ]4C. or 8]3C for ]3C) in the water and C is the total carbonate

content of the water at time t. then
d(xC)/dt = x((dCidt) - Y(X'Xs) - axC, (2)

where Xg {s the isotope concentration of the carbon—dioxide_zource (a?zumed
constant), A is the radiocactive decay constant (A = 1.24x10 “/yr for ~'C and O
]3C). and y is a constant relating the rate of isotopic exchange to the
concentration difference between the water and the carbon-dioxide source. By

expanding the derivative an the left, Eq. (2) can be rewritten as

for

dx/dt = -(1/C) [y + (dC/dt)](X-xS) - XX . (J

In Eqs. (2) and (3), the quantity (dC/dt) represents the addition rate of
carbonate to the water, and C is related to t by

C=Cy+ J‘Ot (dC/dv)dz, (4)

where C0 Is the initial carbonate content of the water (t = 0). Equation (3)
is a linear, first-order differential equation with nonconstant coefficients.
An initial condition, specifying the initial isotope concentration (x = Xo at
t = 0), is required in addition to the initial condition on total carbonate
content.

The rate of addition of carbonate to the water that is needed to solve Eq.
(3) should be a function of the difference between the gas-phase
carbon-dioxide pressure and the equilibrium carbon-dioxide pressure over the
water. No attempt was made to model this aspect of the process; instead,
isotope concentrations calculated using a variety of different carborate
addition rates were compared with the observed variation of PMC or 8]3C with
carbonate content. Even for the simplest case considered, dC/dt constant, a
closed form solution to Eq. (3) was not found; the results discussed here were
obtained from a numerical solution. Initial attempts to use a constant
carbonate addition rate gave poor agreement between calculated and observed
PMC values at Yucca Mountain; the calculated results did not drop as steeply
as the observations at low carbonate content (see Fig. 14(b)). It was found

58



that a carbonate addition rate that increased with time gave much better
results. For calculational purposes, a carbonate addition rate of

dc/dt = ae'BP

was used, where a and B are positive constants. With this form, Eq (4) gives

(Bt) _

C=C,+ (a/B)le 11. (3)

0
For the ]4C data, reasonable comparisons between calculated and observed PMC
values could be obtained with (y > 0) or without (y = 0) isotopic exchange.
However, for the ]3C data, calculated results without isotopic exchange did
not compare well with all the observations. Figures 26 and 27 show plots of
PMC and 6]3C as a function of total carbonate for water from Yucca Mountain
and vicinity; the data points plotted are the same as those in Figs. 14(b) and
15¢(b) and the lines represent calculated results from this model. Table IV
lists the values of the parameters used to obtain the calculated results in
these figures. The same definition of the carbonate addition rate (values of
a and B) and initial carbonate content (CO) were used for all the
calculations. The model fits the shape of the PMC variation with carbonate
content (Fig. 26) reasonably well. Acceptable values for Xg (the PMC value of
the carbon dioxide in the gas phase of the unsaturated zone) decrease from
about 75% to about 40% as isotopic exchange increases (y increases). Yang et
al. (1985) observed values of PMC of 60 to 80% for carbon dioxide in the gas
phase of the unsaturated zone at 20- to 150-m depth in Yucca Mountain. Above
20-m depth the effects of modern ]4C were seen (PMC > 100%), and below 150-m
depth there was more scatter, the data ranging from 50 to 100% PMC. Attempts
to use very low values of X (such as might result from the carbonate aquifer
being the source of carbon) did not produce a good comparison between the
model and the data.

The relation between the model and the variation of 6]3C of Yucca Mountain
water with carbonate content is not as clear (see Fig. 27). A group of wells
with §3C of about -7°/,, (J-13, UE-25c#1, UE-25c#2, USW 4-4, and H-6) span a
range of carbonate contents from about 2 to 4 mmoles/1. A constant 8]3C with
increasing carbonate content could be accommodated by the model if Xg = X =
-1°/40 (a value of X of -7°/,., would correspond to 8]3C of about -14 to
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TABLE IV

CARBON MODEL PARAMETERS USED IN FIGURES 26 AND 27

Figure 26 Fiqure 27
Constant Solid Curve Dashed Curve Solid Curve Dashed Curve
Co (mmoles/1)  1.65 1.65 1.65 1.65
a (mmoles/l.yr) 3.0 x 1073 3.0 x 1079 3.0 x 10 3.0 x 10-5
3 (1/yr) 2.5 x 1003 2.5 x 1073 2.5x 1005 2.5 x 10°5
y ¢<mmoles/1.yr) 0.0 1.0 x 104 0.0 1.0 x 10-4
A (1/yr) 1.24 x 104 1.24 x 10-4 0.0 0.0
Xs 75.0% 40.0% ~4.0°/eo0 -4.0°/eo0
X0 100.0% 100.0% -13.0°%/0s -15.0°%/00

-15%°/,, for the carbon dioxide in the gas phase because of fractionation
between the aqueous (pH 7 to 8) and gas phases). However, data from other
wells are not consistent with this assumption. The curves in Fig. 27 show how
5}3C of the water would vary from a relatively negative value as carbonate
with §'3C = -4°/,. (corresponding to carbon dioxide with §'3C of about -11 to
-12°/.4) is added. Without isotopic exchange, the model does not fit the data
well; the inclusion of isotopic exchange is needed to get a steep rise in 5]3C
at low carbonate contents. Yang et al. (1985) observed 8]3C values for carbon
dioxide in the gas phase of the unsaturated zone at Yucca Mountain of -10 to
-18°/.. below about 60-m depth. The choice of Xg for ]3C is consistent with
these observations.

This choice of parameters in Fig. 26 (particularly « and B) results in a
time of approximacely 49,000 yr to achieve 4.5 mmoles/1 total carbonate
content and 11% PMC, which are characteristic of USW H-3. The apparent age of
H-3 water based on the measured PMC of 10.5% is 18,100 yr. The model requires
10,000 yr to achieve 2.0 mmoles/1 total carbonate and 30% PMC, which are
characteristic of J-13; the apparent age of J-13 water based on the measured
PMC of 29.2% is 9,900 yr. The net result of this model is that for water with
less than about 2 mmoles/1 total carbonate, the age of the water is

essentially the apparent age. However, as the carbonate content rises above 2
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mmoles/1, the apparent age underestimates the true age. The continual
addition of younger carbon to the water means that as the carbonate content
increases, larger corrections are required to the apparent age. This
situation contrasts with what would exist if the variation of PMC with
carbonate content was caused by the addition of carbonate water or old carbon
dioxide (PMC = ~0%) to the tuffaceous water; the apparent age of the mixture
would then overestimate the true age.

The variation of 8D with PMC and total carbonate content of water from
Yucca Mountain and vicinity was shown in Figs. 18. Claassen (1985)
interpreted a similar variation of 8D with apparent age for water from the
Amargosa Desert and Fortymile Wash to indicate that older water (apparent age,
about 15,000 yr) precipitated under colder conditions (see Section VI(B)).

The carbonate model proposed here predicts that the true ages of water with
higher carbonate contents would be older than their apparent ages. Figure
28¢a) shows a piot of &D as a function of apparent age for water from Yucca
Mountain and vicinity. This plot uses the data plotted in Fig. 18(a) with
apparent age calculated from Eq. (1); the data from UE-25p#1 were not included
because carbonate derived from Paleozoic carbon would require corrections to
be comparable to carbonate in tuffaceous waters. Figure 28(b) shows the same
data plotted as a function of the carbon-model age, where the carbon-model age
was calculated from the total carbonate content using Eq. (5) and the vaiues
of a and B shown in Table IV. 1In Fig. 28¢a), the data bunch up in the 15,000-
to 20,000-yr apparent age range; in Fig. 28(b), this range of apparent ages is
spread out over 20,000- to 50,000-yr carbon-model age. Assuming the relation
of &D with precipitation temperature, the application of the carbon model to
the Yucca Mountain carbonate data indicates that coclder temperatures (lower
values of &§D) existed 20,000 to 50,000 yr ago. Spaulding (1985) estimated
that colder average-annual temperatures existed in the vicinity of NTS from
18,000 to 38,000 yr ago, with somewhat warmer temperatures (still below modern
temperatures) from 38,000 to 45,000 yr ago. Thus, the carbon model proposed
here is generally consistent with those estimates.

The results of applying the carbon model to Yucca Mountain data should
probably not be interpreted quantitatively. The parameters in Table IV were
chosen to show that the model was generally consistent with the variation of
PMC and 8]3C with total carbonate content and with the proposal that colder
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temperatures were the cause of the variation of &D with PMC. Even though the
carbon-model ages may not be quantitatively accurate, the concept that water
with higher total carbonate contents (for example, USW H-3, H-4, and H-6) may
be older than the apparent age of the water is quite plausible. Claassen
(1985) observed that groundwaters with apparent ages older than about 17.000
yr were not present in the tuffaceous aquifers of the Amargosa Desert area he
studied. Apparent ages of water from the tuffaceous aquifer at Yucca Mountain
are also less than about 20,000 yr (see Fig. 28(a)). Claassen's preferred
explanation for this observation was that snowfall earlier than about 20,000
yr ago was insufficient to result in recharge (Claassen 1985; Spaulding
1985). The discussion of aqueous carbonate in water from the tuffaceous
aquifer at Yucca Mountain and vicinity that was presented here provides an
alternate explanation for this observation That explanation is that the
apparent age of Yucca Mountain water with more than about 2 mmoles/1 total
carbonate tends to underestimate the true age. Thus, the model predicts that
water older than 20,000 yr is present at Yucca Mountain, but corrections are
required to the apparent age.
C. Control of Chloride and Sulfate Content of Tuffaceous HWater
Precipitation is usually considered a primary source of chloride and
sulfate in the water around Yucca Mountain, NTS, and vicinity. Under some
conditions both chloride and sulfate are considered as conservative species,
that is, having no sources or sinks in the groundwater system (Claassen
1985). In other situations, a source of sulfate has been proposed for some
waters. MWinograd and Thordarson (1975) proposed dissolution of gypsum in the
basal strata of Tertiary rocks as a source for the lower carbonate aquifer and
some particular wells. White (1979) proposed a hydrothermal source of
sulfate in Oasis Valley. Young (1972) also proposed hydrothermal alteration
as the source of high sulfate concentrations in water from one well in eastern
Jackass Flats, near the Calico Hills. Most of the tuffaceous waters at Yucca
Mountain and vicinity discussed in Section VI(A) have low chloride (0.16 to
0.31 mmoles/1) and sulfate (0.17 to 0.32 mmoles/1) concentrations (see Figs
1V, 12, and 13). One well near Yucca Mountain, USW VH-1 in Crater Flat, has
somewhat higher sulfate content (0.45 mmoles/1) than the other tuffaceous
waters and may indicate a minor, local source of sulfate in Crater Fiat.
Compared to other areas such as Oasis Valley, evaporation does not appear to

be important in the saturated zone of the tuffaceous aquifer at Yucca Mountain.
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Both chlorine and sulfur are present in rocks at Yucca Mountain. Warren
and Broxton (1986) have measured the chlorine content of a large number of
core samples from NTS; an average chlorine content is about 500 ppm. They
also observed that zeolitized tuff has little or no chlorine left. Vaniman
(1986) has reported the sulfur content of Topopah Spring and Calico Hills tuff
from drill hole USW G-4; values range from 46 to 137 ppm sulfur. Thus, the
tuff may also represent a source of chloride and sulfate for water in the
saturated zone. The sulfur/chlorine molar ratio of the tuff source is only
about one-tenth the sulfate/chloride ratio in the water; for this reason, the
tuff is probably only a minor source of these species at most.

Figure 12(a) showed an nearly linear relation between sulfate and total
carbonate contents of water from Yucca Mountain and vicinity; chloride did not
show a similar relation (see Fig. 12(b)). The carbon model described above
(Section VII(B)) proposed gaseous carbon dioxide as the source of additional
carbonate in this water. A source of sulfate added with the carbon dioxide
does not seem likely. Other variables that may lead to this relationship are
the higher pH and older age of water with added carbonate. A physical or
chemical process that results in this relationship has not been identified at
this time.

Based on the chloride and sulfate contents of saturated-zone water around
Yucca Mountain, there seems no need of sources of these species other than
precipitation. The difference between the average sulfate/chloride molar
ratio of 0.82 for all the waters reviewed here (see Fig. 13(a)) and the ratio
for modern precipitation of ~1.65 (Claassen 1985) may be that modern

precipitation contains higher cconcentrations of sulfate and nitrate because of
fossil fuel burning (Mayewski et al. 1986).

D. Control of the Redox State of the Water

Measurements of the redox state of water are available only for
samples from Yucca Mountain and these data present a somewhat confusing
picture. Most measurements indicate oxidizing conditions. However,
measurements on some samples pumped from packed-off zones or taken from static
wells show reducing conditions. This situation may be a sign of reducing
conditions in deep saturated-zone water with oxidizing conditions near the
static water level where interaction with oxygen in the unsaturated-zone gas
phase is possible; vertical mixing during pumping may disturb this condition.
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There is little information available about what reactions might
contribute to reducing conditions in the deep saturated zone. Ogard and
Kerrisk (1984) proposed that reducing conditions in the water were produced by
reactions with organic matter as the water recharged through the soil zone.
They further proposed that conditions in the past were suitable for these
reactions to occur, but present conditions are not. Caporuscio and Vaniman
(1985) have reported that iron is present in reduced form in rocks at Yucca
Mountain, but that it appears to be generally inaccessible to the water.

Thus, the iron is probably not a factor in controlling the redox state of the
water.

It would be difficult to prove with the present data base that reducing
conditions exist in deep saturated-zone water at Yucca Mountain. Regardless
of the state of the deep saturated zone, water at the static water level
appears to be oxidizing. Pore water or fracture water in the unsaturated zone
will probably also be oxidizing. Thus, oxidizing conditions will be present
in water over a significant portion of the transport path of radionuclides
from the repository.

E. Control of Other Compositional Variables of Tuffaceous Water
Three other compositional variables discussed in Section VI(C) showed

relations that may indicate controls on these variables. They are nitrate,
fluoride, and water temperature.

The nitrate content of water from Yucca Mountain and vicinity decreases
with decreasing PMC (increasing age) as seen in Fig. 19¢a). The soil zone or
precipitation are the most likely sources of nitrate in water recharged to the
saturated zone. There are no aqueous-solid reactions that would provide a
sink for nitrate in these waters. However, the reduction of nitrate in the
saturated zone represents a possible sink. Some evidence for reducing
conditions in water below the static water level at Yucca Mountain and for the
variation of nitrate content with redox conditions in Well UE-25b#1 was given
in Section VI(A). Although no proof is available, reduction of nitrate
represents a plausible mechanism for decreasing nitrate content with age.

Figures 20 showed a tendency for fluoride content to increase with
increasing sodium and carbonate content of water from Yucca Mountain and
vicinity (see Section VI(C)). The fluoride content of these waters also
showed a consistent variation with location similar to the total carbonate
variation represented in Fig. 24 (see Section VI(D)). The \og\O(Q/K) for
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fluorite ranged from -1.9 (undersaturated) to 0.04 (just above saturation) for
water from the tuffaceous aquifer; most waters had loq‘o(Q/K) of -0.6 or

less. Fluorite has occasionally been observed in fractures at Yucca Mountain
(Bish and Vaniman 1985), but not to the extent that it would represent a
general mineralogical control on fluoride concentrations. A few analyses of
the fluorine content of glass from NTS have been done; results range from O to
0.26 wt% fluorine with an average of 0.19 wt% (Warren and Broxton 1986).
Compared with the 500 ppm chlorine content discussed above (Section VII(C)),
there is considerably more fluorine than chlorine in the tuff (the
fluorine/chlorine molar ratio is about 7). Thus, the tuff may act as a source
of fluoride for the water. The increase of fluoride with increasing sodium
and carbonate contents as well as Na/(Na+Ca+K) may be an indication that as
glass dissolution and mineral precipitation reactions proceed, fluorine is
also released to the water.

The temperature of water from Yucca Mountain and vicinity tended to
increase with decreasing PMC (increasing age) and with increasing total
carbonate content (see Figs. 21). The temperature of Well USW H-3 water did
not fit this relationship. There appears to be some relation other than just
depth that influences water temperature; however, it has not been identified
at this time.

F. Controls on Unsaturated-Zone Water Composition

The only data on unsaturated-zone water compositions come from the work
of Benson (1976) at Rainier Mesa. This water showed one unusual compositional
feature, the chloride and sulfate contents were high relative to the total
carbonate content (see Figs. 11). This led to 'ower calculated carbon-dioxide
equilibrium pressures than most other waters in the same pH range (see Fig.
8(a)). The major cation composition was similar to other waters reviewed (see
Fig. 4(a)). There were no 14C, ]3C, ]80, or deuterium contents available for
these water samples; this limits the possible comparisons that can be made.
The composition of the gas phase of the unsaturated zone at Yucca Mountain has
also been measured. The overall chemical composition is similar to air (Yang
1986). Below the sofl zone (top 20 to 30 m), carbon-dioxide pressures of
~1O'3 atm or less were measured (Yang et al. 1985).

Far this discussion, the primary difference between processes that are
important in the unsaturated and saturated zones is the presence of the gas
phase in the unsaturated zone. Pore water in the unsaturated zone can react
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with the rock or the gas-phase constituents and should present a relatively
large surface area to both phases. The presence of the gas phase allows
evaporation to occur more readily in the unsaturated zone, and the large
gas-aqueous surface area means higher mass-transfer rates and closer approach
to gas-aqueous equilibrium. Evaporation of pore water could be the mechanism
for increasing chloride and sulfate concentrations. Also, carbon-dioxide
equilibrium pressures in pore water should be closer to the gas phase
carbon-dioxide pressure. The calculated carbon-dioxide equilibrium pressures
of Rainier Mesa pore water (see Fig. 8(a)) are consistent with the
carbon-dioxide pressures observed in the gas phase at Yucca Mountain. The pH
of Rainier Mesa pore water is generally in the 7 to 8 range. The calcium
content of this water is higher than most of the tuffaceous waters at Yucca
Mountain, but consistent with other tuffaceous water such as in the Amargosa
Desert (see Fig. 4(a)). The aqueous silica content is also similar to other
tuffaceous waters. Thus, the pore water is probably undergoing the same glass
and mineral dissolution and precipitation reactions as saturated-zone water in
the tuffaceous aquifer. The extent of these reactions may be influenced by
increased concentrations from evaporation.

The trends in unsaturated-zone compositions seen at Rainier Mesa may be
the result of glass and mineral dissolution and precipitation reactions that
are similar to those discussed for the saturated zone, accompanied by
evaporation in a system that is open with respect to carbon dioxide. At
present, this hypothesis is rather speculative. More compositional data, in

particular some isotopic data, are needed to establish what processes control
unsaturated-zone water compositions.

VIII. TIMPLICATIONS FOR RADIONMUCLIDE TRANSPORT

One of the primary reasons for studying water chemistry at Yucca Mountain
and vicinity is to provide information for calculations of radionuclide
transport. HWater chemistry can influence waste-element solubility,
speciation, and sorption, and through these processes, the rates at which
waste elements are transported away from the repository. Water chemistry can
also affect the stability and composition of minerals. This section discusses

some impiications of the water chemistry for solubility, speciation, and
mineral stability.
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The relative concentrations of major cations (sodium, calcium, and
potassium) in water from the tuffaceous aquifer at Yucca Mountain and vicinity
vary over a range of relative sodium and calcium contents at nearly constant
relative potassium content (see Fig. 4(b)), with higher relative sodium
content in the west than in the east (see Fig. 22). Broxton et al. (1986) see
related variations in the sodium and calcium contents of zeolites. Sorption
of some waste elements on zeolites is by ion exchange, in which the
waste-element cation replaces an existing cation (such as sodium, calcium, or
potassium) in the zeolite. At this time, no variations in zeolite sorptive
behavior (measured values of the sorption coefficient) have been related to
variations in cation contents of the zeolites (Daniels et al. 1982; Ogard and
Vaniman 1985); a relation of this nature may be difficult to demonstrate
because of the precision of the data. Solubilities of some waste elements may
be affected to a minor extent by changes in cation content of the water if the
solid controlling solubility contains one of the cations; an example of this
is neptunium, where Na3Np02(C03)2-nH20 was identified as the solid that
precipitated from neptunium solutions in Well J-13 water (Nitsche and
Edeistein 1985). The range of major cation concentrations observed at Yucca
Mountain and vicinity should not significantly affect solubility or sorption
of waste elements; however, these effects are being examined by sorption and
solubility experiments using various water compositions (Ogard and Vaniman
1985; Kerrisk 1985).

The process of glass and mineral dissolution in a system open or
partially open with respect to carbon dioxide was proposed as an explanation
for the variation in carbonate content of tuffaceous waters seen at Yucca
Mountain. Based on this model, carbonate contents of saturated zone waters
could vary depending on the extent of dissolution or age of the water.

Because carbonate forms complexes and solids with some important waste
elements such as americium, uranium, and neptunium (Qgard and Kerrisk 1984;
Nitsche and Edelstein 1985), this variation may have significant effects.
Solubility and sorption experiments using water compositions that cover a
range of carbonate concentrations are being done by the NNWSI Project (Ogard
and Vaniman 1985; Kerrisk 1989).

The chloride and sulfate contents of saturated-zone tuffaceous waters
from Yucca Mountain and vicinity are relatively low compared to most other
waters in this area (see Fig. 11(b)). Although chloride does not form strong
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complexes with waste elements, sulfate does form complexes and solids that may
affect speciation, sorption, or solubility (Qgard and Kerrisk 1984).
Unsaturated-zone pore water from Rainier Mesa showed high chloride and sulfate
content relative to the carbonate content of the water (see Fig. 11¢a)). If
this condition also occurs at Yucca Mountain, the effects of varying sulfate
content on solubility, sorption, or speciation may have to be investigated.

The fluoride content of water from Yucca Mountain and vicinity varies
over a relatively wide range (see Figs. 20), but fluoride is still a minor
anion. Some waste elements form complexes with fluoride (Ogard and Kerrisk
1984), so that solubility and sorption experiments should also give
consideration to this variation. The nitrate content also varies over a
relatively wide range (see Figs. 19). However, nitrate does not readily form
complexes or solids, so that variations of the nitrate content are not
important for solubility or sorption.

The pH of water from the tuffaceous aquifer at Yucca Mountain and
vicinity falls in the range of 7 to 9.2, with most samples in the 7 to 8
range. Both the carbonate content of the water and the local minerals buffer
pH (Ogard and Kerrisk 1984). Variations in pH over this range can have a
significant effect on solubility and speciation of some waste elements (Allard
1982; Apps et al. 1983). Solubility and sorption experiments using water
compositions that cover a range of pH are being done by the NNWSI Project
(Ogard and Vaniman 1985; Kerrisk 1985). Although there are some indications
that water in deep regions of the saturated zone at Yucca Mountain may be
reducing, this situation, which would lead to lower solubilities of many waste
elements, could be difficult to prove. MWater in the unsaturated zone and near
the static water level is probably oxidizing. Solubility and sorption
experiments in the NNWSI Project are being done under oxidizing conditions.

Except for a few samples of water taken near the ground surface, aqueous
silica contents of water from Yucca Mountain, NTS, and vicinity are at or
above cristobalite saturation. The relatively high aqueous silica content of
these waters may affect solubilities of some waste elements (Mendel 1984). If
waste-element silicates do control solubilities of any important waste
elements under conditions at Yucca Mountain, this information will be obtained
from the NNWSI solubility- experiments that are in progress (Kerrisk 1985).
Kerrisk (1983) proposed that a high aqueous silica activity was needed for
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stability of the zeolites found at Yucca Mountain. The stability of zeolites
is also being investigated by the NNWSI Project (Wolfsberg and Vaniman 1984).
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APPENDIX A
WATER CHEMISTRY DATA

This appendix contains a 1ist of the water chemistry data reviewed for
this report. The list is in the form of a SAS® output listing from the data
base used to prepare the data for the plots contained in the report.

The variqus column headings in the data listing are described here. SITE
refers to the well, spring, or sampling location where the water sample was
obtained. REFERENCE refers to the source of the data; the refarences listed
under this heading are in the reference section of the report. LOCATION
refers to the location of the sampling site; the abbreviations used under this
heading are listad in Table II of the report. DATE refers to the sampling
date. INT SAMP (M) refers to the depth interval sampled in meters for wells;
under this heading the entry INT refers to an integral well sample, in which
the entire well bore was pumped, or to an integral sample taken from some
other source such as a spring or seep. LITHOLOGY refers to'the primary
11thology of the well or the area sampled; under this heading T means tertiary
rock, C means carbonate (Paleozoic) rock, QAL means quaternary alluvium, BULL
means Bullfrog, and SOIL means soil zone. SURFACE ALTITUDE (M) refers to the
ground surface elevation above sea level in meters at the well or sampling
site. WELL DEPTH (M) refers to the depth of the well in meters. DEPTH TO
WATER (M) refers to the depth to the static water level in the well in
meters. TEMP (C) refers to the water temperature in °C. The headings CA, MG,
NA, K, CL, S04, SIO2, F, NO3, and HCO3, refer to the concentrations of
calcium, magnesium, sodium, potassium, chloride, sulfate, aqueous silica,
fluoride, nitrate, and total carbonate in mmoles/1. PH refers to water pH.

02 (MG/L) refers to dissolved oxygen in mg/1. DEL D refers to 8D in °/,,.
DEL 018 refers to §'20 in °/... DEL C13 refers to §'3C in °/... PMC refers
to percentage of modern carbon in %. “LOG(CC2 PRESS) refers to Ioglo(carbon
dioxide pressure in atm). CALCITE LOG(Q/K), DOLOMITE LOG(Q/K), GYPSUM
LOG(Q/K), MAGNESITE LOG(Q/K), ard FLUORITE LOG(Q/K) refer to the loglO(Q/K)
for calcite, dolomite, gypsum, magnesite, and fluorite; the meaning of
loglo(Q/K) is discussed in Section VI(A) of this report and in Stumm and

Morgan (1981). A blank or period (.) under any heading indicates that no data
were available.
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WELL € CLAASSEN (1973)
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5, U12N.07 BYPASS WHITE, CLAASSEN AND BENSON (1980)
6, U12N.02 WHITE, CLAASSEN AND BENSON (1980)
7. U12T.02 BYPASS WHITE, CLAASSEN AND BENSON (1980)
8, U12T.02 WHITE, CLAASSEN AND BENSON (1980)
9, U12T.02 BYPASS WHITE, CLAASSEN AND BENSON ( 1980)
10, U12T MAIN WHITE, CLAASSEN AND BENSON (1980)
11, U42T7.03 WHITE, CLAASSEN AND BENSON. ( 1980)
12, U12T.03 WHITE, CLAASSEN AND BENSON {1980)
13, U12T7.04 WHITE, CLAASSEN AND BENSGN (1980)
14, U12T.03 WHITE, CLAASSEN AND BENSON (1980)
15, U12T7.03 WHITE, CLAASSEN AND BENSON ( 1980)
16, L12T7.03 WHITE, CLAASSEN AND BENSON (1980)
17, U12E.07 WHITE, CLAASSEN AND BENSON (1980}
18, U12€E.04 WHITE, CLAASSEN AND BENSON (1380)
19, U12€ WHITE, CLAASSEN AND BENSON (1980)
20, U12E WHITE, CLAASSEN AND BENSON ( 1980)
21, U12E.04 WHITE, CLAASSEN AND BENSON (1980)

22, U12E.03 WHITE, CLAASSEN AND RENSON (1980)
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23. U12E
24, UA2E
25, U12E
26, U12E
27, UA2E
28, U12E
29, U12€E
30. U12E
31. U12E
32, U12E
33, UI2E
34, U128

.02
.05
.03
.03
.03
.07

35, U128.03

36, U12.0

4

SEEP 1, U12T

SEEP 2, U12N.O3
SEEP 3, U12N.O5
SEEP 4, U12N.0O3

LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
ANAL 2589
ANAL 2819
ANAL 2913
ANAL 3260
ANAL 3541

N= 19

1

WVNOMAaWN

.
.
.
.

3

. U12N,
. U12N.
. U12N.
. U12N.
. V12N,
. SURF
. SURF
. SURF
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL

05
05
05
05
05
SOIL
SOIL
SOIL
128,
ut2e,
U12E,
U12€,
U12E,

E0C0COMm

SAS

REFERENCE

WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
WHITE,
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE
HENNE

CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
CLAASSEN
(1982)
(1982)
(1982)
{1982)
(1982)
(1982)
(1982}
(1982)
(1982)
(1982)
(1982)
(1982)

AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AMD

CLEBSCH AND BARKER
CLEBSCH AND BARKER
CLEBSCH AND 8ARKER (1960)
CLEBSCH AND BARKER
CLEBSCH AND BARKER

BENSON (1980}
BENSON ( 1980)
BENSON (1980C)
BENSON (1980)
BENSON { 1980)
BENSON (1980)
BENSON (1980)
BENSON ( 1980)
BENSON (1980)
BENSON (1980)
BENSON (1980)
BENSON ( 1980)
BENSON (1980)
BENSON (1980)

(1960)
(1960)

(1960)
( 1960)

14:49 THURSDAY,
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SITE

WELL J-12
WELL Jv-13
WELL UE-25B#1

WELL UE-25B#1
WELL UE-258B#1
WELL UE-25C#1
WELL UE-25C#2
WELL UE-25C#3
WELL UE-25P#1
WELL UE-25pP#1
WELL UE-29A#2
WELL UE-29A#2
WELL USW G-4

WELL USW H
WELL USW H-
WELL USW H
WELL USW H
WELL USW
WELL USW
WELL USW
WELL USW 7§
WELL USW H

WELL USW VH

1T OO N LW == -

WELL USW VH-1
WELL USW VH-1

.

155/49E-220C
165/49E -5ACC
165/49E-BABB
165/49E-8ACC
165/49E -9CDA
16S/49E-9DCC
16S/49E - 18DC
16S/49€ - t6CCC
16S/49€ - 19DAA
16S/48E-24AAA
16S/48E -25AA
165/4BE-36AAA
17S/4BE- 1AB
175/49E-788
17S/49E-9AA
17S/49E-8DDB
17S/49€ - 15880
WELL 8, NTS
175/ 49€E-3500D,
165/49E-23ADD
16S/48E- 15AAA
16S/48E - 10CBA
165/50€-78CD
165/49E-15AAA
165/49E-36AAA
165/48E-8BBA
16S/48E - 7BBA

ASH TR

SAS

LOCATION

AU/ FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
AD/FMW
RM
AD/MISC
AD/INT
AD/ INT
AD/INT
AD/MISC
AD/MISC
AD/MISC
AD/OV
AD/QV

DATE

03/26/71
03/26/71
08/07/81
09/01/8B1
07/20/82
09/30/83
03/13/84
05/09/84
02/09/83
05/12/83
01/08/82
01/15/82
12/09/82
10/20/80
12/08/80
03/14/84
05/17/82
07/03/82
Q7/26/B2
10/ 16/82
06/20/84
07/06/84
02/06/81
02/08/81
02/11/814
11/20/72
03/04/74
11/17/72
04/01.71
11/18/72
03/01/74
03/01/74
06/26/79
03/05/74
11/17/72
03/05/74
03/04/14
03/05/74
03/01/74
Q3/01/74
03/06/74
03/06/74
03/24/71
03/06/74
06/25/79
03/31/71
03/31/71
04/01/71
03/31/71
06/24/79
06/24/71
03/30/71

INT
SAMP
(M)

INY

INT

INT

INT
B63-875
INT

INT

INT
381-1197
1297~ 1805
247-354
847-213
INT
572-687
687-1829
822-1220
INT

INT

INT

INT
753-835
608-646
INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INT

INY
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SITE
47, 16S/48BE-7CBC
48, 16S/4BE-18BCC
49, 16S/48E-1{7CCC
50, 165/4BE-iBDAD
51, 165/48E-BCDA
52, !6S/48E-17ABB
62, WHITEROCK SPRING
68, BUTTE SPRING
70, 0AK SPRING
71, TOPOPAH SPRING
1, 10S/47E-14BAB
2, 10S/47E-27CBA
3, 10S/47E-31AAB
4, 10S/47E-32DDA
S, 10S/47E-33AAB
6, 10S/47E-30DCC
7, 11S/46E-26888
8, 10S5/46E-26BCC
9, i11S/47E-3CDB
10, 11S/47E-4CAD
11, 11S/47E-10CAA
12, 11S/47E-10BCC
13, 115/47E-16DCD
14, 11S/47E-168BDC
15, 11S/47E-18ACD
16, 11S/47E-21ACC
17, 11S/47€-21DBB
18, 11S/47E-21ABA
19, 1i1S/47E-21ABA
20, 11S/47E-27CBA
21, 11S/47E-2BAAC
22, 11S/47E-28DAC
23, 11S/47E-33BAC
24, 11S/47E-10CCB
25, 125/47E-5CDA
26, 12S/47E-6COD
27, 12S/47E-7DBD
28, 125/47€E-20BBR
29, 125/47E-19ADC
18B, 125/47E-20
19B, 125/47€-20
20B, 125/47€-20
21B, 12S/47E-20
22B, 125/47E-20

WELL UE-19B8-1
WELL UE-19C
WELL UE-19D
WELL UE-19E
WELL UE-19E
WELL UE-19GS
WELL UE-19GS
WELL U-20A-2

SAS
LOCATION

AD/OV
AD/DV
AD/OV
AD/OV
AD/OV
AD/OV
RM
RM
RM
CH
ov
ov
ov
ov
ov
ov
ov
ov
ov
ov
av
ov
av
ov
ov
av
ov
ov
av
ov
ov
ov
ov
ov
ov
ov
ov
ov
oV
oV
ov
ov
ov
ov
PM
PM
PM
PM
PM
PM
PM
PM

DATE

03/31/71
06/24/79
06/25/79
06/25/79
03/31/71
0B/ 18/62
04/10/72
11/10/60
04/28/58
03/25/58

10/13/64
03/09/66
03/09/66
08/01/66
10/06/71
08/02/66
10/06/71
03/10/66

INT
SAMP
(M)

INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
ENT
INT
INT
INT
INT
INT
EINT
INT
INT
INT
2190-4500
3040-3075
3300-3480
2475-6005
2475-6005
2650-7500
2650-7500
2066-4500
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QAL
QAL
QAL/BULL
QAL/BULL
QAL
QAL/BULL
7

T
QAL/BULL
QAL

QAL

QAL

QAL/SOIL
QAL/SOIL
QAL/SOIL
QAL/SOIL
QAL/SOIL
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SITE

WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL

U-20A-2
UE-20D
UE -~ 20E -
UE-20H
UE-20d
ARMY -1
SA

58

5C

C

c-1

3

A

2
UE-150

UE12T#3-5, 1
UE12T#3-6, 1
UE12T#3-7, 1

1

34.
69.
99.

4(M)
&6(M)
2(M)

UE12T#3-8, 202.4(M)

UE12T#3-9, 257.6(M)

UE12T#3-10, 260.0(M)
UE12T#3-11, 441.4(M)
UE12T#3-12, 442.4(M)
UE12T#3-13, 291.4(M)
UE12T#3-44, 320.3(M)
UE12T#3-15, 320.6(M)
UE12T#3-16, 321.3(M)
UE12T#3-17, 350.8(M)
UE12T#3-18, 411.2(M)
UE12T#3-19, 470.6(M)
UE12T#3-20, 472.4(M)
UE12T#3-21, 501.7(M)
UE12T#3-22, 503.2(M)
UE12T#3-23, 532.8(M)
RML 1A, SURFACE

RML 1B, SURFACE

1, U12N.05 BYPASS

2, U12N.05

3. U12N.0S

4, UI2N MAIN

S5, U12N.07 BYPASS

6, UI2N.02

7. U12T.02 BYPASS

8, U12T.02

g, U12T.02 BYPASS

10, U12T MAI
11, U12T7.03
12, U12T.03
13, U127.04
14, 'U12T.03
15, U12T7.03
16, U12T7.03

N

SAS

LOCATION

PM
PM
PM
PM
PM
FF
FF
FF
FF
YF
YE
YF
YF
YF

RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/PW
RM/FW
RM/FW
RM/FW
RM/FW
RM/FW
RM/EW
RM/FW
RM/FW
RM/EW
RM/FW
RM/FW
RM/FW
RM/FW
RM/FW
RM/FW
RM/FW

DATE

10/06/71
07/27/66
03/08/66
08/26/65
10/21/64
03/18/71
06/04/64
03/25/71
03/22/71
04/11/69
03/29/71
04/16/69
03/23/71
03/21/71
03/21/71

06/02/71
0g/21/71
09/21/71
08/03/72
08/03/72
11/14/72
09/22/71
09/22/71%
09/22/71
09/22/71
02/15/73
02/01/73
08/22/73
03/19/73
11/16/172
09/24/74

INT
SAMP
(M)

2066 -4500
2446-4500
2600
2506-7207
1740-5690
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
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SITE

17, U12E.07
18, U12E.04

19, U12E
20, U12E
21, G12E.04
22, U12E.03
23, U12E
24, Ut12£.02
25, U12E.05
26, U12E.03

27, U12E.03
28, U12E.03
29, U12€.07

30, U12E
31, U12E
32, U12E
33, U12E
34, U12B
35, U12B.03
36, U12.04

SEEP 1, U12T

SEEP 2, U12N.O3
SEEP 3, U12N.O5
SEEP 4, U12N.0O3

LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
ANAL 2589,
ANAL 2819,
ANAL 2913,
ANAL 3260,
ANAL 3541,

N= 193

1,

o~NoOmLAWN

U12N.05
U12N.05
U12N. 05
Ut2N. 05
U12h.05
SURF SOIL
SURF SOIL
SURF SOIL
TUNNEL U12B,
TUNNEL U128,
TUNNEL UIT2E,
TUNNEL U12E,
TUNNEL U12E,

v
v
.
.
.
.
.

Z2000m

SAS

LAOCATION

RM/FW
RM/FW
RM/FW
RM/FW
RM/FW
RM/Fw
RM/FW
RM/FwW
RM/Fw
RM/FW
RM/Fw
RM/FW
RM/FW
RM/FW
RM/FwW
RM/Fu
RM/FW
RM/FW
RM/FW
RM/FW
RM
RM
RM
RM
RM
RM
RM
RM
RM
RM
M
RM
RM
RM
RM
RM
RM

DATE

03/11/60
06/02/59
11/22/59
11/29/59
01/07/60
12/14/59
01/29/59
10/11/58
09/12/58
05/27/59
05/20/59
12/03/59
03/18/66
01/22/59
06/24/59
07/18/59
07/21/59
06/06/58
08/22/58
09/29/58
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
0B/22/58B
06/06/58
10/11/58
06/02/59
11/22/59

INT
SAMP
(M}

INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
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SITE

WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
WELL
VELL
WELL

UE12T#3-5,
UE{2T#3-6,
UE12T#3-7,

UE-20E-1
UE~20H
UE-20J
ALMY - o
5A

58

5C

C

c-1

3

A

2
UE- 15D

134.4(M)
163.6(M)
199.2(M)

UE12T#3-8, 202.4(M)

UE12T#3-9, 257.6(M)

UE12T#3-10, 260.0(M)
UE12TA#3-11, 441.4(M)
UE12T#3-12, 442.4(M)
UE12T#3-13, 291.4(M)
UE12T#3-14, 320.3(M)
UE12T#3-15, 320.6(M)
UE12T#3-16, 321.3(M)
UE12T#3-17, 350.8(M)
UE12T#3-18, 411.2(M)
UE12T#3-19, 470.6(M)
UE12T#3-20, 472.4(M)
UE12T#3-21, 501.7(M)
UE132T#3-22, 503.2(M)
UE12T#3-23, $322.B(M)
RML tA, SURFACE

RML 1B, SURFACE

-

- a2 DDNONBEN

WRN Qe = = = « o » o «

U12N.O5 BYPASS
U12N.05
UI2N.QO5
U12N MAIN
U12N .07 -BYPASS
U12N.02
u127.02 BYPASS
u127.02
U12T7.02 EYPASS
U127 MAIN
u127.03
u127.03
. U12T.04

14, U127.03
15, U12T7.03
16, U12T7.03
17. U12E.07
18, U12E.04
19, U12€

SURFACE ALTIT

UDE

(M)

961

943.
943,
939.
1195,
1195,
1209.

1221
1362

1398.

.30
00
00

(o/¢]
.00
.00

S5AS

WELL DEPTH
(M)

1949. 20
2196.69
1734.31
593.00
277.00
274 .00
366 .00
519.00
503.00
548 .00
570.170
1043.00
1810.00
134.40
169.60
199.20
202.40
257.60
260.00
441.40
442 .40
291.40
320.30
320.60
321.30
350.80
411.20
470.60
472.40
501.70
$03.20
532.80
0.00
0.00

DEPTH TO
WATER (M}

240
212
209
210
470
470
486
492
626
203

14:49 THURSDAY,

TEMP
(c)

32.8000
32,2000
38.9000
31.0000
23.0000
25.0000
24,5000
37.0000
38.0000
21.5000
26.5000
34.5000
34.5000

MAY 29,

1986 11
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14:49 THURSDAY, MAY 29, 1986 12

SAS
SITE SURFACE ALTITUDE Well DEPTH DEPTH TO TEMP
(M) (M) WATER (M) (c)
20, U12E
21, U12E.04
22, U12E.03
23, U12E
24, U12E.02
%3, U12E.05
26, U12E.03
27, U12E.03
28, U12E.03
29, U12E.07
30, UY2E
31, U12E
32, U12E
33, U12E
34, Ui2B
35, ui28.03 . .
36, U12.04 . . . .
SEEP 1, UT2T . . . 13. 1000
SEEP 2, U12N.0O3 . . . 15,8000
SEEP 3, U12N.OS . . . 16 . 6000
SEEF 4, U12N.03 . . . 20.5000
LYSIMETER ¢, U12N.OS . . . 14 . 1000
LYSIMETER 2, U12N.05 . . 4 15. 1000
LYSIMETER 3, U12N.05 . . ) 15. 5000
LYSIMETER 4, U12N.O5 . . ; i6.4000
LYSIMETER 5, U12N.0OS . . 187000
LYSIMETER 6, SURF SOIL . . . 13.5000
LYSIMETER 7, SURF SOIL . . . 9.3000
. . . 14 .7009

LYSIMETER 9, SURF SOIL
ANAL 2539, TUNNEL U128,
ANAL 2819, TUNNEL U128,
ANAL 2913, TUNNEL U12E,
ANAL 3260, TUNNEL UJ2E,
ANAL 3541, TUNNEL U12E,

180000
16.0000

BROOOm

N= 193
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14:49 THURSDAY. MAY 29, 1986 13

SAS
SITE CA MG NA K
WELL J-12 m.uawuo 0.08640 1.65291 0. 130440
WELL J-13 0.29940 0.08640 1.82690 0.127883
WELL UE-25B#1 0.47405 0.03003 2.30537 0.094633
WELL UE-25B#1 0.42415 : 0.02427 2.00089 0.089518
WELL UE-25B#1 0.44910 0.02962 2.00089 0.071614
WELL UE-25C#1 0.27445 0.01399 2,43586 0.051153
WELL UE-25C#2 0.29940 0.01646 2.34887 0.053711
WELL UE-25C#3 0.27445 0.01646 2.39237 0.04859%
WELL UE-25P#1 0.92315 0.41144 4,00177 0.143229
WELL UE-25P#1 2.49501 1.60461 6.52463 0.306919
WELL UE-29A#2 0.24950 0.00823 1.91389 0.028134
WELL UTZ-29A¥2 0.24950 0.01234 1.91389 0.033250
WELL USW G-4 0.32435 0.00823 2.47936 0.053711
WELL USW H-1 0.11228 0.00411 2.21838 0.061384
WELL USW H-1 0. 15469 0.00411 2.21838 0.040922
WELL USW H-3 0.01996 0.00082 5.21971 0.028134
WELL USW H-4 0.42415 0.01193 3.17532 0.066499
WELL USW H-5 0.04741 0.00041 2.60985 0.053711
WELL USW H-5 0.04990 0.00041 2.60985 0.053711
WELL USW H-6 0.10230 0.00370 3.74079 0.033250
WELL USW H-6 0.03493 0.00082 3.82778 0.033250
WELL USW H-6 0.11727 0.00288 3.82778 0.035807
WELL USW VH-1 0.27445 0.06583 3.43631 0.048595
WELL USW VH-1 0.24950 0.06172 3.47980 0.048595
WELL USW VH-1i 0.24701 0.06172 3.39281 0.046038
3, 15S/49E-22DC 0.67000 0.08000 1.87000 0. 120000
4, 16S/49E-5ACC 0.72000 0.09000 1.52000 0. 130000
5, _mm\\mmnm>mm 0.75000 0. 11000 1.61000 0. 140000
6, 16S/49E-8ACC 0.57000 0. 10000 1.61000 0. 170000
7, 16S/49E-9CDA 0.76000 0. 14000 2.22000 0.220000
8, 169/49E-9DCC 0.57000 0. 11000 2.44000 0.230000
9, 165/49E-18DC 0.50000 0.11000 1.83000 0. 230000
10, 16S/49E-16CcC 0.75C00 0.08000 1.73000 0. 110000
11, 165/49E- 19DAA 0.60000 0.05000 1.57000 0.210000
12, 16S/4BE-24AAA 0.45000 0.03000 2.35000 0. 180000
13, 165/48BE-25AA 0.47000 0.03000 1.87000 0. 190000
14, 16S/48E-36AAA 0.42000 0.08000 1.74000 0. 160000
15, 17S/48BE-1AB 0.47000 0.06000 1.74000 0. 180000
16, 17S/49E-7BB 0.6C000 0.07000 2.09000 0. 190000
17, 17S/49E-9AA 0.62000 0. 15000 2.09000 0.250000
18, 175/49E-8DDB 0.52000 0.11000 1.57000 0. 190000
19, 175/49E-15BBD 0.52000 0. 16000 1.36000 0.210000
64, WELL B, NTS 0.21000 0.05000 1.35000 0.090000
20, 17S/49€-350DD, ASH TR 0.38000 0. 19000 2.20000 0.205000
21, 16S/49E-23ADD 0.40000 0.07000 2.43000 0. 165000
23, 16S/4BE-15AAA 0.24000 0. 13000 2.52000 0. 150000
25, 16S/48E-10CBA 0.23000 0.16000 2.65000 0. 140000
27, 16S/S0E-7BCD 1.18000 0.72000 4.85000 0.330000
29, 16S/49E-15AAA 1.02000 ¢.31000 3.48000 0.250000
30, 16S/49E-36AAA 1.30000 0.91000 5.22000 0.460000
45, 16S/48E-8BBA 1.46000 0.26000 7.85000 0.330000
46, 16S/48E-78BA 1.32000 0.39000 6.09000 0.260000
47, 16S/4BE-7CBC 1.17000 0.66000 5.66000 0.240000

48, 16S/48E-18BCC 1.37000 0.45000 6.53000 0. 300000
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SAS 14:49 THURSDAY, MAY 29, 1986 14

SITE cA MG NA K
49, 16S/48E-17CCC 1.65000 0. 450000 7.3900 0.2310000
S0, 165/48E-18DAD 1.32000 0. 350000 6.5200 0.270000
51, 16S/4BE-8CDA 1.20000 0.280000 6.9600 0.260000
52, 16S/48E-17ABB 1.50000 ¢. 320000 6.8300 0.310000
62, WHITEROCK SPRING 0. 10000 0.010000 1.9100 0.200000
68, BUTTE SPRING 0.52000 . 100000 1.4800 0. 150000
70, OAK SPIING 0.45000 0.200000 0.9600 0. 160000
71, TUPOPAH SPRING &, 18000 0.040000 0.6100 0. 160000
1, 10S/47E-14BAB ©. 18000 0.010000 6.2200 0. 210000
2, 105/47E-27CBA C. 55000 0.060000 7.4400 0.220000
3, 10S/47E-31AAB 0.58000 0. 180000 4.3500 0. 200000
4, 10S/47€E-32DDA 0.75%000 0.220000 5.9600 C. 000000
5, 10S/47E-33AAB 0. 75000 0. 190000 7.3500 0.230000
6, 10S/47E-30DCC 0.60000 0. 190000 4.3500 0.200000
7. 11S/46E-26B88 0.90000 0.010000 2.8700 0.040000
8, 10S/46E-26BCC 0. 15000 0.040000 2.4800 0.040000
9, 11S/47e-3CDB 0.40000 0.040000 5.3100 0. 120000
10, 11S/47E-4CAD 0.65000 0. 180000 9.7000 0.220000
11, 11S/47E-10CAA 0. 35000 0.030000 8.5300 0.060000
12, 11S/47E-108BCC 0.35000 0.020000 6.7900 0. 180000
13, 11S/47E-16DCD 0.45000 0.020000 7.5300 0. 200000
14, 11S/47E-16BDC 0.42000 0.020000 7.1300 0. 190000
15, 11S/47€E-18ACD 0.55000 0. 150000 2.1800 0.090000
16, 115/47E-21ACC 0.58000 0. 120000 10.0900 0.220000
17, 11S/47E-21DRB 0.62000 0. 13000¢ 10.5700 0.210000
18, 11S5/47E-21ABA 0.65000 0. 130000 10.7000 0.210000
19, 11S/47E-21ABA 0.32000 0.020000 6.5300 0.200000
20, 11§/47€E-27CBA 0.90000 0.210000 5.0000 0. 280000
21, 11S/47E-28AAC 0.25000 0. 190000 13.7000 0.230000
22, 11S/47E-28DAC 0.21000 0.000000 10.8300 0.060000
23, 11S/47E-338BAC 0.30000 0.030000 4.8700 0. 120000
24, 115/47€E-10CCB 0.32000 0. 110000 5.3900 0. 150000
25, 12S/47E-SCDA 0.80000 0. 180000 4.6100 0. 190000
26, 12S/47E-6CDD 0.68000 0. 130000 . 4.5700 0.260000
27, 12S/47€-7DBD 0.63000 0. 150000 11.1400 0.260000
28, 12S/47€E-20BB8 0.68000 0. 150000 11.0500 0.260000
29, 12S/47E-18ADC 0.95000 0.230000 12.6200 0.260000
188, 12S/47€-20 . . . .

198, 12S/47E-20 .

208, 12S/47E-20 .

218, 12S/47€E-20 .

228, 12S/47E-20 . . . .

WELL UE-19B-1 0.59880 0.098745 1.8269 0.076730
WELL UE-19C 0.32435 0.004114 6.1332 0.005115
WELL UE-19D 1.42216 0.115203 6.6551 0.109979
WELL UE-19E 0.09232 0.002057 1.8704 0.02046 1
WELL UE-1{9E 0.00998 0.004114 1.6529 0.023019
WELL UE-19GS 0.06986 0.002057 3.6538 0.038365
WELL UE-19GS 0.87325 0.008229 2.9578 0.020461
WELL U-20A-2 0.15220 0.004114 2.3924 0.005115
WELL U-20A-2 0.1a721 0.008229 2.3924 0.056268
WELL UE-20D 0.10729 0.004114 3.8278 0.043480
WELL UE-20E-1 0.00499 0.002057 3.6103 0.051153
WELL UE-20H 0 0.002057 2.7838 0.046038

.01497
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SITE
WELL UE-20J

WELL ARMY-1

WELL 54

WELL SB

WELL SC

WELL C

WELL C-1

WELL 3

WELL A

WELL 2

WELL UE-15D
UE12T#3-5, 134.4(M)
UE12T¥#3-6, 169.6(M)}
UE12T#3-7, 199.2(M)
UE12T#3-8, 202.4(M)
UE12T#3-9, 257.6(M)
UE12T#3-10, 260.0(M)
UE12T#3-11, 441 4(M)
UE12T#3-12, 442.4(M)
UE12T#3-13, 291.4(Mm)
UE12T#3-14, 320.3(M)
UE12T#3-15, 320.6(M)
UE12T#3-16, 321.3(M)
UE12T#3-17, 350.8(M)
UE12T#3-18, 411.2(M)
UE12T#3-19, 470.6(M)
UE12T#3-20, 472.4(M)
UE12TH#3-21, SO1.7(M)
UE12T#3-22, 503.2(M)
UE12T#3-23, 532.8(M)
RML 1A, SURFACE

RML 18, SURFACE

1, U12N.O0S BYPASS

2, Ui2N.0S

3. U12N.O5

4, UI2N MAIN

5. U12N.07 BYPASS

6. UI2N.02

7. U1I2T.02 BYPASS

8, U12T.02

9, U12T.02 BYPASS
10, U12T MAIN

11, L12T7.03

12, Ui2T1.03

13, U12T.04

14, U12T.03

15, U12T.03

16, U12T.03

17. U12€.07

18, U12E.04

19, U12E

20, U12E

21, U12E.04

22, U12E.03

CA

1.14770
1.09780
0.06737
0.17465
0.02495
1.87126
1.79641
0.47405
0.52395
0.77345
1.39721
0.27445
0.64870
0.57385
0.42415
0.39920
0.64870
0.21956
0.27445
0.19711
0.22954
0.44910
0.69860
0.32435
0.14222
0.00250
0.00250
0.05489
G.04491
0.02495
0.24950
0.27445
0. 18000
0.23000
0. 40000
1. 15000
0.01000
C. 18000
0.01000
0.03000

-0.07000

0.02000
0. 50000
0.22000
0.24000
Q.50000
0.23000
0.51000
0.43C00
0.010Q0
0.06000
0.06000
0.04000
0.04000

SAS

MG

0.04937
0.00516
0.01646
0.09052
0.01646
1.19317
1.23431
0.53487
0.30446
0.57601
0.65830
0.12343
0.28801
0.25921
0.17280
0.19749
0.29624
0.02880
0.04114
0.0B640
0.06994
0.09052
0.18103
0.09052
0.03415
0.00082
0.00370
0.00617
0.00576
0.00453
0.09463
0.13166
0.02000
0.02000
0.06000
0.28000
0.00100
0.01000
0.00100
0.01000
0.00100
0.01000
0.21000
0.06000
0.0B000
0.17000
0.06000
0. 19000
0. 17000
0.00100
0.00100
0.00100
0.00100
0.00100

NA

6.0G266
1.60941
7.09010
3.91478
5,65468
5.43719
5.21971
1.73990
2.13138
1.17443
3.47980
1.06569
1.50937
1.89214
1.01784
1.30493
1.40932
2.00089
2.41846
1.10919
1.36147
1.37017
1.54416
1.01349
1.34407
1.73990
2.27057
2.62290
2.82734
3.09268
0.6655)
1.15703
1.91000
2.85000
3.04000
2.70000
0.96000
2.04000
0.96000
1.09000
1. 13000
2.83000
1.44000
1.39000
1.44000
1.30000
1.65000
1. 13000
1. 13000
1.04000
1.13000
1.04000
1.26000
1.35000

14:49 THURSDAY,
K

. 163690
. 132998
. 163690
.281342
. 173921

.383648
358072
217401

225074
171363
.383648
255766
358072
255766
104864
. 122767
. 143229
.358072
.485955
. 122767
. 186709
.204612
.209728
. 148344
. 140671

.038365
.030692
.030692
.023019
.037191

.061384
.08184S
. 240000
. 280000
.330000
190000
.010000
140000
001000
.010000
.020000
. 090000
140000
140000
130000
170000
170000
. 140000

9<DPSDQ§DO<DO<DOFDO<DO<DO¢DO<DO<DOtDO<30<DO<DO<DO<>O()O<DO<DO<DO(>O<DO¢DO

MAY 29,

1986

15
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SITE

23, U12E
24, U12E
25, U12E
26, U12E
27, U12€E
28, U12E.
29, U12E
30, U12E
31, U12E
32, U12E
33, UI2E
34, U12B
35, u128.
36, U12.0

.02
.05
-03
.03

03

.07

03
4

SEEP 1, U127

SEEP 2, U12N.O3
SEEP 3, U12N.OS
SEEP 4, U12N.03

LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
ANAL 2589
ANAL 2819
ANAL 2913
ANAL 3260
ANAL 3541

N= 19

1

ONODNdN

3

. U12N.
, UI2N.
. UI2N.
. UI2N.
. U1I2N.

SURF
SURF
SURF
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL

05
05
05
05
05
SDIL
SOIL
SOIL
u12s,
uiae,
Ui2E,
U12€,
U12E,

E0O0O0m

cA

0.200000
0.001000
0.060000
0.060000
0.020000
0.040000
0.430000
0.330000
0. 100000
0. 400000
0.080000
0.320000
0.240000
0.200000
0.037176
0.069611
0.225549
0.018713
0.983034
0.104291
0.146457
0.103543
0.004990
0.441617
0.244514
0.763473
0.324351
0.239521
0.059880
0.004990
0.059880

SAS

O(DO(DO()O<DC)O<DO<DO<DP OC00O00UU0OOOODO

MG

. 0BOOOO
.001000
.0010C0
. 001000
.001000
.001000

120000

. 001000
. 001000
. 040000
. 001000
.040000
. 060000
. 340000

005349

. 006583
. 004937
.046081
. 005760
. 004957
.004937
;004937
. 158404
. 098745
.259617
.078173
.061716
.00004 1
. 000041
.00Q041

4220040 =ONNNERNNNNOOOW ANt sanasald

NA

.87000
. 39000
. 44000
. 74000
.91000
. 74000
. 13000
.48000
.C4000
.61000
.04000
. 78000
. 65000
.96000
.91869
.03569
.58810
.20968
.09054
.58810
.84474
.48371
.92650
.01784
.66551
.85735
.78296
.65246
.39192
.04394
. 13094

14:49 THURSDAY, MAY 29,
K

0. 170000
0.060000
0.080000
0.030000
0.040000
0.070000
0. 150000
0. 160000
0.280000
0. 200000
0.070000
0.070000
0.070000
0.080000
0.092076
0.089518
C.181594
0.066499
0.340168
C.117652
0.173921%
0.156017
G.014834
0.023530
0.027114
0.112537
0.071614
0.071614
0.056268
0.015346
0.092076

1986 16
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SITE

WELL J-12

WELL J-13

WELL UE-25B#1
WELL UE-25B#1
WELL UE-25B#1
WELL UE-25C#1
WELL UE-25CH#2
WELL UE-25C#3
WELL UE-25P#1
WELL UE-25P#1
WELL UE-29A¥2
WELL UE-29AH2

WELL USW G-4
WELL USW H-

WEL
WELL USW
WELL USW
WELL USW
WELL USW
wELL USW
WELL USW
WELL USW
WELL USW

L USw

+

IIIIIIIIXT
.

+
1O UNU AW -

1

<
I

WELL USW VH-1
WELL USW VH-1

ORI ONE2W

155/49E-22DC
16S/49E -5ACC
1GS/49€ -8ABB
165/49€-8ACC
165/49E-9CDA
165/49€E-90CC
165/49E-18DC
16S5/49E-16CCC
16S/49E - 19DAA
16S/48BE-24AAA
16S/48BE-25AA
16S/48BE-36GAAA
17S/48E-1AB
17S/49E-7BB
17S/49E-9AA
17S/49E-8DDB
175/49€-1588BD
WELL 8, NTS

17S/49€E-35DDD, ASH TR

16S/49E-23ADD
165/48E- 15AAA
165/48E - 10CBA
16S/S0€E - 7BCD
16S/49E - 15AAA
16S/49E-36AAA
165/48E-BBBA
18S/48E-7BBA
16S/48E-7CBC
165/48BE-188CC

CcL

0.20591
0.20027
0. 36668
0.23975
0.21155
0.20873
0.20027
0.20309
0.36668
0.78978
0.31027
0.24822
0.16642
Q.16078
0.16360
0.15513
0. 19462
0.17206
0.17206
0.21437
0.20309
0.20873
0.31027
0.28206
0.28206
0.24000
0. 17000
0.22000
0. 17000
0.34000
0.28000
0.21000
0.23000
0. 19000
0.22000
0.26000
0. 19000
0. 18000
0.27000
0.28000
0. 18000
0.28000
0.21000
0. 19000
0.25000
0.21000
0. 23000
0.82000
0.65000
0.76000
2.25000
1.78000
1.75000
1.72000

SAS
S04

0.22903
0. 17698
0.24985
0.22903
0.21862
0.23944
0.22903
0.22903
0.395E0
1.66567
0.22903
0.21862
0.19780
0.18739
0. 19780
0.32272
0.27067
0.16657
0. 16657
0.30190
0.26026
©0.33313
0.45806
0.46847
0.45806
0.34000
0.27000
0.31000
0.30000
0.67000
0.70000
0.29000
0.53000
0.34000
0.31000
0.29000
0.26000
0.26000
0.32000
0.72000
0.28000
0.36000
0. 15000
0.42000
0.36000
0.29000
0.34000
1.58000
1.35000
1.75000
2. 11000
1.87000
1.87000
1.98000

S102

0.89874
0.94867
0.88209
0.86545
0.84881
0.93202
0.89874
0.88209
0.81552
0.68237
0.73230
0.73230
0.74895
0.7€223
0.66573
0.71566
0.76559
0.79888
©0.79888
0.79888
0.78223
0.81552
0.83216
0.83216
0.81552
G.82000
1.03000
©0.90000
0.97000
1.09000
1.20000
0.98000
1.28000
1.25000
1.31000
1.20000
1.31000
1.31000
1.33000
1.17000
1.35000
1.21000
0.68000
1.34500
1.27000
1. 13000
1.07000
0.48000
0.77000
0.63000
0.63000
1. 15000
1.07000
1.33000

14:49
m

0.110536
0. 126326
0.078954
0.084218
0.084218
0.110536
0. 110536
0.105272
0.178962
0.247389
0.052636
0.047372
0.131590
0.063163
0.052636
0.289498
0.242126
0.073690
©0.073690
0.247389
0.205280
0.247389
0.142117
0.142117
0.142117

0.040000

THURSDAY, MAY 29,

NO3

0.112894
0.162890
0.009677
0.009677
0.053222

0.000806
0.301589
0.301589
©.088703

0.003226
0.075800
0.138699
0.138699
0.0185477
0.085477
0.085477

1986 17
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SITE

49, 165/4BE-17CCC
50, 16S/48E- 18DAD
51, 16S5/4BE-BCDA
52, 16S/4BE-17ABB
62, WHITEROCK SPRING
68, BUTTE SPRING
70, OAK SPRING
71, TOPOPAH SPRING
1, 10S/47€E-14BAB
2, 10S/47E-27CBA
3, 10S/47E-31AAB
4, 10S5/47€E-32DDA
5, 10S/47E-33AAB
6, 10S/47€E-30DCC
7. 11S5/46E-26BBEB
8. 10S/46E-26BCC
8, 115/47E-3CDB
10, 11S/47E-4CAD
11, 11S/47E-10CAA
12, 11S/47E-10BCC
13, 115/47E-16DCD
14, 11S/47E-16BDC
15, 115/47E- 1BACD
16. 115/47E-21ACC
17, 11S/47E-21DBB
18, 11S/47E-21ABA
19, 11S/47E-21ABA
20, 11S/47E-27CBA
21, 11S/47E-2BAAC
22, 11S/47E-28DAC
23, 11S/47E-33BAC
24, 11S/47E-10CCB
25, 125/47E-5CDA
26, 125/47E-6CDD
27, 125/47E-7DBD
28, 125/47E-20BBB
29, 125/47E-19ADC
188, 125/47E-20
198, 12S/47E-20
20B, 12S/47E-20

21B, 12S5/47E-20

, 12S/47E-20

WELL UE-19B-1
WELL UE-19C
WELL UE-19D
WELL UE-19E
WELL UE-19E
WELL UE-19GS
WELL UE-19GS
WELL U-20A-2
WELL U-20A-2
WELL UE-20D
WELL UE-20E-1
WELL UE-20H

CL

2.34000
1.78000
1.89000
1.95000
0.31000
0.34000
0.25000
0.08000
1.44000
1.83000
1. 18000
1.04000
1.92000
1. 13000
0.39000
0.42000
1.27000
2.26000
1.52000
1. 18000
1.33000
1.21000
0.59000
1.95000
2.03000
2.03000
0.99000
2.62000
1.92000
0.76000
1.27000
0.73000
1.07000
2.06000
2.06000
2. 17000
2.82000

0.19180
0.21719
0.56413
0.10436
0.12975
0.62054
0.25104
0.31027
0.28206
0.64875

0.56413.
0.42310

SAS
504

2.45000
1.95000
1.87000
1.86000
0.28000
0. 12000
0. 15000
0. 16000
0.BG6000
1.06000
0.55000
1.00000
1.07000
0.61000
0. 15000
0. 18000
0.98000
1.35000
1.13000
0.95000
1.32000
1.25000
0.23000
1.65000
1.74000
1.74000
1.21000
2.27000
1.76000
0.73000
0.85000
0.73000
0.97000
1.86000
1.36000
1.91000
2.60000

0.21862
0.00052
0.59339
0. 16657
0.08328
0.447€5
0.78078
0.28108
0.29149
0.45806
0.43724
0.31231

S102

1.29000
1.28000
1. 13000
1.25000
0.77000
0.50000
0.95000
0.87000
0. %4000
1.03000
1.18000
1.03000
0.90000
1.20000
0.73000
0.80000
0.78000
1.03000
0.63000
0.85000
1.00000
1.07000
0.75000
1.00000
0.93000
0.90000
0.90000
0.98000
0.75000
0.77000
0.83000
1.00000
0.90000

1. 10000
1. 12000
1.12000

0.68237
0.49930
0.91538
0.93202
1.08181
0.83216
0.99860
0.79888
0.73230
0.78223
0.59916
0.81552

14:49 THURSDAY, MAY 29,

F NO3

. 220000
. 990000
. 130000 .
. 120000 .
. 230000
.090000
0.020000
0.020000
0. 150000
0.270000
0.320000
0.240000
0.320000
0.300000
0.030000
0.320000
0.320000
0.320000 .
0.320000 .
0.370000 .
0.340000 .
€. 200000 -
0. 140000 .
0. 200000 .
0.020000 .
0.320000 .
0.320000 .
0.310000 .
0.330000 .

O0O000O0

0.168435 0.0064511
0.226335 0.0032256
0.257916 0.0096767
0.278971 0.0274172
0.036845 0.0451577
0.157908 0.0096767
0.073690 0.0048383
G. 142117 0.0225789
0.147381 0.0112894
0.147381 0.0016128
0.236862 0.0680G39
0.142117 0.0209661

1986
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11, U12T.03
12, U12T.03
13. U12T.04
14, U12T7.03
15, U12T.03
16, U12T.03
17, U12E.07
18, U12E.04
19, U12E

20. UI2E

21, U12E.04
22, U12€.03

SITE
WELL UE-20J

WELL ARMY-1

WELL 5A

WELL 5B

WELL SC

WELL C

WELL C-1

WELL 3

WELL A

WELL 2

WELL UE-150
UE12T#3-5, 134.4(M)
UE12T#3-6, 169.6(M)
UE12T#3-7, 199.2(M)
UE12T#3-8, 202.4(M)
UE12TH3-9, 257.6(M)
UE12T#3-10, 260.0(M)
UE12T#3-11, 441.4(M)
UE12T#3-12, 442_4(M)
UE12T#3-13, 291.4(M)
UE12T#3-14, 320.3(M)
UE12T#3-15, 320.6(M)
UE12T#3-16, 321.3(M)
UE12T#3-17, 350.B(M)
UE12T4#3-18, 411.2(M)
UE12T#3-19, 470.6(M)
UE12T#3-20, 472.4(M)
UE12T#3-21, S01.7(M)
UE12T#3-22, 503.2(M)
UE412T#3-23, 532.8(M)
RML 1A, SURFACE

RML 1B, SURFACE

1. U12N.0O5 BYPASS

2. U12N.05

3. U12N.05

4, U{12N MAIN

5. U12N.07 BYPASS

6, U12N.02

-7, U1ZT.02 BYPASS

8, U12T.02

9, U12T.02 BYPASS
10, U12T MAIN

CcL

3.24373
0.42310
0.31027
0.59233
0.23411
0.93081
0.93081
0.11283
0. 13257
0.16924
0.42310
0.76157
C.90260
0.76157
1.07184
1.46€673
1.74879
0.56413
0.56413
0.59233
0.84619
0.98722
0.81796
0.B461i9
0.45130
0.26514
0.31027
0.33848
0.47951
Q.47951
0.0818B0
0.04513
0. 16000
0.37000
0.37000
0.90000

0.06000

0.20000

0.02000:
0.05000

0.05000
0.28000
0.27000
0.31000
0.28000
0.3100C
0.28000
0.26000
0.06000
0. 10000
0. 17000
0. 11000
0.17000
0.06000

SAS
S04

1.40541
0.53093
0.28108
0.54124
G.23944
0.68709
0.68709
0.19780
0.17698
0.21862
0.45806
0.21341
0.37790
0.42370
0.41954
0.40184
0.73602
0.57049
0.86823
0.22903
0.46847

0.52052
0.57257
0.33834
0.21862
0.34354
0.21752
0.31231
0.37790
0.04997
0.04581
0.06000
0. 15000
0.28000
0.66000
0.05000
0.09000
0.00100
0.00100
0.18000
0. 14000
0. 18000
0.190C0
0. 16000
0. 16000
0. 16000
0.1700C
0. 15000
0. 13000
0.12000
0. 10000
0.09000
0.09000

s102

0.73230
G.31622
0.83216
0.68237
0.78223
0.48266
0.48266
1.06517
1.14839
0.73230
0.31622
1.03188
0.99860
0.96531
1.18167
1.01524
1.26489
0.83216
0.89874
1.26489
1.26489
0.93202
1.29818
1.26489
0.99860
0.76559
0.73230
0.64909
0.66573
0.69902
0.32954
0.32454
0.85000
0.72000
0.70000
0. 68000
0.63000
0.88000
0.65000
0.65000
0.63000
0.65000
1.35000
0.92000
0.88000
1.00000
0.83000
1.10000
0.90000
0.60000
0.90000
0.87000
0.60000
0.67000

i4:49 THURSDAY, MAY 29,

F

0.115799
0.052636
0.121063
0.036845
0.042109
0.057900
0.052636
0.047372
0.031582
0.021054
0.073690

0.010000
0.010000
0.010000
0.030000
0.020000
0.010000
0.020000
0.020000
0.010000
0.010000
0.020000
0.010000
0.010000
0.020000
0.010000
0.010000
0.010000
0.010000
0.020000
0.010000
0.010000
0.020000

NO3

0.014515
0.014515
0. 120958
0. 177405
0.088703
0.000806
0.000806
0. 193533
0.111282
0.082252
0.000806

1986 19
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SITE
23, U12E

24, U12E.02
25, U12E.05
26, U12E.03
27, U12E.03
28, U12€E.03
29, U12E.07

30, U12E
31, U12E
32, U12E
33, U12E
34, U12B

35, U12B.03

36, U12.04

SEEP 1, U12T

SEEP 2, U12N.03
SEEP 3, U12N.O5
SEEP 4, U12N.0O3

LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
LYSIMETER
ANAL 2589,
ANAL 2819,
ANAL 2913,
ANAL 3260,
ANAL 3541,

N= 193

1

ONONBWN

. U12N.
. U1I2N.
. U12N.
, U12N.
. U12N.

SURF
SURF
SURF
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL

05
05
05
05
05
SOIL
SOIL
SOIL
uias,
uiag,
U12E,
U12E,
Ui12€E,

E000m

cL

0.230000
0.270000
0.2B0000
0.250000
0. 280000
0. 230000
0. 110000
0.2B000Q
0.340000
0. 340000
0.450000
0. 140000
0.210000
0.340000
0.310270
0. 183341
0.217189
0.256678
0.115646
0.118467
0. 183341
0.160776
0.039489

0.141032
0.902603
0.141032
0.211548

0.267960°

0.098722
0.169238

SAS
S04

0. 180000
0. 120000
0. 120000
0. 120000
0. 120000
0. 120000
0. 150000
0. 150000
0. 150000
0. 150000
0. 330000
0. 120000
0.090000

0.156156
0.135335
0.218619
0.156156
0.012493
0.017698
0.045806
0.067668
0.023944
0.016657
0.093694
0.124925
0.085365
0.114515
0.064545
0.114515

SID2

0.92000
0. 78000
1.23000
0.98000
0.63000
0.97000
0.90000
1.02000
0.67000
0.87000
2. 10000
1.11000
1.10000

0.66573
0.73230
0.89874
0.78223
0.63244
0.54923
0.91538
0.88209
0.59916
0.59916
0.38280
0.29958
1.13174
1.11510
0.78223
0.59916
0.89874

14:49 THURSDAY,

F

0.0100000
0.0100000
0.0100000
0.0200000
0.0100000
0.020000C
0.0100000
0.0100000
0.0100000
0.0100000
0.0200000
0.0100000
0.0100000

0.0052636
0.0105272
0.0105272
0.0105272
0.0157908

NO3

0.033868
0.119345
0.035481
0.027417
0.053222

MAY 29,
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SITE

WELL U-12

WELL J-13

WELL UE-25B#1
WELL UE-25B#1
WELL UE-25B8#1
WELL UE-25C#1
WELL UE-25C#2
WELL UE-25C#3
WELL UE-25P#1
WELL UE-25P#1
WELL UE-29A#2
WELL UE-29A¥2

WELL USW G
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW
WELL USW

4

1

<III:F:FIIII
1NN AW+

1

<<

I
v

-

WELL USW VH-1

155/49E-22DC
16S/49E~SACC
165/49€E-8ABB
165/49E-BACC
165/49E~9CDA
16S/49E -9DCC
16S/49E-18DC
16S/49E-16CCC
16S/49E- 19DAA
165/48E-24AAA
16S/48E-25AA
165/4BE-36AAA
175/48€E - 1AB
175/49€E-7BB
17S/49E-9AA
175/49E-8DDB
175/49E- 15BBD
WELL 8, NTS
175/49E-350D0,
165/49E-23ADD
16S/4BE-15AAA
16S/48E- 10CBA
16S/50E-7BCD
16S/49E - 15AAA
16S/49E ~-36AAA
165/48E-8BBA
165/48E-7BBA
165/48E-7CBC

ASH TR

HCO3

1.95027
2.03222
2.83527
2.27805
2.17972
2.47472
2.27805
2.24527
4.62166
9.32525
1.75361
1.75361
2.27805
1.88472
1.99944
4.49054
2.83527
2.06499
2.08138
2.88277
3.55638
3.83499
2.73694
2.70416
2.65499
2.44000
2.21000
2.49000
2.26000
2.35000
2.31000
2.46000
2.17000
2.20000
2.41000
2. 18000
218000
2.21000
2.51000
2. 15000
2.02000
1.97000
1.31000
2. 58000
2.08000
2.51000
2.72000
4.78000
3.20000
5. 15000
4.85000
4.11000
3.92000

SA

PH

7. 10000
7.20000
7. 10000
7.50000
7. 10000
7.60000
7. 70000
7. 70000
6.80000
6.60000
7.20000
7.00000
7.70000
7.70000
7.500Q0
9.20000
7.40000
7.80000
7.90000
8. 10000
8.30000
8.30000
7.90000
7.50000
7.%0000
7.78000
8. 15000
7.47000
7.90000
7.61000
8. 16000
8. 12000
7.87000
8.20000
8.09000
8.06000
8.40000
8.15000
8.30000
8.02000
8. 35000
8. 12000
7.40000
7.96000
8. 19000
8. 10000
8.30000
7.62000
7.70000
7.76000
7.90000
7. 40000
7.70000

14:49 THURSDAY, MAY 29, 19B6 21
pMC

32.2000
29.2000

16.7000
18. 9000
15. 0000
16.6000
15. 7000
3.5000
2.3000
62.3000
60.0000
22.0000
19.9000
23.8000
10.5000
11.8000
18.2000
21.4000
16.3000
10. 000G
12.4000

12.2000
15.6000
19.3000
21.4000

21.9000
28.4000
24.8000
?0.8000

19. 3000

18. 4000
10.0000
18.9000
27.8000
40.3000
25. 4000
13.8000
27.4000
17. 1000
15.6000
7.0000

10.3000

31.4000
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LoL

SITE

20, UI2E
21, U12E
22, U12E
23, Ut2€
24, U12E
25, U12€E.
26, U12E
27, U12E
28, U12E
29, UIM2E
30, U12E
31, U12E
32, U12E
33, U12E
34, U12B
35, U12B.

.02

05

.03
.03
.03
.07

03

36, U12.04

SEEP 1, Ui2T
SCEP 2, U12N.O3
SEEP 3, U12N.DJ5
SEEP 4, U12N.03

LYSIMETER

1

.04 -
.03

. Ui2N.
LYSIMETER 2, U12N.
LYSIMETER 3, U12N.
LYSIMETER 4, U12N.
LYSIMETER 5, U12N.

LYSIMETER 6, SURF
LYSIMETER 7, SURF

LYSIMETER
ANAL 2589
ANAL 2819
ANAL 2913
ANAL 3260
ANAL 3541

N= 19

9

3

. SURF
TUNNEL
TUNNEL
TUNNEL
TUNNEL
TUNNEL

05
0s
0S
05
05
SOIL
SoIL
SOIL
ut2B,
U128,
U12E,
U12E,
U12E,

2000Tm

Oh:Uhos-an-sncao..n;n.—ahaﬁ..‘..oc)¢<;o

0000+ =

HCO3

.9300
. 8800
. 1500
.9200
.9800
. 0500
. 3400
. 3400
. 3800
. 0000
.6100
.7700

. 1000
.2100
. 7900
.9800
4747
.8192
.6878
. 7536
.7347
.7205
.1794
.7205
.5047

.7208
.0483
.2128
.7867
.9833
.7867.
.8686

SAS

PH

7.00000
6. 90000
7. 10000
7.80000
7.40000
7.40000
7.50000
8.00000
7.50000
7 .40000
8. 00000
6. 80000
7.90000

7.60000
6.90000
7.50000
7.90000
6.80000
6.80000
7.20000
6.60000
6..80000
6.80000
6. 80000

7. 10000
7. 10000

7.30000
7.60000
7.60000
7.40000
7.30000
7.60000

DEL
Cc13

14:49 THURSDAY,
PMC

MAY 29,

1986 24
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SAS - 14:50 THURSDAY, MAY 29, 19€6 28

SITE DEL DEL 02 (MG/L)
D 018

mema

20, V12E

21, U12E.04

22, U12E.O03

23, UI2E

24, U12E.02

25, U12E.05

26, U12£.03

27, U12E.03

28, U12E.02

29, U12E.07

30, U12E

31, U12E

32, U12E

33, UA12E

Z4, V12B

35, U12B.03

36, U12.04

SEEP 1, U12T

SEEP 2, U12N.03

SEEP 3, U12N.OS

SEEP 4, U12N.O2
LYSIMETER 1, U12N.0O5
LYSIMETER 2, U12N.C5
LYSIMETER 3, U12M.0S
LYSIMETER 4, U12N.0O5
LYSIMETER 5, U12N.0OS
LYSIMETER 6, SURF SCIL
LYSIMETER 7, SURF SOIL
LYSIMETER 9, SURF SOIL
ANAL 2589, TUNNEL U128,
ANAL 2819, TUNNEL U12B,
ANAL 2913, TUNNEL U12E,
ANAL 3260, TUNNEL U12E,
ANAL 35491, TUNNEL U12E,

ONOO W

FOUO0OOmM

N= 193
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L0l

-~ P0DBNONbLWN

165/48BE- 188CC
16S/48BE-17CCC
16S/48€ - 18DAD
16S/48E-8CDA

16S/48E-17AEB

WHITEROCK SPRING

BUTTE SPRING
OAi SPRING

TOPOPAH SPRING

10S/47E-14BAB
10S/47E-27CBA
10S/47E-31AAB
10S/47E-32DDA
10S/47E-33AAB
10S/47E-30DCC
11S/46E-26BBB
10S/46E-26BCC
11S/47E-3CDB
11S/47E-4CAD
115/47E-10CAA
11S/47€E-10BCC
11S/47€E-16DCD
11S/47E- 168DC
11S/47€E-18ACD
11S/47E-21ACC
11S/47€-21DBB
11S/47€E-21ABA
11S/47E-21ABA
19S/47E-27CBA
11S/47€-28AAC
11S/47E~28DAC
11S/47E-33BAC
115/47-10CCB
125/47E-5CDA
12S/47E-6CDD
12S/47E-7DBD
12S/47E-20BBB
12S/47E-19ADC
. 125/47E-20

. 12S/47E-20

. 125/47E-20

. 125/47E-20

. 12S/47E-20

WELL UE-19B-1
WELL UE-13C
WELL UE-13D
WELL UE-19E
WELL UE-19E
WELL UE-19GS
WELL UE-19GS
WELL U-20A-2
WELL U-20A-2
WELL UE-20D

SAS

LOG(CO2
PRESS)

-2.5900
-2.3600
-2.3600
-2.2400
-1.9900

-2.7800

-2.1700

-2.9700
-2.1900

-2.1300
-2.1800

-3.5000

-2.6400

~2.2300

-2.2300
-2.2800
-2.1900
-3-2300
-3.0100
-2.6800

-2.5800

CALCITE LOG(Q/K)

0.7000
0.4200
0.3400
0.2300
0. 1800

-0.0420

O”ﬂwbo

0.2690
0.1970

0.2720

-0.1230

1. 1230

0.3090

0.2690

-0.2830
0.3520
1.0540
-0.4390
-0.3400
-0.7460

-0.5320

14:50 THURSDAY,

DOLOMITE
LOG(Q/K)

1.8600
1.2100
1.0400
0.7600
0.6200

-0.3880

0.6260

0.4540
0.7460

0.8320

-0.4330

3.0630

0.8930

0.7790

-0.4050
-0.2310

2.0050
-1.2620

-0.8970

-2.1360

-1.4760

MAY 29,

1986 30



801

SITE

WELL UE-20E-1
WELL UE-20H

WELL UE-

204

WELL ARMY-1

WELL SA
WELL 5B
WELL SC
WELL C

WELL C-1
WELL 3

WELL A

WELL 2

WELL UE-
UE12T#3-
UE12T#3-
UE12T#3~
UE12T#3~
UE12T#3-
UE12T#3-
UE12T43-
UE12T#3-~
UE12T#3~
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
UE12T#3-
RML 1A,

RML 18,

1. U12N.
2, UI2N.
3, UI1I2N.
4, UI2N
5, U12N.
6, U1I2N.
7, U127
8, uiarT.

15D
5, 1
6, 1
7.1
8, 2
9, 2
10,
11,
12,
13,
14,
15,
16,
17,
18,
19,
20,
21,
22,
23,
SURF
SURF
05 B
0s
05
MAIN
o7 B
02

.02 8

02

34.4(M)
69.6(M)
99_2(M)
02.4(M)
57.6(M)
260.0(M)
441.4(M)

442.4(M)

291.4(M)
320.3(M)
320.6(M)
321.3(M)
350.8(M)
411.2(M)
470.6(M)
472.4(M)
501.7(M)
503.2(M)
532.8(M)
ACE

ACE
YPASS

YPASS
YPASS

9, U12T7.02 BYPASS

10, u1tar
11, U2t

12, U1t2T.

13, uUiaTt

14, U127,
15, U12T.

16, U127
7, U12E
18, U12E
19, U12E

MAT
.03
03
.04
03
03
.03
.07
.04

N

SAS

LOG(CD2
PRESS)

-3,
-3.
-1.
-2.
-2.
-2
-2
- 1.
-1,
-2,
-2.
-2,
-2.
-2,
-2.
-2
-3.
-2,
-3.
-2.
-2
-3.
-3
-3.
-3.
-3.
-3.
-3.
-2.
-3.
-3.
-2.
-2
-2.
-2.
-2.
-3

-2.
-2,
-2,

-2.

-2.
-2,

3800
0300
8200
5730
6480

. 6600
.6190

5270
7880
4510
4780
4680
2750
8500
5900

.5900

1900
8300
17¢0
8000

.8100

1300

.0100

2700
1800
1400
2400
1600
970
0800
0600
9400

. 9300

8800
8600
3800

. 0000

2100
2400
2500

3500

- 1800

3500
8900

CALCITE LOG(Q/K)

-0.
.0300
-2,

-3

. 3200
.2700
.4280
.7790
. 1780
. 3260
. 7460
.6410
. 9540
. 0890
. 1650
. 4000
. 9840
.8600
.0600
. 1200
.0200
. 5000
. 0600
.9300
.8700
.8700
.8100
.6900
.3700
.5100
. 1300
.2900
. 1300
.B100
.8700
. 2200
.5700
. 3000
. 2600
. 4900
. 5000

9800
3700

-7100

14:50 THUKIDAY,

DOLOMITE

LOG{

- 1.
-2.
-1

Q/K)

7570
1430

.2140
. 4360
.Q490
.0140
.7470
. 1080
. 7580
.7720
.0230
.6480
.6280
. 1600
. 4400
. 3400
.5200
. 3800
. 5400
.8300
.6500
. 1900
.4200
. 1500
.0800
. 6500
. 9600
.0600
. 4800
.6500
. 7200
. 6800
.6500
. 0030
.5500
. 1200
. 1100

-3000
-3200
- 8000

-8800
-6200

MAY 29,

1986 31



601

SAS

SITE LOG(CO2
PRESS)

20, U12E
21, U12€E.04 .
22, UI2E.03 -2.3100
23, U12E .
24, U12E.02 .
25, U{12E.05 -2.6200
26, U12E.03 .
27, U12E.03 .
28, U12E.03 -2.5900
29, U12E.07 -2.3400
30. U12E ;
31, UI2E -1.8800
32, U12E .
33, U12E .
34, U128 -2.7500
35, U12B.03 -2.3100
36, U12.04 .
SEEP 1, U12T -2.7900
SEEP 2, U12NM.03 -1.9220
SEEP 3. U12N.05 -1.7510
SEEP 4, Ui2N.03 -2.2330
LYSIMETER 1, U12N.O5 -1.0400
LYSIMETER 2, U12N.0OS -1.748B0
LYSIMETER 3, U12N.OS -1.6850
ILYSIMETER 4, U12N.05 -1.7450
LYSIMETER 5, U12N.0S -2.4390
LYSIMETER 6, SURF SOIL .
LYSIMETER 7, SURF SOIL -2.2300
LYSIMETER 9, SURF SOIL -2.1340
ANAL 2589, TUNNEL U12B, € -2.7500
ANAL 2819, TUNNEL U12B, D -2.3100
ANAL 2913, TUNNEL U12E, D -2.6900
ANAL 3260, TUNNEL U12E, D -2.6500
ANAL 3541, TUNNEL U12E, M -2.9400

N= 123

CALCITE LOG(Q/K)

-1.
-0.

-0.
. 7400

-1

-1

-2.
-1.
-2.
-0.
-1.
.7530
.9490

-1
-1

-3.

-1

-0.
-0.
. 7500
. 7900

-1
-1

-2.
-1.

- 1200

. 6600

6200
5600

-9200

6700

-2860

2950
6310
3430
7740
9480

2950

- 4990

5120
6700

9500
6400

14:50 THURSDAY,

DOLOMITE
LOG(Q/K)

-1
-3

-4,
-3.
-4.

-1

-4.

-4

-a.
-5.
-2.
-0.

-1
-3

7700

-3300
. 1800

4750
8290
2740
.9180
1930
.0180
2550
6200

4780
5360
.0400
.1700
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LLL

SIT

48,
49,
50,
51,
52,
62,
68,
70,
71,

-

WONOULWN

10,
11,
12,
13,
14,
15,
16,
17,
18,
19,
20,
21,
22,
23,
24,
25,
26,
27,
28,
29,

188,

198
20B
21B
228

E

16S/48E - 18BCC
16S/48E-17CCC
16S/48E - 18DAD
165/48E-8CDA
16S/48E- 17ABB

WHITEROCK SPRING

BUTTE SPRING
0AK SPRING

TOPCPAH SPRING

10S/47E- 14BAB
10S/47E-27CBA
10S/47E-31AAB
10S/47E-32DDA
105/47E-33AAB
105/47E-30DCC
11S/46E-26BBB
10S/46E-26BCC
11S/47E-3CDB
11S/47E-4CAD
11S/47E-10CAA
11S/47E-10BCC
11S/47E-16DCD
11S/47E~16BDC
11S/47E- 18ACD
11S/47E-21ACC
11S/47€-21DBB
11S/47E-21ABA
11S/47€E-21ABA
11S/47E-27CBA
11S/47E-28BAAC
115/47€-28DAC
11S/47E-33BAC
11S/47E-10CCB
12S/47E-5CDA
125/47€-6CDD
125/47€-7DBD
125/47C-20BBB
125/47E- 19ADC
12S/47E-20

, 125/47€-20

. 125/47€-20

., 125/47€-20

. 125/47E-20

WELL UE-19B-1
WELL UE-19C

WEL
WEL

L UE-19D
L UE-19E

WELL UE-19E
WELL UE-19GS
WELL UE-19GS

WEL
WEL
WEL

L U-20A-2
L U-20A-2
L UE-20D

SAS

-2.
-4.

-1
-3

-2

-2,

-2

GYPSUM LOG{Q/K)

.2600
. 1100
. 2700
. 3200
. 2400

.358n

-7210

. 9560
~7120

.6950

- 9880
- 1460

-6800

5720

3340
9970
. 7300
- 1800
.9480
7700

-7570

MAGNESITE
1.0G(Q/K)

0.
0.
-0.
-1,
.2000

-1

9.
-1,

-1

-2

-3

-2.

4700
8400
9300
1100

.9510

- 1450

4560
1050

.0300
.8480
-2670
0510

1590

.7210
-2.
-0.
-2.

1760
6220
3930

.0900
-0090

4870

14:5) THURSDAY,

FLUORITE
L.OG(Q/K)

-0

-0.
.4780
-0.

. 4430

.3020

-3630
.3050

.2720

0030

0030

8310

. 4500

0740

1580

4460

-1790
1560

0410
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Zll

SI1TE

WELL UE-20E-1t
WELL UE-20H
WELL UE-20d
WELL ARMY-1
WELL 5A

WELL SB

WELL SC

WELL C

WELL C-1t

WELL 3

WELL A

WELL 2

WELL UE-15D
UE12T#3-5, 134,
UE12T#3-6. 169.
UE12T#3-7, 199.
UE12T#3-8, 202.

UE12T#3-9, 257.6
VE12T#3-10, 260.
UE12T#3-11, 441%.
UE12T#3-12, 442,
UE12T#3-13, 291.
UE12T#3-14, 320.
UE12T#3-15, 320.
UE 12T#3-16, 321.
UE12T#3-17, 350.
UE12T#3-18, 411,
UE12T#3-19, 470.
UE12T#3-20, 472.
UE12T#3-21, S01.
UE12T#3-22, S03.

UE12T#3-23, 532
RML 1A, SURFACE
RML 1B, SURFACE
1, U12N.05 BYPA
U12N.05
U12N.0S
U12N MAIN
U12N.O7 BYPA
U12N. 02
U12T.02 BYPA
u121.02
U12T.02 BYPA
U12T MAIN
U12T7.03
U127.03
U127.04
U127.03
u127.03
u127.03
U12E.O7
U12E.04
19, U12E

= ODNONRWLN

-l s wlh ol b mbh ok =
BADMBDN LD s - a0

P

7{(™)
2(Mm)
.B(M)

SS

SS

SS
SS

SAS

GYPSUM LOG(Q/K)

-4.1090
-3.7350
-1.4180
-1.8260
-3.2610
-2.5090
-3.7210
-1.6130
-1.6340
-2.5080
-2.5120
-2.2810
-1.8280
-2.6200
-2.0900
-2.1000
-2.9700
-2.2200
-1.8100
-2.3300
-2.0900
-2.7200
-2.3800
-2.1100
-1.9300
-2.1600
-2.6900
-4.3100
-4, 1500
-3.1600
-3.2600
-3.440Q
-2.7600
-2.5200
-3.3500
-2.8900
-2.4300

-3.1700
-3.3400
-2.8200

-2.6000
-3.2900

MAGNESITE
LOG(Q/K)

-2,0200
-2,4590
-2,3350

0.0640
-1.5110
-1.3170
-1.6330
-0.0930

0.2510
-0.7890
-0.7620
-0.3250

0.0710
-1.9200
-1.1300
-1.1300
-2.1300
-2.5200
-2.1100
-2.5300
-2.4000
-1.9500
-2.1400
-2.1000
-0.9200
-1.7700
-2.4600
-3.3900
~2.9700
-2.4700
-2.4800
-2.6700
-1.7100
-1.3300
~-1.9200
-2.2600
-1.0300

-2.9500
-3.5700
-2.2700

-1.6800

14:50 THURSDAY,

FLUDRITE
Loesp/n)

-1.9030
-1.8280
-0.3290
-0.9490
-1.3180
-1.918B0
-2.6520
-0.7900
-0.9050
-1.2170
-1.5790
-1.8640
-0.6110
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ELL

SAS
SITE GYPSUM LOG(Q/K)
20, U12E
21, U12E.04 .
22, U12E.0Q3 -3.7600
23, U12E .
24, U12E.02 .
25, U12E.05 -3.4700
26, U12E.03 .
27, U12E.03 .
28, U12E.03 -3.6600
29, U12E.07 -2.6000
30, U12E .
31, U12E -3.1900
32, U12E .
33, U12E .
34, U12B -2.7700
35, U12B.03 -3.0000
36, U12.04 .
SEEP 1, U12T -3.6170
SEEP 2, U12N.03 -3.3700
SEEP 3, U12N.0S -2.7030
SEEP 4, U12N.0O3 -3.8900
LYSIMETER 1, U12N.O5 -3.4720
LYSIMETER 2, U12N.OS5 -4.0940
LYSIMETER 3, U12N.05 -3.5530
LYSIMETER 4, U12N.0O5 -3.5200
LYSIMETER 5, U12N.0O5 -5, 1980
LYSIMETER &, SURF SOIL .
LYSIMETER 7, SURF SOIL -3.7120
LYSIMETER 9, SURF SOIL -2.5950
ANAL 2589, TUNNEL U12B, E: -2.7600
ANAL 2819, TUNNEL U12B. O -3.0200
ANAL 2913, TUNNEL U12E, D -3.4900
ANAL 3260, TUNNEL U12E, D -4.7800
ANAL 3541, TUNNEL U12E. M -3.4B00
N= 193

MAGNESITE
LOG(Q/K)

-1.8300

-2.2900
-3.0600

-4.1360
-3.8790
-3.5870
-2.8410
-3.9300
-3.9540
-3.9890
-3.9920

~-2.7080
-1.7180
-2.0000
-3.0600

14:50 THURSDAY,

FLUORITE
LOG(Q/K)

-3.2400
-2.7500
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APPENDIX B

IMPORTANCE OF RADIONUCLIDE TRANSPORT
BY PARTICULATES ENTRAINED IN FLOWING GROUNDWATERS

Allen Ogard

INTRODUCTION

The Nevada Nuclear Waste Storage Investigations Project of the US
Department of Energy is studying the suitability of Yucca Mountain (Nye
County, Southern Nevada)® as a potential repository for high-level -nuclear
waste. The possibility that flowing groundwaters in this area might transport
potentially hazardous radionuclides or other harmful elements (both hereafter
referred to as waste elements) from a waste repository to the accessible‘
environment requires careful evaluation, and a considerable amount of study is
currently being devoted to understanding this potential problem. Leached
waste elements could potentially migrate as dissb}ved species with the
groundwater, but it is also conceivable that~parti¢ﬂlétesT(pérhabi small
mineral fragments from tuffs) or natural colloids (that is, iron hydroxide)
moving with the groundwaters could strongly sorb varioUS'uaste‘species and
transport these elements through fractures or open matrix porosity. The
intent of this appendix is to gqualitatively assess the potential of any
particulates that may be entrained in flowing groundwaters to transport
important quantities of sorbed wa:te elements as these gronundwaters migrate
through the Yucca Mountain environment.

EXPERIMENT AND RESULTS ‘

Well J-13 is the closest well to Yucca Mountain from which groundwater is
being routinely pumped, and is located approximately 4 miles to the southeast
of the crest of Yucca Mountain, on the east side of Fortymile Wash. As J-13
may intersect groundwater flow paths from the candidate repository site to the
accessible environment, water from this well was chosen for partiéulate content
studies. Water was diverted from the well into a mobile laboratory containing
filtration equipment at a rate of approximately 1 2/min. A prefilter which
removes material larger than 10 um from the water was positioned upstream from
a large stainless steel One-Sevener Nuclepore Membrane Filter Assembly which
was normally loaded with seven 0.4 um membrane filters, mounted in parallel.
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Approxinately one half of the water discharged from this assembly subseqguently
passed through an Amicon Hollow Fiber Filter system whizh removes particulates
with diameters greater than ~5 nm.

A filtration run was conducted for 14 days, during which time 9300 ¢ of
water were passed through the 0.4 um membrane filters, and 5300 2 through the
S nm hollow fiber system. The material collected on the membrane filters was
removed by ultrasonic treatment in a small quantity of Nanooure water, and the
resulting suspension was centrifuged at 10,000 rpm for 20 minutes. The liquid
was then decanted and discarded, and the sediment was washed with ethyl
alcohol and allowed to dry in air. A total of 0.25 g of solid material was
thus obtained which, when divided by the quantity of water that was filtered,
corresponds to a sediment concentration of ~2.7 «x 10“5 g/2. This particulate
fraction was dissolved in a mixture of HN03, HC1 and HF acids, and the
solution was then diluted and analyzed. The particulates collected by the
hollow fiber system were removed by backflushing with the minimum amount of
Nanopure water and were subsequently analyzed in solution. It was calculated
from the concentrations of species in the two solutions that the amount of
material in the smaller-size particulate fraction was only about 1% that in
the larger-size fraction.

Both sclutions were analyzed for cation composition by means of emission
spectroscopy. The detectable cations in the >0.4 pum fraction were (in wt%)
S1(60), Fe(20), Ca(11) and A1(4), while analysis of the smaller-sized fraction
gave somewhat different results: Na(44), Si(42), Ca(8), and Fe(4), with no
detectable Al. Because the amount of Fe in the Yucca Mountain tuffs and
groundwaters is very low, it is possible that the ircn-rich particulates (and
perhaps others) could have been contamination from the steel piping and
pumping systems. However, as we wish to make a conservative assessment of the
importance of particulates in waste element transport, we will assume that all
recovered particulates are natural and were originally entrained in the
groundwater pumped from J-13.

DISCUSSION AND CONCLUSIONS

To assess the importance of particulates in the transport of waste

elements, we need to determine the amount of a given species that is sorbed on

particulates, and compare this quantity to the amount which is dissolved in
the groundwater. Let
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moles of particulate-sorbed species/g of particulate

Rq = sorption ratio =
moles dissolved species/ml of groundwater
Lunits of m@/gl
x = concentration of species-sorbing particulates in groundwater
{units of g/l
¢ = concentration of species dissolved in groundwater

{units of moles/2]

For the purposes of this simple analysis we will assume the system attains
steady state, and that particulate surface area and ground water chemistry
effects, etc. can be neglected. From the above then,

y = moles of particulate-sorbed species/g of particulate =
and

z = moles of particulate-sorbed species/liter groundwater = yex.

Therefore, to determine the relative distribution of waste elements
between sorbed and dissolved species, we need’only examine the ratio z/c,
which from above is also equal to Rdx/1000.

Figure B-1 is a plot of the sorption ratio, Rd, versus the groundwater
particulate concentration, x, and shows a trajectory for the value of
z/c = 0.1. This value has been arbitrarily chosen, and implies that the
quantity of species sorbed on particulates is only 10% of that dissolved in
the groundwater. The value of ¢ in groundwater Can'range'anywhere froﬁ
essentially Zero to the solubility limit of the Speties, and as concentrations
are frequently not known to better than an order to magnitude, an additional
contribution of 10% to the total waste element concentration because of the
presence of particulate-sorbed species, should constitute a negligible source
of error. Examination of Fig. B-1, therefore, indicates that for any
combination of Rd and x lying below the z/c = 0.1 line (that is, particulates
sorb less than 10% of the total species), transport of waste elements as
sorbed species on particulates entrained in flowing groundwater should be of
little consequence as the bulk of the waste element will be present as
dissolved species. This is actually a very conservative analysis in that we
are assuming that the particulate velocity is essentially equal to the
groundwater velocity. In reality, particulate transport is a strong function
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of size (among other things) and is probably very significantly retarded
relative to the groundwater flux for the bulk of the entrained particulates.

As determined above, the approximate concentration of >0.4 um
particulates in J-13 water was 2.7 «x 10-5 g/%. Examination of Fig. B-1
indicates that these particulates would have to exhibit a sorption ratio
greater than ~4 x 105mQ/g for the species of interest in order for
particulates to contribute more that 10% to the total waste element flux. The
smaller-sized particulate fraction would have to exhibit sorption ratios
greater than ~4 x 108 mL/g to have a similar effect. These sorption ratios
are extremely high and have seldom even been approached in sorption
experiments using Yucca Mountain tuffs. However, no sorption ratios have ever
been directly determined for the particulates, and it may be possible that
they would exhibit sorption ratios of this magnitude or even higher; this is
considered highly unlikely as the particutates are probably directly derived
from Yucca Mountain tuffs and would be expected to yield similar sorption
ratios. To assess this possibility, additional quantities of particulates
have been collected from J-13, and we will attempt to experimentally determine
sorption ratios for these materials in the future.

Considerably more work would be needed to quantitatively estéblish the
particulate-sorbed contribution to total radionuclide transport. Particulate
concentrations, sorption ratios, relative transport velocities, etc., would
need to be determined at a number of locations along representative
groundwater flow paths to arrive at a more realistic assessment of
sorbed-radionuclide fluxes at Yucca Mountain. However, based on the above
analysis, and considering the conservative assumptions employed throughout, it
can probably be safely assumed that the transport of particulate-sorbed
radionuclides by groundwater flow will constitute a negligible component of
the total waste element flux at Yucca Mountain. It is highly probable that

dissolved species or natural colloids will comprise a much more important
component of the overall flux.
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log, (R, (ml/g)

Fig. B-1.

7.0

Particulate transport
AN may be important
6.0 -
5.0
z/c = 0.1
4.0 \
Particulate transport

204 not important
2.0 1 1 1 |

-5.0 -4.0 -3.0 -2.0 .

log, (X (/1))

Relative importance of particulate-sorbed vs dissolved waste
element transport as a function of sorption ratio and

particulate concentration.

Z/c =-0.1 implies that 10% of the

total amount of waste element present is sorbed, and 90% is

dissolved.
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