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CONVERSION FACTORS
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meter per day (mid) 3.281 foot per day

microgram per liter (ug/L) 1 part per billion

milligram (mg) 2.2 x 104 pound

milligram per liter (mgIL) I part per million

milliliter (mL) 6.102 x 10-2 cubic inch
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To convert degree Celsius (C) to degree Fahrenheit (F) use the following formula:

°F = 9/5 (C) + 32
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PREFACE

This report is being submitted to the U.S. Department of Energy (DOE) to fulfill Level 3
Milestone 3GUH607M, Synthesis Intermediate Unsaturated-Zone Hydrochemistry at Yucca
Mountain, Planning and Scheduling Account 1.2.3.3.1.2.7, Unsaturated-Zone
Hydrochemistry. It is a synthesis of Yucca Mountain Project - U.S. Geological Survey (YMP-
USGS) efforts to collect and interpret new (1996) unsaturated-zone hydrochemical data from
water and gas samples from selected boreholes at Yucca Mountain. The purpose of the report
is to interpret the new data with respect to areal variability, and identify the flow mechanisms
and residence times of the fluid in the rock mass. Geochemical modeling with the NETPATH
model supports these interpretations. This synthesis will assist in understanding the role of the
unsaturated zone in the performance of a potential repository site for the storage of high-level
radioactive wastes.

Because of the complexity of the report and its subject matter, a guide for reviewers
(Table A) was prepared to indicate which sections of the report meet particular DOE
description/completion criteria given in the Summary Account Planning Sheet for the
milestone. The completion criteria determined the overall scope of the report. This report is
considered, in terms of the criteria requirements in PACS, to be the final product that meets
the definition of the deliverable. The report is a manuscript that is currently in preparation for
USGS Director's approval and eventual USGS publication. Therefore, in its current form, it
cannot be disseminated or disclosed to the general public or used as a citable reference.

The report has successfully completed two technical reviews and a quality assurance
review as required by the YMP-USGS quality assurance program (YMP-USGS-QMP-3.04,
R7, Para. 3.7, Review and Approval of YMP-USGS Data, Interpretations of Data, and
Manuscripts). The data used as sources for the development of the report are cited at the head
of the source data table located at the end the report. The data are identified by Automated
Technical Data Tracking system (ATDT) Data Tracking Numbers and/or Records Information
System accession numbers where applicable. These data sources are clearly labeled as
qualified (Q) or non-qualified (non-Q). The data are either in the public domain (existing or
non-YMP data) or else have been or are in the process of being released by the YMP-USGS
Technical Project Officer in compliance with YMP-USGS-QMP-3.04. Following these source
data items, corroborating data sources are listed separately in the table. These are used to
support the argument of the report, but are not essential to the development of conclusions.
The report has been issued an ATDT Data Tracking Number with the intention of further
processing it as developed and interpretive data in accordance with YAP-Sm.3Q, Processing
of Technical Data on the Yucca Mountain Site Characterization Project, and YMP-USGS-
QMP-3.04.
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TABLE A - Description/completion criteria location summary for U.S. Department of
Energy Level 3 Milestone: 3GUH607M - Hydrochemical Investigations and
Geochemical Modeling in Characterizing the Unsaturated Zone at Yucca Mountain,
Nevada.

CRITERIA TEXT LOCATION

TECHNICAL REQUIREMENTS

A. The report will present a synthesis of new
hydrochemical data obtained during FY 1996
plus all previous data.

B. The new data will consist of analyses of water
obtained from existing core samples in selected
boreholes in:

1. the Calico Hills nonwelded unit CHn); and

2. the Paintbrush nonwelded unit (PTn).

C. The new data will be compared to previously
reported data in other boreholes.

D. If inconsistency is revealed in the results due to
heterogeneity of Yucca Mountain, such as
ground-water travel time, it will be reported in
this document.

Throughout report

p. 1 12; Tables 2-4; Figures 3-5

p.12, 14, 28, 29, 32, 44, 46, 47, 71; Tables 11,
14, 20; Figures 5-9, 15, 16

p. 12-14 28-30 46. 47, 71; Tables 14, 16;
Figures 7-9, 15, 16

p. 12, 15, 17. 49, 50, 54, 71, 72

p. 17. 18

E. Emphasis will be placed on:

1. age for CHn unit; p. 15, 17, 18, 53, 54, 59, 70, 71, 73; Tables 25,
26

2. flow path for CHn unit; p. 14, 49
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TABLE A (Continued) - Description/completion criteria location summary for U.S.
Department of Energy Level 3 Milestone: 3GUH607M - Hydrochemical
Investigations and Geochemical Modeling in Characterizing the Unsaturated Zone at
Yucca Mountain, Nevada.

CRITERIA TEXT LOCATION

3. flow type (fracture versus matrix) for Chn
unit

p. 14, 15, 49, 51, 71, 72

4. age for PTn unit; p. 53

5. flow path for Ptn unit; and p. 14, 49, 50, 51

6. flow type (fracture versus matrix) for Ptn
unit.

F. The synthesis will also include the results of
past and ongoing rock-gas sampling from
selected boreholes at the Yucca Mountain site.

G. The stratigraphy referenced in the report will be
consistent with the Reference Information Base
Section 1.12(a), Stratigraphy:
Geologic/Uthologic Stratigraphy' and the
Prototype Three-Dimensional Framework Model
(YW85) of September, 1995.

p. 14, 49, 51, 71

p. 1, 8, 15, 17, 72; Table 5; Figures 8-10

Throughout report; verified by USGS

NON-TECHNICAL REQUIREMENTS

H. The use of 0 and non-Q data in the deliverable
will be clearly identified.

I. Record accession numbers and Automated
Technical Data Tracking numbers will be
included, as appropriate, for all data used and or
cited in the deliverable.

J. The deliverable will be submitted to the YMSCO
as per Procedure YAP 5.1 0.

Source Data Table

Source Data Table

Entire report

)d;



ABSTRACT

Hydrochemical and isotopic investigations of ground waters at Yucca Mountain, Nevada, site of a

potential permanent national nuclear waste repository, demonstrate that younger rocks are dominated by

calcium-sulphate or calcium-chloride waters and that older rocks contain sodium-carbonate waters.

Furthermore, unsaturated-zone pore water has significantly larger concentrations of major ions and dissolved

solids than does the saturated-zone water. Recharge of perched or saturated-zone waters therefore requires

rapid flow through fractures or permeable regions in the unsaturated zone to avoid mixing with the chemically

concentrated waters in the unsaturated zone. This conceptual model is consistent with observations of rapidly

moved post-bomb (post-1954) tritium and 36CI in the deep unsaturated zone at Yucca Mountain. Occurrence

of post-bomb tritium in matrix waters away from fracture zones further indicates that parts of the fast-flow

waters moving through fractures have been diverted laterally into nonwelded units.

Discrepancy in carbon-14 (14C) activities between gas and water phases from various boreholes within

individual and from different lithologic units may be due to atmospheric contamination during drilling. Larger

1 4 C activities (indicating younger ages) are seen in waters from some parts of a nonwelded Miocene unit than

in samples elsewhere in the same unit, and gas-phase 14C activities in one unit are smaller (older ages) than

pore-water activities of the underlying unit. Perched waters with large water masses may have preserved

original 14C activities without contamination from the drilling air. The gas-phase 14C age profiles across the

entire unsaturated zone in one borehole increase in age with depth, confirming previous results from another

borehole and demonstrating that gas transport in the Yucca Mountain unsaturated zone occurs through a

diffusion mechanism.

Experimental results show that different lithologic units demand specific water-extraction methods to

insure accurate results. Vacuum-distillation and compression-extraction both can give good results but must

be used with specific lithologies. Column experiments demonstrate that percolating water can exchange with

pore water of core as well as with channel water of zeolite in the core. Exchange rates range from days to

months. Core waters therefore reflect the most recently infiltrated water but lose percolating water of the

distant past.
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Stable-isotopic compositions of perched water generally plot close to the Yucca Mountain precipitation

line, indicating little evaporative loss before recharge, although exceptions do exist. Estimated evaporation

under conditions of largest possible loss produced 6 percent volumetric loss. Winter precipitation is the likely

source of recharge to the unsaturated zone.

Geochemical model calculations indicate that the majority of dissolved sodium can be derived either

from pore-water and mineral exchange or from dissolution of volcanic glass with little mineral exchange.

Modeled 14C age corrections by NETPATH software show that age corrections for perched water can be an

order of magnitude larger or smaller depending on 613C and 14C values chosen for the calculations; the

calculated ages range from 2,150 to 6,260 years.
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INTRODUCTION

A thorough understanding of hydrochemical processes in the unsaturated zone is essential to the site

characterization program for the potential permanent repository for nuclear waste at Yucca Mountaiin,

Nevada. Chemical compositions of pore waters reflect the extent of water-rock interaction between the

recharge water and the rock matrix. Tritium (3H) and carbon-14 (
14C) ages provide insight to the nature of flow

mechanisms and residence times of the unsaturated-zone water. Carbon ( 4C) concentrations measured in

the gaseous phase can provide information relevant to the residence time of CO2 in this unusually thick

unsaturated zone, and carbon isotopic data (613C) can help to identify carbon sources, a necessary step in 4C

age estimation. Carbon isotopic data of CO2 as a function of depth provide information on gas-flow

mechanisms through the unsaturated zone as well as interactions with water and secondary calcite. Stable

isotopic compositions of hydrogen (D) and oxygen (180) in fracture and matrix waters can help to identify

fracture/matrix interactions and sources of water. From the present chemical and isotopic data, along with

previously published data collected at Yucca Mountain (for example, Yang and others, 1993 and 1996),

conceptual hydrologic flows at Yucca Mountain can be described. Such investigations are important since

ground water is the most likely transport medium for radionuclides from a repository to the accessible

environment.

The purpose of this study is to obtain hydrochemical data such as chemical compositions of pore and

perched waters, flow mechanisms and residence times of gas and water, percolation flux, and extent of

fracture/matrix interactions for waters. All of these can be used to calibrate unsaturated zone flow and

transport models which, in turn, will feed into the total system performance assessment (TSPA). The purpose

of TSPA is to calculate various measures of repository safety, such as peak individual radiation dose, and to

estimate the uncertainty in the performance calculations.

A method of pore-water extraction for chemical-composition analysis developed by Yang and others

(1988) and later modified by Mower and others (1991, 1994) was used in this study. Methods of pore-water

extraction for stable isotopic analysis were investigated in this report. Lithologic units which contain different
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minerals require different methods of pore-water extraction, that is, compression extraction versus vacuum

distillation. Validations of the methods which were applicable to each lithologic unit are presented in the

section on the stable-isotope compositions of pore water.

Yucca Mountain, located near the western boundary of the Nevada Test Site in southern Nye County

about 160 km northwest of Las Vegas, consists of a rugged series of north-trending fault-block ridges

composed of volcanic rocks that generally have an eastward tilt of 50 to 100 (Scott and Bonk, 1984). A thick

section of Tertiary volcanic rocks overlies Paleozoic sedimentary strata in the Yucca Mountain region (Byers

and others, 1976), with units of the 12.8 to 12.7 Ma Paintbrush Group (Sawyer and others, 1994) forming most

exposures (Christiansen and Lipman, 1965; Scott and Bonk, 1984). Two voluminous densely welded ash-

flow tuffs underlie Yucca Mountain (the Tiva Canyon and Topopah Spring Tuffs), separated by a much thinner

interval of mostly nonwelded pyroclastic rocks. Stratigraphic nomenclature was recently revised and improved

with many new isotopic ages (Sawyer and others, 1994) and that stratigraphic nomenclature is used here (fig.

1). Numerous washes, generally underlain by alluvium, dissect the eastern side of the mountain. Nearly three-

fourths of the annual precipitation falls from October through April (Quiring, 1983). No perennial streams exist

in the Yucca Mountain area. Surface runoff is infrequent and of short duration, occurring only as a direct result

of intense precipitation or rapid snowmelt.

Numerous geologic and hydrologic investigations conducted in the extensive characterization effort at

Yucca Mountain have resulted in overlapping nomenclature to describe aspects of the geologic setting.

Obvious differences in the hydrologic character of the welded and nonwelded sequences led Montazer and

Wilson (1984) and Ortiz and others (1985) to develop thermo-mechanical (or hydrogeologic) designations for

these units (fig. 1). Because the hydrogeologic units are based on similarity of properties (see Luckey and

others, 1996, p. 17-20 for discussion), they do not correspond exactly with the stratigraphic units, in which

physical properties (welding, degree of alteration, fracturing, permeability, etc.) vary significantly both laterally

and vertically within single flow units. Note that both nomenclatures will be used in this report, but they are not

interchangeable. For example, the Calico Hills nonwelded unit (CHn) contains basal parts of the Topopah

Spring Tuff, the entire Calico Hills Formation and the Prow Pass Tuff, and upper parts of the Bullfrog Tuff.
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Correlations are shown graphically in figure 1.

This report is a follow-up to U.S. Geological Survey Water-Resources Investigations Report 96-4058

(Yang and others, 1996) and describes on-going investigations of unsaturated-zone chemistry and isotope

hydrology at Yucca Mountain. New data collected in 1996 include CO2 concentrations and carbon isotopic

compositions (13C and 4C) of rock gas from several boreholes and major-ion concentrations and isotopic

compositions of waters from those and additional boreholes. Pore-water chemical compositions and 14C data

are from bedded tuff and the Calico Hills nonwelded unit (fig. 1). Limited tritium (3H) data were obtained from

intervals of each of the boreholes. Finally, geochemical models constructed using NETPATH software

interpret the chemical evolution and 14C age-corrected residence times of perched waters using details of

likely mineralogical interactions.

This investigation was conducted by the U.S. Geological Survey (USGS) in cooperation with the U.S.

Department of Energy under Interagency Agreement DE-A108-92NV10874. Critical reviews of the report by

Joe Whelan an'd Brian Marshall, colleagues in the USGS, are greatly appreciated.
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CHEMICAL AND RADIOACTIVE-ISOTOPE COMPOSITIONS (3H AND 14C) OF GAS AND PORE

WATER FROM THE UNSATURATED ZONE

A vacuum-reverse air-circulation drilling method (Whitfield, 1985) was used in drilling of all boreholes

in the unsaturated-zone (UZ) drilling program. This method is intended to prevent contamination of the

unsaturated rocks with drilling fluids and thus allow collection of native pore water and gas from the UZ for

hydrochemical analysis. Locations of boreholes where gas and pore-water samples were collected is shown

in figure 2. Borehole designation, drilling date, depth, and perched-water occurrences are tabulated (Table 1)

below. Abbreviated borehole names will be used throughout the text.

Table 1. Borehole designation, drilling date, depth, and perched water occurrence.

Borehole Borehole Drilling Date Depth of Perched Water

Designation Abbreviation Start Finish Borehole Occurrence

(m) at depth (m)

USW NRG-6 NRG-6 11-23-92 03-03-93 335.3 -

USW NRG-7a NRG-7a 10-21-93 05-06-94 461.3 495.4

USW SD-7 SD-7 10-03-94 11-9-95 815.3 479.7

USW SD-9 SD-9 05-10-94 09-26-94 677.6 488.5

USW SD-12 SD-12 01-23-94 09-14-94 660.3 -

USW UZ-14 UZ-14 04-15-93 05-06-94 677.8 414.0

Source of informations: Drilling Support Division, Drilling Support and Sample Management Dept, T & MSS,
Yucca Mountain Project Symbols:m: meter, -not found
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Boreholes from Which Data Were Collected

Drilling of geologic borehole NRG-6 was started on November 23, 1992, and the borehole was cored

to a total depth of 335.3 m, terminating in the Topopah Spring Tuff by March 3, 1993. NRG-7a was drilled

from October 21, 1993, and cored to a total depth of 461.3 m in the upper Calico Hills Formation by May 6,

1994. Cores above the Topopah Spring Tuff from these two holes were used for water extraction. Drilling of

borehole SD-7 in the systematic drilling program was started on October 3, 1994, and it was cored to 615.8 m

with a 10-cm bit by September 14, 1995 and completed to a total depth of 815.3 m, ending in the Tram Tuff on

November 9, 1995. The water-table level in this hole was at 633.3 m on November 13, 1995. Perched water

was encountered in this borehole between 485.4 m and 488.3 m. SD-9 was started on May 10, 1994, and

completed to a total depth of 677.6 m, terminating in the Prow Pass Tuff on September 26, 1994. Perched

water was also encountered in this borehole at 453.8 m. SD-12 drilling was started on January 28, 1994, and

was completed to a total depth of 660.3 m, terminating in the Prow Pass Tuff on September 14, 1994. The

static water table in SD-12 was located between 610.8 m and 612.9 m. These SD holes yielded cores from

both the Paintbrush nonwelded (PTn) and the Calico Hills nonwelded (CHn) hydrogeologic units for water

extraction.

The UZ-14 test hole is located in Drill Hole Wash, 26.2 m from UZ-1. Drilling of the hole was started

on April 15, 1993, and it was cored to a depth of 672.6 m by April 29, 1994, and completed to a total depth of

677.8 m on May 6, 1994. Chemical and radioactive isotope data from UZ-14 have been previously reported

from the interval from the surface to 528.8 m (Yang and others, 1996). This report includes data from depths

of 528.8 to 640.1 m.

Gas samples were collected from all depths of SD-12 which was instrumented with 16 sampling ports.

SD-7 and -9 were not instrumented. Only one sample was collected from the Calico Hills nonwelded unit in

SD-7, and two samples were obtained from SD-9 (one above and one below the Topopah Spring Tuff). For

gas sampling from these open boreholes, an inflatable borehole liner was used.
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Sample Collection and Analysis

Details of drilling were designed to enhance analysis. After a borehole was drilled, the atmospheric air

that entered during the drilling process was removed by evacuation from the surface with a large-capacity

pump. All drilling air was tagged with a tracer (SF6). The tracer concentration in the evacuated air was

continuously monitored, and disappearance of the SF6 (concentration less than 0.1 ppm) assured essentially

complete removal of the drilling air. Packers were installed inside the open boreholes in SD-7 and -9 for gas-

sample collections. The diameter of the rotary core was 6 cm. Cores from the rock formation were obtained

using a 1.5-m core barrel with a split inner tube. Core recovery was typically greater than 90 percent. Three

pieces of continuous, unfragmented solid core, each approximately 15 cm long, are needed to obtain enough

water for age and chemical determinations.

Sample-handling procedures affect the success of extracting uncontaminated water from cores of tuff.

Evaporation of pore water increases with sample exposure time in a dry climate, and strict precautions were

taken to avoid loss of moisture or contamination of pore water in the cores (Striffler and Peters, 1993). Each

core was wrapped in a thin plastic sheet, placed inside a lexan liner, and capped on both ends of the lexan

liner. The lexan-contained core was then placed inside a thick aluminum foil bag and heat-sealed for moisture

protection. The sealed cores were carefully packed into plastic coolers and transported from the drill site to

the Sample Management Facility (SMF) at Jackass Flats, Nevada, for log-in and storage. The storage

temperature was kept at 60 to 90C until the cores were removed for pore-water extraction.

Analyses were conducted by outside vendors contracted by the U.S. Geological Survey except for

tritium, gas composition and CO2 concentration which were analyzed by the U.S. Geological Survey in

Denver, Colorado.

Collection of Gas Samples from Boreholes SD-7, -9, and -12

The whole-gas (WG) method or batch sampling was used to collect samples for 613 C analysis. A gas
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stream was allowed to flow into a Mylar balloon to purge the container several times before sampling. When

the gas had filled up the balloon, the container was removed from the flow line. The collection time was less

than 5 minutes.

The molecular-sieve (MS) method was used to collect gas samples for 14
C and 613C analyses. The

gas stream was initially passed continuously through a silica-gel tower to remove moisture, then through a

300-mL stainless-steel cylinder containing a 50-nanometer (50-nm), anhydrous (dehydrated under a vacuum

at 3500C) molecular sieve to trap the CO2 gas. The CO2 gas trapped in the MS was degassed in the

laboratory to release the trapped CO2. Released carbon dioxide was collected in a cold trap, volume of CO2

was measured, and the CO2 was transferred to storage cylinders.

SD-7 and -9 were open boreholes. For gas sampling from these boreholes, an inflatable borehole liner

was used. Gas samples were collected from individual tubes connected to open ports located along the length

of an impermeable membrane liner. The liner is inflated to seal the formation wallrock from direct

communication with the atmosphere. Two intervals were packed in SD-9: one from surface to 453.5 m

(lithologic units of Tiva Canyon and Topopah Spring Tuff),and the other from 453.7 to 560 m (Calico Hills

nonwelded unit). Only one interval was packed in SD-7, from 508 to 633 m (Calico Hills nonwelded unit). Gas

data from SD-12 were obtained from entire borehole, in contrast to the Sd-7 and SD-9 data obtained from

selected intervals.

For the 613C samples, a 3-L Mylar balloon was used to collect a rock-gas sample. A deflated balloon

was connected to the outlet of the pump and inflated with the sample gas. Samples for 14C analysis were

collected in essentially the same manner as for the instrumented borehole.
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Collection of Pore Water Samples from SD-7, -9, and -12, and NRG-6 and -7a

Pore water was extracted from the cores by using a high-pressure one-dimensional (uniaxial)

compression procedure (Mower and others, 1991, 1994; Higgins and others, 1996). The compression

operations were described in a previous report (Yang and others, 1996). Briefly, a pressure of 103.4 MPa was

initially applied and gradually increased to a final pressure of 827 MPa. Additional pore water was extracted by

injecting dry nitrogen gas (greater than 99.99 percent pure) into the pore space and by forcing out pore water

at the end of compression. The extracted water was filtered through Nuclepore filters (0.45 pm) into suitable

bottles. Samples for major ions were stored in polyethylene bottles, and samples for stable isotopes and 14C

were stored in glass bottles.

Analyses of Gas and Water Samples

Gas samples for 14C and 6'3 C analyses were sent to the Desert Research Institute, Las Vegas,

Nevada, for conventional liquid scintillation counting for 14C and mass spectrometry for 6'3C. The precision of

6'3C analysis was about ±0.2%o [one standard deviation (10)]. Uncertainty in the 14C measurement was ±0.7

percent modem carbon (a).

Cation concentrations were measured using inductively coupled plasma emission spectroscopy, and

anion concentrations were measured using ion chromatography at Huffman Laboratories, Inc., in Golden,

Colorado. The analytical error is ±5 percent for all major ions except sulfate, for which the error is ±10 percent

Charge balance is calculated by subtracting total milliequivalent anions from total milliequivalent cations

divided by the total milliequivalents of cation and anion multiplied by 100. However, silica concentration is not

considered in the charge balance because of difficulty in assessing charge on silicate species. The tritium was

analyzed at the U.S. Geological Survey Yucca Mountain Project Branch (YMPB) UZ Hydrochemistry

laboratory using procedures published by Thatcher and others (1977). Tritium values were calculated by
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regressing to the date of sample collection so that tritium decay is considered between sample collection and

dates of analysis. Tritium errors were approximately ±4 tritium units [1 tritium unit (1 TU) = 1 3H atom per 1018

IH atomsl. 14C and 613C samples were sent to Beta Analytic, Inc., in Miami, Florida, for analysis by Tandem

Accelerator Mass Spectrometer (TAMS). Uncertainty in 613C values was ±0.2 per mil and for 14C was +0.7

percent modem carbon. All uncertainties quoted are one standard deviation (a).

The aluminum (Al) concentration in pore water is mainly controlled by aluminum silicates. Except for

extreme pH conditions, dissolved Al is usually below the detection limit (less than 1 mg per liter). Very fine

filters (0.1 pm) must be used to remove particulate Al to obtain trustworthy results for dissloved Al. Because

0.45 pm filter paper was used for pore water filtration in this study, reported Al values for pore waters are total

Al concentration including both dissolved and particulate components.
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Results and Interpretations of Chemical and Radioactive-isotope Data

This section presents hydrochemical data obtained to date and interpretations of those data related to

possible flow mechanisms and residence times in the unsaturated zone (UZ). Data are chemical compositions

(major cations and anions) and isotopic concentrations, which include tritium (3H), carbon-14 (140), and

carbon-13 (613C), of pore water in cores obtained from test holes in the UZ. Preliminary conceptual hydrologic

flow models are derived from the present chemical and isotopic data, along with previously published data

collected at Yucca Mountain (Yang and others, 1996).

Spatial Variabilities In Chemical Compositions

Recent analyses augment previousely published data from major-ion chemical investigations. Major-

ion chemical compositions of pore water from UZ-14, from the surface to 528.7 m were published previously

by Yang and others (1996). Additional data from waters obtained below 528.7 m are presented in table 2 and

plotted in figure 3. NRG-6 and -7a major-ion chemical compositions are presented in table 3 and plotted in

figure 4. SD-7, -9, and -12 major-ion chemical compositions are presented in table 4 and plotted in figure 5. No

samples from the Topopah Spring Tuff were analyzed because no pore water could be extracted for chemical

analysis. In the previous report by Yang and others (1996), only a few samples from the caprock unit (usage

after Scott and Bonk, 1984) of the Topopah Spring TufO from UZ-4 and -5 were analyzed.

Chemical compositions of waters show clear variations. Locations of UZ-14, SD-9 and the NRG-

boreholes are in the northern part of the Yucca Mountain, while SD-12 and -7 boreholes are in the southern

part of the mountain. The pore waters extracted from bedded tuff are calcium-chloride or calcium-sulfate-type

waters which plot near the top part of the diamond in the Piper diagram (see figure 3, for example). The pore

waters extracted from Calico Hills nonwelded unit are sodium carbonate- or bicarbonate-type waters which

plot near the lower part of the diamond. Samples represented by b", c", d" and 'B" in figure 5 are pore

waters from borehole SD-7 and SD-12 in the Calico Hills nonwelded unit. These waters tend toward calcium-
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chloride- and calcium-sulfate-type waters instead of the sodium-bicarbonate- or sodium-carbonate-type waters

typical of the Calico Hills nonwelded unit in the other boreholes. This could be due to less Ca/Na cation

exchange, with less sodium ion released into water in the SD-7 and -12 boreholes. Therefore, in spite of

large distances separating these boreholes, chemical compositions are, with few exceptions which will be

described below, in general similar and vary according to the lithologic units in which they were obtained.

The total dissolved solid (TDS) concentrations of the pore-water samples from the Yucca Mountain

Tuff at 13.8 m and from Prow Pass Tuff at 614.2 m, at 615.7 m, and at 617.3 m in UZ-14 (shown by points 1, f,

g and h in figure 3) have very high concentrations of TDS [about 1,200 mg/L for the 13.8-m sample and 2,000

mg/L for samples in the Prow Pass Tuft]. Also, the pore water sample G in figure 4 from the NRG-6 borehole

at a depth of 78.0 m has a TDS concentration of 3,500 mg/L. Either evaporative concentration or/and

extended water-rock interactions can result in such a large concentration. If the waters were concentrated by

evaporation, one possible mechanism could involve evaporation by vapor transport in the unsaturated zone.

The sample from UZ-14 at a depth of 13.8 m (UZ14145.0-45.4/PTn/YM in table 2) has Na and Cl

concentrations of 249.3 mg/L and 245 mg/L, respectively. Samples at slightly deeper depth, such as

UZ14/85.2-85.6/upl, UZ14191.0-91.3/upland UZ14195.5-95.9/upl (table 3, Yang and others, 1996), have an

average Na concentration of 39 mg/L and Cl concentration of 60 mg/L. Sample UZ14145.0-45.4/PTnIYM is

more concentrated in Na by a factor of 6 and in Cl by a factor of 4 than the latter. If evaporative concentration

is the cause, both Na and Cl should be elevated by the same factor, a relation which is not observed. The

stable-isotopic composition of this pore water ( 6D and 6'8O values) plots close to the Yucca Mountain

Precipitation line (YMPL) in the 6D versus 180 diagram ( see figure 19) indicating little moisture loss by

evaporation (a detailed explanation is given later in the section on the interpretation of stable-isotope data).

These two lines of evidence suggest that high TDS in this sample is the result of water-rock interactions with

only a minor contribution from evaporative concentration. Similarly, for samples from the Prow Pass Tuff from

UZ-14 and the NRG-6 sample at 78.0-m depth, the concentration factors for Na and Cl are different, again

indicating extensive water-rock interaction. The 6D and 6180 values of these pore waters, when plotted on the

6D versus 6180 diagram, also show deviation from the YMPL indicating loss of water by evaporation.
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Table 2. Chemical compositfon of pore-water samples from borehole USW UZ-14, Yucca Mountain, Nevada

C- - - data not available; 0, values below detection limit; , less than; N/S, not sampled; N/A not analyzed; up1, uniaxial pressure stage #1; charge balance,

(meq cation - meq anion)/(meq cation + meq anion)*100; PTn, Paintbrush nonwelded; CHn, Calico Hills nonwelded; PP, Prow Pass Tuff; YM, Yucca Mountain

Tuft, Cfu, Crater Flat unit]

Sampl Srmbal Averag O8h pH Spedf Caslwm MWnadi, Sodbm Se Amnim Bicarbona Cab~nat Chbrke mmhi. Nt Salle Chag

kW*betin hI Per depth manckctam C Mg Na Si% At HCO, CO, CI r NO SO, b .

diagam (n) (S") (mWL) (ingL) (OWL) (gW) (IgI) (mpt.) (mL) (mglL) (mNA4 (MIL) (m91g.)

Fig s

UZ.145 .045.41PTNVM 1 13.78 09.19.94 8.6 1.320 19.6 6.1 249.3 59.8 1 245 18 245 0 35 32 -.I8

uZ4INI35.3-1735.s35C=H

u2.1411904.5-1804. 71C PP

uz2141s25s.1-826.o&CPP

U2-1411854.9-1855.1/CrVPP

iZ.141185.7-15.9ICHNIDPP

UZ.14r2D14.7.2014.9/CHfRPP

r.4 UZ14ZIQ05.2-202.7CHnIPP

UZ-142025.1-2025.3ICHrVPP

UZ-141095.3-2098.6ICFu

1.2-140104.051 boflcrCFu

a 528.95 0544-96 9.0

b 550.04 05-10-95 8.0

e 556.53 06-22-96 9.4

d 565.40 07.07-95 8.0

e 568.70 07-20-95 8.6

I 614.11 07-27-95 9.3

g 615.85 042-95 9.1

h 617.28 08-02-95 9.1

n 638.71 018-95 8.8

* 641.33 04-22-94 9.4

480

590

460

480

1520

1450

1550

530.M.O

1.7 0.0 158 46.9

0.5 0.2 111 43.0

0.6 0.1 138 47.9

0.5 0.2 107 34.5

0.3 0.0 115 30.4

3.2 0.2 392 37.7

0.9 0.0 312.7 68.6

4.0 0.2 414 54.8

0.0 0.0 112.8 63.0

2.1 0.7 143 352

0.0 268 18 37.4

1.0 181 12 25.1

0.9 42 112 23.5

1.6 161 23 18.8

0.8 204 18 17.3

0.2 409 219 32.1

339 176 23.2

0.2 493 189 36.5

143 29 30.0

38 229 19 10

0.0 14 15.4

0.0 15.3 14.9

0.0 11.6 12.9

0.0 13.7 15.9

0.0 11.7 12.6

0.0 1.8 22.2

0.1 0.5 21.7

0.0 6.9 26.3

01 0.3 29.0

0 4 23

1.6

2.6

4.3

.1,4

1.4

5.6

4.2

6.3

1.3

10.1



Table 3. Chemical composition of pore-water and ground-water samples from borehole NRG-6 and NRG-7a, Yucca Mountain, Nevada

- - -, data not available; 0, values below detection limit; PTn, Paintbrush nonwelded; BT, bedded tuff; CHn, Calico Hills nonwelded;
PC, Pah Canyon Tuff]

Sap Syml AWrg Doe pH Spedbel CIckmi Mgneeiwm Sodlum Silia Akmfum Ocrba Clbonste Mork* Bomhe Nlme SU"*
Idrtlcton h Pjw det COMIM20os Ca Me N SK4 Al HCO co, CI Br N03 So,

digrm (m) (uSm) (mnL) (MgAt) (mL) (mglL) (mRlV) (mo) (mgIL) (mOR (mgl) mWL) OWL)
F4 4

NRG46tS8.2-158.UPTrlT A 48.28 074.094 6.4 1070 122 23.3 35.8 97.4 0 34 0 185 1 32 159

NRGV6110.8.161.2IPTNOrT a 49.07 01-17-96 7.0 860 104 la 35.0 54.0 1.6 55 0 148 0.9 35 139

NRG-S171.0-171.31IPTnIT C 52.18 072144 7.0 620 70.5 11.5 29.2 79.4 b 48 13 58 0 43 94

NRG4%75.6-175.OfPTnfPC 0 53.58 08-01.94 6.6 520 49.2 e's 29.4 78.1 0 60 0 47 0 42 64

NRG4V219.9-220.2IPTnIPC E 67.09 11.0-94 7.0 66o 24.3 4.2 99.3 61.4 1 92 0 77 0 47 77

NRG-61244.6-245.0/PTn F 74.62 01-10-95 6.6 630 33 4.9 72.0 51.0 0.8 61 0 49 0.1 40 115

NRG42559-25G.IPTn G 78.03 01.12-95 6.7 1920 176 19 215.0 66.0 0.9 61 0 115 0.0 35 840

NRG7N165.8-168.0PTn6IT H 50.57 094S9 7.3 SO 55.3 5.6 31.7 68.3 0 89.0 0 38.9 1.3 45.5 63.4

NR7U258.0-258.41PTNOBT I 78.70 10-17-96 8.3 595 43 3.7 82 60.9 1.0 128 0 53.6 0.3 43.7 65.5

NR07AR483.6CHnI9T J 452.22 10.25-95 8.0 580 61 0.6 94 48.6 0.3 323 0 33.1 0.1 16.7 48.6

NRG7Afl492.91CHnIBT K 455.04 05-26-94 ... ... 30.6 03 74.7 71.5 0.0 104 34 39 0 16 23

NRG7Ut498.8lCHlrT L 456.63 06.28-94 7.5 500 28.7 0.5 73.2 83.0 1 156 0 50 0 17 16



Table 4. Chemical composition of pore-water samples from boreholes USW SD-7, -9, and -12, Yucca Mountain, Nevada

- - -, data not available; 0, values below detection limit; <, less than; N/S, not sampled; charge balance, (meq cation - meq anion)/(meq cation + meq anion) *

100; PTn, Paintbrush nonwelded; CHn, Calico Hills nonwelded; PP, Prow Pass Tuff; BT, bedded tuff; TSw, Topopah Spring Tuff]
Sampb Symbd Average 0tc pH Spocilc alckm, MgnakM Sod",m Sic Potokum BiQhbonal Caboa Chlorine Bmie r irNte Svtfaol Charge

Idektfleetibn in Piper depth caria Ca Mg Na Si, K HCO, CO, Cl sr NO, SO, b

digr (m) CuSIWI) (mOIL) (mg&) ( Wng) (mgtL) ()L) (m) (MgL) (mglL) (0FL) (1ioft.) (mgl.)

F. S

co~flSiWT r - 41V&* . 16 'W-dft 7 7f 441f 1s -in 828 - 220 a 77 Qs 1.s 76. 0l2

MM71499.4-149.61C~k.

MO-71524.6-1525.7/Cl~n

b 456.74 0405-96 7.4 405

a 464.85 01-12-96 7.2 490

31

38.7

0.6 67 63.5

0.9 57.6 68.6

- 171 0 28.9

7 203 0 30.1

0.4 13.6 14.1

O.1 12.4 15.9

0.4

0.0

M0711558.4-15596 WCt~

S0-904.2-94.41PTnIBT

S-9W154.0-154.21PTrVBT

MOM1462.6-1452.WTSw

SO-Wfl53.2-15MAI4Cl~n

SO-91619.9-161.ICHn

SO-916I1A-1661.3ICHn

S0-9f741.0-1741.21CHln

SD-91741.7-1741.91CHn

SDVI1800.WCAT

d 475.03 03-13-96 7.4 370 39

1 28.74 07-0-96 60. 1050 125

2 46.97 07-26-" 6.8 s0 72

3 442.78 06-30-95 7.5 520 6.9

4 467.95 0907-93 7.4 530 0.8

5 600.09 01.2895 8.2 610 0.4

6 506.33 01-22-96 8.9 870 0.7

7 530.69 07.18-96 8.7 520 0.2

8 530.90 07-12-96 8.4 310 0.2

9 548.86 01-30-6 9.3 790 0.8

0.9 43

24 43

13 36

0 112

0.1 112

69.3

74

55

62.5

54.9

- 171 0 25.1

-- 37 0 170

-- 90 0 93

- 256 0 15.7

7 226 0 15.6

0.1 9.0 14.9

09 11 260

0.9 4.7 106

0.1 10.6 62.5

0.9 10.6 15.8

-0.1

-4.4

-1.5

0.1

0.5

*0.1

0.3

2.6

7.1

0.9

0 136.6 55.6 4 232 12 50.2 0.1 9 18.3

0.0 164 46.8 - 317 0 42.0

0 125 52 - 185 41 19

0 74 53 - 113 12 1s

0 180.7 59.6 6 137 106 32.3

0.1 8.2 18.9

1.1 4.4 1o

0.2 3.8 8.7

0.4 4.6 20.9

MI-22S5.8-26.I1TnOBT

MD12M1490.7-1461.OICt*n

SD-12fl517.041517.4C#*M

S0-12MO60.6-1603.01C~*n

MD12M16369CHNIDT

SD-I21193861CI~rPP

SD-1211942.4IC~rVPP

A 81.06 10-27-95 7.2 470

a 445.28 04-17-96 8.5 490

C 462.44 02-21-96 8.3 66

D 466.23 050696 9.1 540

E 496.93 03-22-96 9.0 535

F 590.93 02-26-9 8.8 625

0 592.04 03-11-98 9.1 520

48.9

31

14

2.6

3.8

1.4

1.3

7.6 26.6 62.7

0 89 65.5

0 150 56.

0 129 88.7

3 107 0 49.6

_ 96 30 55.9

- 323 0 38.6

- 79 90 27 8

- 67 102 15.2

- 171 66 34.0

- 134 66 24.0

0.9 15.9 47.5

0.1 7.3 30.1

0.1 6.4 22.5

0.1 2.6 12.6

0 1.7 11.2

0.1 1.0 26.1

0.1 3.5 24.4

0.0

0.5

0.4

0.4

0.6

0.7

0.5

0 129

0 165

0 140

64.6

55.0

so.1



Evaporative concentration does occur to some extent (less than 10%) but cannot account for the observed

doubled concentration factor (see detailed explanation later in the interpretations of stable isotope data).

Water-rock interactions thus appear to be the major cause of high dissolved-solid concentrations, and there is

no evidence from these samples for major unsaturated-zone vapor transport.

The concentrations of major ions in the pore water are three to ten times larger than those in the

perched or saturated-zone waters. These pore waters are from beddedlnonwelded tuffs (PTn) and Calico

Hills nonwelded (CHn) units only, not from the large block of welded Topopah Spring Tuff (TSw) hydrogeologic

unit at Yucca Mountain. If the more dilute infiltrating waters provide recharge to the perched or saturated-zone

waters, they must flow rapidly through fractures or permeable zones in the intervening PTn or CHn units to

avoid mixing with the chemically concentrated pore waters in those units. This conceptual model is also

supported by the detection of post-bomb 3H and 36CI in the deep unsaturated zone of the mountain, indicating

a fast-flow path (Yang and others, 1996; Fabryka-Martin and others, 1996). The water flux through such a flow

regime remains to be determined.

Tritium Profiles In Boreholes

Pre-1952 tritium concentrations in precipitation were around 10 TU (Davis and Bentley, 1982). In

1954, atmospheric nuclear tests increased the artificial average annual tritium concentration in precipitation

near Yucca Mountain to about 200 TU, with a monthly maximum of about 700 TU. By 1963, further nuclear

tests in the atmosphere increased the average annual tritium concentration in precipitation to about 2,000 TU,

with a monthly maximum of about 4,000 TU (International Atomic Energy Agency reports, 1969-1986). After

three half-lives of tritium decay from 1954 to 1990, the average annual tritium concentration in precipitation for

1954 input still remained at 25 TU, with a monthly maximum of about 87 TU. For 1963 input, average annual

tritium concentration in precipitation after two half-lives from 1963 to 1987 still remained at 500 TU with a

monthly maximum of 1,000 TU. Therefore, water samples extracted from rock core with tritium concentrations

>25 TU in 1990 would indicate mixtures derived from pre- and post-1954 precipitation. If > 500 TU in 1987
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would indicate mixtures derived from pre- and post-1963 precipitation. Assuming piston flow is dominant in the

unsaturated zone of Yucca Mountain, a reasonable assumption as depicted by Yang and others (1996). the

high tritium concentrations of a pore-water sample such as these can be attributed mainly from post-1954 or

post-1963 precipitation.

The purpose of the following interpretations of tritium concentration is not to determine the age of pore

water in the unsaturated zone but to isolate any pore-water samples that could have been derived mainly from

post-1 954 precipitation. Tritium profiles for pore waters in the UZ-1 4 borehole are shown in figure 6. Tritium

concentrations between 20 to 40 TU are observed in the intervals between 35 to 45 m in in the Pah Canyon

Tuff and at 385 m depth in the Topopah Spring Tuff. Only small intervals of the NRG-6 and NRG-7a cores

were analyzed for pore-water tritium and 4C. The data are shown in figures 7a and 7b. High tritium

concentrations of about 30 to 150 TU in a broad peak are observed in NRG-6 boreholes (fig. 7a) from 53.3 m

to 74.7 m in the Pah Canyon Tuff and near the top of the Topopah Spring Tuff. One large tritium

concentration of about 47 TU is observed at a depth of 108.7 m in NRG-7a. Tritium data for pore waters

extracted from SD-7, SD-9, and SD-12 are shown in figures 8 and 9a and 9b. The tritium concentrations are

less than 10 TU in SD-7 and as large as 14.3 TU in the CHn unit of SD-12. As mentioned previously, only

limited samples were analyzed from each borehole. Therefore, some fast flow-paths may not have been

detected.

Many of the large tritium concentrations observed in this investigation and previously reported (Yang

and others, 1996) occur in the matrix pore waters of the Paintbrush nonwelded unit, which indicate that parts

of the fast-flow-path waters in the fracture have diverted laterally in the Paintbrush nonwelded unit. However,

the distance of lateral diversion is unknown.

Residence Times of CO2 and Pore Water

Gaseous-phase 613
C, 4CO 2 and fracture-frequency (number of fractures per 1. 5-im core length) data

from SD-7, -9 and -12 are shown in table 5. The o13C samples collected by balloon method varied from -10 to
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-25% in 613C values for the replicate samples. Therefore, these data were not listed. Problems likely were in

the balloon nozzle. 613C values from the Desert Research Institute (DRI) are less variable although they tend

to be systematically more negative by a few per mil when collected with molecular sieve. The other possible

explanation of less than -20%o in 613
C values could be due to tunnelling effects from Exploratory Study Facility

(ESF) ventilation which causes degassing from pore-water dissolved CO2 which was collected during gas

sampling (a kinetic fractionation effect). Carbon dioxide concentrations are'not reported due to variable data,

with values ranging from 1000 to 7000 ppm.

Table 5. Gas-phase carbon-14 ( 4C), 613C, and fracture-frequency data from boreholes SD-7, -9, and -12,

Yucca Mountain, Nevada. [- - -, data not analyzed; PMC, percent modem carbon; %O, parts per thousand]

Borehole Depth Instrumented Lithologic unit o3C Fracture frequency'

(m) Stations (PMC) (%a) Number per 1.5r interval

_ _ _ _ _ _ RI' DRI_

SD-7 508-633 - Calico Hills nonwelded unit 41.5 -25.0 ---

SD-9 0-453.7 - riva -Topopah Spring TufO 96.7 -16.1 -- -

SD-9 453.7-560 - Calico Hills nonwelded unit 51.0 -19.1 - - -

SD-12 24.7 P Tiva Canyon Tuff 91.0 -22.6 3

SD-12 43.9 0 Tiva Canyon Tuft 49.2 -20.2 10

SD-12 65.2 N riva Canyon Tuff 87.4 -22.0 7

SD-12 91.7 . L Topopah Spring Tuff 82.7 -16.4 0

SD-12 107.0 K Topopah Spring Tuff 77.8 -21.6 2

SD-12 128.9 J Topopah Spring Tuff 58.0 -22.1 4

SD-12 171.0 I Topopah Spring Tuff 39.0 -23.6 0

SD-12 208.2 H Topopah Spring Tuff 36.9 -24.7 . 5

SD-12 236.8 G Topopah Spring Tuft 31.6 -25.6 10

SD-12 256.6 F Topopah Spring Tuff 34.1 -24.4 2

SD-12 285.0 E Topopah Spring Tuff 52.4 -21.9 8

SD-12 322.5 D Topopah Spring Tuff 34.3 -23.8 4

SD-12 385.6 C Topopah Spring Tuff 88.7 -22.9 9
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SD-12 407.2 B Topopah Spring TufF 24.4 -24.6 0

SD-12 435.9 A Calico Hills nonwelded unit 84.5 -17.3 0

'Desert Research Institute, 613 C values are measured from subsample of 14C collected in molecular sieve.
613C is defined as relative 13C12C values of sample expressed in part per thousand (,) relative to Peedee

belemnite (PDB) standard.
2Data from Drilling Support Division, Drilling Support and Sample Management Dept, T & MSS, Yucca
Mountain Project.
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The excess CO2 could come from dissolved CO2 in pore water of the Topopah Spring Tuff. The 14C activities

of CO2 gas from SD-9 and -12 boreholes are plotted in figures 9a and b, and 613C values from SD-12 are

plotted in figure 10. One 14C age of gas-phase CO2 was derived from the interval between the top of the Calico

Hills nonwelded unit and the water table of SD-9 (figure 9a). The "4C activity of this sample is 51 percent

modem carbon (pmc), significantly smaller than the 14C activities of pore waters (between 82.3 and 95.3 pmc)

in the same zone. If the C02 in the gas phase were in isotopic equilibrium with C02 in the aqueous phase of

the pore water, the 14C activities in the two phases should be comparable. The fact that they are different could

possibly be due to atmospheric 14C02 contamination to the pore water during drilling.

The 14C activities of gas-phase C02 in instrumented borehole SD-12 (table 5) decrease from surface

to depth with some irregularly large 14C activities in stations E, C, and A and small 14C activity in station 0.

Anomalously large 4C activities in station C and A may indicate contamination of the samples. Samples

from station C may have been affected by leakage through the borehole instrumentation support pipe (J.

Rousseau, U.S. Geological Survey, oral commun., 1997). Station A lies in a region of strongly low pressure at

depth (identified from monitoring sensors) with complete attenuation of the surface (synoptic) barometric-

pressure signal. Gas-monitoring evidence indicates that station A likely was contaminated with atmospheric

air drawn in due to the low pressure, prior to the instrumentation and sealing of the borehole (J. Rousseau,

U.S. Geological Survey, oral commun., 1997). Moderately large 14C activity at station E may be related to the

relatively high fracture frequency noted at that station (table 5). The majority of 14C activities in gas-phase CO2

from SD-12, however, are consistent with the data obtained from borehole USW UZ-1 and further are

consistent with gas transport by a postulated diffusion mechanism as previously concluded (Yang and others,

1996).

Yang and others (1996) stated that the apparent young 14C ages (high 14C pmc values) in the CHn

from borehole UZ-14 could be related to: (1) young 14CO2 in the gaseous phase possibly exchanging with the

bicarbonate species in the pore water; and/or (2) the large amounts of cement used below a perched-water

zone at 383.1 m in order to seal off the borehole wall and prevent perched-water leakage portland cement

contains a small amount of Ca(OH) 2 which will absorb atmospheric C02 during mixing with water and release

18



the CO2 during exothermic curation]. With more recent pore-water data obtained from the Calico Hills

nonwelded unit in SD-9, 14C values ranged from 82.3 pmc to 95.3 pmc between depths of 467.9 m and 548.6

m. These data are in the same range of 14C values obtained in the Calico Hills Formation from UZ-14. Both

holes are located in the northern part of the Yucca Mountain; SD-9 was drilled without using cement.

Therefore, it is unlikely that the 4C data in the Calico Hills nonwelded unit from UZ-14 were contaminated by

cement.

With regard to exchange of young 14C in gas-phase CO2 with the bicarbonate species in the pore

water in the Calico Hills nonwelded unit of UZ-14 and SD-9, the sparse data obtained so far are inconclusive.

Gas-phase "IC data (Table 5) from the Calico Hills nonwelded unit in SD-7 and -9 (two analyses) show 41.5

and 51.0 pmc (calculated ages about 7,100 and 5,800 years). but one analysis from the Calico Hills

nonwelded unit in SD-12 shows 84.5 pmc (about 1,340 years). From the 14C data of gas-phase CO2 obtained

in the UZ-1 and SD-12 boreholes, true gas-phase 14C activities likely are less than 50 pmc in the Calico Hills

nonwelded unit because 14C activities in the lower part of the Topopah Spring Tuff typically are about 25 to 35

pmc. Then, what is the cause of young 14C ages in the Calico Hills nonwelded unit in UZ-14 and SD-9? A

possible explanation for the discrepancy is that pore waters were contaminated with atmospheric 14CO2 during

drilling. The fact that 14C activities in the Calico Hills nonwelded unit in SD-7 and -12 are about 40 to 85 pmc

would exclude large contamination of cores by the drilling air (about 120 pmc) because all these boreholes

were drilled with air. The o'
3 C values of bicarbonate carbon in pore water from the Calico Hills nonwelded unit

in SD-9, UZ-14, SD-7, and SD-12 also do not show large contaminations from atmospheric 4C02 (o3C of -7

to -8% in atmospheric C0 2). Further investigations are needed to resolve these issues. The best course of

action may be to drill a new hole to the depth of the Calico Hills nonwelded unit using compressed nitrogen

gas (which contains no C02) instead of air. Perched waters encountered in boreholes likely are

uncontaminated by the 4CO2 in the drilling air because the mass of carbon in these water reservoirs is orders

of magnitude larger than in the drilling air.
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STABLE ISOTOPE COMPOSITIONS (6D and 6130) OF PORE WATER FROM
USW UZ-14

Oxygen and hydrogen isotopic ratios of water have great value in hydrologic studies because they are

intimately dependent upon the nature of physical processes that govern water transport (Craig, 1961 b; Gat,

1980). Stable isotope ratios (180P6 0 and D/1H) expressed as 611O and 6D (defined below) can be used to

indicate the origins of water, climatic and evaporative history of water, and flow paths through the unsaturated

zone. They can also be used as indicators of transport properties or water interactions with other minerals.

The lack of long-term direct measurements of infiltration requires proxy indicators of water movement through

the unsaturated zone to extend the record into the past. The isotopes most commonly used in hydrology are

those that are constituents of water molecules ('80, D, and 3H). Other environmental isotopes ("C, 3Cand

36Cl) which occur in dissolved compounds are also valuable for studying groundwater cycles (Fontes, 1980)

and have been applied in the previous section.

Hydrogen has two stable isotopes (D and H), and oxygen has three isotopes (16, 017 and 08).

Because hydrogen and oxygen are components of the water molecule, isotopic fractionation of both is usually

co-variant. Consequently, the isotope ratios of these two elements generally are discussed together. Natural

variations of the abundance of these stable isotopes can be related to the history of the water molecules (Gat

and Gonfiantini, 1981). Rather than express these variations as the absolute abundance of the isotopes,

standard mean ocean water (SMOW) is used as the standard against which the natural variations are

measured. The isotopic ratios of SMOW were measured by Craig (1 961a) as: 180160 = (1 993.4t2.5)x10 4 and

D/H = (158±2)x104 (D is deuterium). Thus:

618O0(W6) = ((R-Rd0)/Rtd.)x 1 03
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6D(%O) = ((Rh.R1dh)IR~d h)X 1 0

where 6'80(%o) and 6D(%o) are the deviation in 80 and D of the sample from the standard in units of parts per

thousand (per mil) respectively, Ro= 1
0Q/

16 and Rh= DPH of the sample being studied, and RdO= 180/160 and

Rdh = DrH of the SMOW.

After surface water enters the groundwater system, its original isotopic composition is typically

conserved. However, some factors can cause the 6o'0 and 6D concentrations of unsaturated zone water and

groundwater to differ from local meteoric water. These factors include:

(1) recharge from a water body of partially evaporated surface water. Evaporation from surface

water bodies is a nonequilibrium process that enriches 6180 and 6D in the water such that the

6D/I'80 slope is less than 8 and usually between 3 and 6.

(2) recharge to an aquifer from an area of different altitude or latitude.

(3) mixing of two or more sources of water.

(4) recharge of either the ground water or UZ water from a different climatic regime in the past.

(5) interaction with aquifer carbonate or silicate rocks at high temperature. Exchange of oxygen in

water and rock at high temperatures increases the 61'0 of the water (the 6180 "shifr').

(6) fractionation between the ground or pore water and mineral hydration water..

Methods of Pore-Water Extraction for D and 6180 and Analysis

It is important that the extraction method extracts only the hydrologically active water (percolating

mobile water), or the stable isotopic data of the extracted water will be misinterpreted. Extraction methods

using vacuum distillation and toluene azeotropic distillation to remove water from soil and clay-rich soil have

been reported by Knowlton and others (1989), Revesz and Woods (1990), Walker and others (1992, 1994),

and Ingraham and Shadel (1992). However, none has been applied to tuffaceous volcanic rocks. The

distribution of minerals at Yucca Mountain differs from borehole to borehole, but certain commonalities are

apparent. The major mineral groups in Yucca Mountain are classified as zeolites, clays, alkali feldspar, silica

21



polymorphs and glass. The zeolites are primarily clinoptilolite, mordenite, and analcime. The clays are

principally smectites and illite with lesser kaolinite (Broxton and others, 1986; Bish and Vaniman, 1985; Bish

and Chipera, 1989). Zeolite and clay contain water of crystallization which can be released during the heat

distillation process. Three extraction methods, namely toluene distillation, vacuum distillation, and

compression were applied to core samples of volcanic rocks from Yucca Mountain in order to establish a

standard extraction procedure.

Toluene distillation

Toluene distillation of water from soil for isotopic analysis was first used by Allison and Hughes (1983).

The principle of the toluene distillation method is that the toluene forms an azeotropic mixture with water at

84.1 C but separates from water at room temperature. The boiling point of the toluene-water azeotrope is

84.1° C, significantly lower than the boiling point of water (100 0C) and toluene (1100C). Ingraham and Shadel

(1992) found that the isotopic compositions of water extracted during toluene distillation will fractionate when

the distillation process is not completed. This result is predicted by the Rayleigh distillation model. The results

indicate that the toluene is simply a carrier of water. Thus, it will cause fractionation will occur during the

toluene distillation if the extraction is not complete.

The toluene distillation method used in this study is similar in design to that of Revesz and Woods

(1990). The Dean-Staark apparatus used for toluene distillation (Figure 11) consists of a laboratory heating

element, a flask, a specially designed receiving trap, and a straight condenser. The funnel has a wide area

above the joint to prevent loss of water by uneven, explosive boiling (Revesz and Woods, 1990). Enough

water-free toluene is added so that the sample remains covered throughout the entire distillation process.

During distillation, the temperature is maintained at the boiling point (84.1 C). The temperature of the solution

is then raised to I 10C. At the beginning of the distillation, water and toluene are distilled together, forming a

cloudy liquid. The distillation continues until the condensate turns clear and no water drops remain on the
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glass wall of the entire apparatus. After collecting the water in a glass bottle with Teflon cap, any trace of

toluene is removed by adding paraffin wax (enough to solidify after dissolving the toluene) to the water and

warming it in the closed sample bottle to the melting point of the wax (60-700C). The bottle is shaken and

allowed to cool, and the wax solidifies. The water is decanted easily. The wax procedure can be repeated as

many times as necessary to ensure complete removal of the toluene. The wax procedure was repeated three

to four times in this study.

Vacuum distillation

The vacuum distillation technique employs the use of a distillation line, nitrogen gas, dry ice, a set of

heat elements, and a vacuum pump (Figure 12). The procedure consisted of four steps: (1) a vacuum is

applied to the distillation apparatus for couple of hours, (2) the core segment is weighed, placed inside the

distillation apparatus, and heated to 1500C (at the heat mantle) resulting in a core temperature of about 1100C

(the reason for choosing this temperature is explained below), (3) the core water is expelled into a flask cooled

with a dry ice/alcohol mixture at a temperature of about -800C, and (4) the total volume of water recovered is

measured under nitrogen gas and the distilled core was placed inside an oven at 1040C for 3 days to check

for any further loss of water. The third step may take around 24 hours to ensure complete extraction of core

water. If the core water yield is less than 99.75% of the total measured water in the subsample, there can be

an'appreciable amount of fractionation (Knowlton and others, 1989). If incomplete extraction was suspected, a

nearby core was vacuum-distilled for a longer time to make sure the water yield is greater than 99.75%.

The distillation temperature of the core sample will affect (1) the release of hydrated water; (2) the

water-rock interaction at high temperature; and (3) the efficiency of extraction. Hydration water may mix with

the pore water, thus masking the values of stable isotopes of pore water. The exchange of oxygen-18

between water and rock at high temperature (>150 0C) will enrich the oxygen-18 of water (Panichi and

Gonfiantini,1981). Extraction efficiency increases with distillation temperature, but high temperature will cause

problems from release of hydrated water and/or water-rock interaction. For clay-bearing soil, the temperature
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at which hydrated water is released is about 1100C, as reported by Ingraham and Shadel (1992). They

postulated that the hydration water of clay soils may not be released at temperatures below 110C, thus an

extraction method with a low temperature may be advantageous. Araguas-Araguas and others (1995)

concluded that if the isotopic compositions of mobile water are of interest, the distillation temperature should

be kept as low as possible to minimize the impact of removing the weakly bound hydration water. Feng and

Savin (1993) found that some zeolite species (clinoptilolite, heulandite and stilibite) will lose about 50% of

hydrated (channel) water during overnight evacuation. However, the exchange of framework oxygen with bulk-

water oxygen in zeolite was less than 5 % at temperatures below 110 C. For low temperature distillation,

Wood (1990) used vacuum distillation at room temperature, but the result was very poor because of

incomplete recovery of water.

The distillation temperature for this study therefore was chosen at 150CC at the heating mantle,

resulting in a core temperature of about 1 0lC. From time-series measurements of mantle temperature and

core temperature for different lithologic cores, the temperature distribution indicates that the temperature of the

core increased with the temperature of mantle and equilibrated to core temperature of about 110C when the

heating-mantle temperature was at 1500C (Yu,1996).

The time required for complete distillation of soil samples was reported by Ingraham and Shadel

(1992), and Araguas-Araguas and others (1995) to be about seven hours. However, other factors affect the

time required for complete extraction, such as sample size, moisture, distillation temperature, and distillation

system design. The optimum length of time for distillation was determined experimentally by comparing the

stable isotopic compositions of water distilled from a piece of selected Yucca Mountain core cut into five

sections that were distilled for different time periods (4, 8, 12, 24 and 36 hours). Five different lithologic cores

were selected for the test: one core from Pah Canyon Tuff, three cores from Topopah Spring Tuff, and one

core from the Calico Hills nonwelded unit (Table 6). The minimum distillation times are different, depending on

the lithology. For Pah Canyon and Topopah Spring Tuff cores, at least 24 hours are required for complete

extraction, but for Calico Hills nonwelded unit cores, more than 36 hours are required.
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Table 6. The stable isotopic composition and water yield of water distilled from Yucca Mountain cores
with different distillation times.

Step# Collection time Water yield 6180 6D
(hours) (%) vs SMOW (O) Vs SMOW(%O)

Run A. Core ID: UZ14-156.2 from Pah Canyon Tuff

1 4 10.12 -15.1 -115
2 8 15.12 -13.2 -104
3 12 18.33 -12.9 -99
4 24 19.78 -12.2 -96
5 36 19.82 -12.1 -96

Run B. Core ID: UZ14-1020 from Topopah Spring Tuff

1 4 3.42 -14.9 -110
2 8 4.51 -14.2 -104
3 12 5.20 -13.3 -99
4 24 5.21 -13.6 -99
5 36 6.03 -13.4 -99
6 48 5.52 -13.2 -98

Run C. Core ID: UZ14-1187.8 from Topopah Spring Tuff
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1 4 2.16 ^ -106
2 8 3.71 -16.3 -103
3 12 3.96 -16.5 -103
4 24 4.08 -15.0 -102
5 36 4.05 -15.1 -102

Run D. Core ID: UZ14-1391.2 from Topopah Spring Tuff

1 4 11.13 -16.2 -112
2 8 19.55 -16.7 -109
3 12 18.43 -16.5 -108
4 24 21.90 -16.7 -109
5 36 21.90 -16.7 -109

Run E. Core ID: UZ14-1430.2 from Calico Hills

1 4 4.28 -19.1 -140
2 8 16.67 -16.3 -112
3 12 17.35 -16.2 -108
4 24 18.53 -16.0 -109
5 36 18.50 -15.9 -106
6 48 18.51 -15.8 -107

There was not enough sample to perform oxygen-18 analyses.
SMOW: Standard Mean Ocean Water.

Compression extraction

One-dimensional compression (Higgins and others, 1996) was also tested. Compression operations

were similar to the procedures described previousely for pore-water extraction for chemical compositions and

14C analyses. Water samples were collected in glass syringes attached to the compression cell when an.

adequate volume was extracted. The extracted water was filtered through a 0.45 pm filter into glass bottles for

stable isotope analysis. The effect of the compression process on the alteration of original stable isotope

compositions of pore water can be investigated by two methods (1) water samples are collected at each

pressure level during the compression procedure, and stable isotope compositions at each pressure level are

then compared; and (2) a water of known stable isotope composition is imbibed into dry cores (from each tuff

formation after the core was oven-dried ovemight). The isotopic values of known water can be compared with

those of the water extracted from the imbibed cores by the compression method. If there is no change in

composition as a function of pressure in the first test, this would indicate that the compression method did not

cause pore-water fractionation. The results of the second test may indicate which pool of water inside the core
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is extracted by the compression method. If there is no difference in isotopic composition between known

water and compressed water, this would also indicate that compression processes did not alter the original

pore-water isotopic compositions. On the other hand, if the stable isotope composition of compressed water is

different from the imbibed water, and the compressed water does not change with pressure, the possible

explanation is that the water imbibed into the dried core has been fractionated. That can be investigated by

comparing the stable isotope compositions of residual water with those of compressed water.

Water Analyses for 61'O and 8D

Stable isotope ratios 6'8O and 6D are analyzed using mass spectrometers at two places (1) the

University of Colorado, Institute of Arctic and Alpine Research Stable Isotope Laboratory; and (2) U.S.

Geological Survey Research Laboratory in Reston, Virginia. 6o8O values were determined by isotopically

equibrating water with a small amount of pure CO2 in a constant-temperature bath. The equilibrated CO2 gas

was measured in the mass spectrometer, and the 6180 of the water was calculated from this value. Typically 4

mL of water are used, although smaller samples (down to 2 mL) can be measured in this way. The

equilibration system is automated and controlled by a computer which also controls the operation of the mass

spectrometer. All critical elements of the system (pressures and temperatures) are monitored by the computer,

and any sample which experiences conditions outside of acceptable ranges is rejected. The 6180 equilibration

system is capable of measuring 20 samples and four standards overnight

6D values were determined by reducing water to hydrogen gas and measuring the 6D of the hydrogen

in the mass spectrometer. Water was injected into a hot evacuated cell. The water vapor thus formed was

passed through a capillary tube and over uranium metal at 600 C. The uranium metal reduced water vapor to

hydrogen gas, The injection of water, reduction to hydrogen, and measurement of 6D values in the mass

spectrometer are all controlled by a computer which monitors parameters critical to the quality of the

measurements (pressures and temperatures). The volume of water required is 2 mL. This system is capable

of measuring 20 samples and six standards in about 20 hours. Samples prepared for this method should have
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a conductivity of 2,000 pS/cm or less to avoid salt build-up in the evacuated cell. Uncertainty in 180 values

was ±0.196 and in 6D was ±0.596.These uncertainties quoted are one standard deviation (1 a).

Inconsistency in 6D and 6180 data with different extraction methods

The extraction of isotopically representative water from porous media for stable isotopic analysis has

sometimes been difficult, particularly in the case of unsaturated core, in which not all pore spaces are filled

with water. It is mandatory that no fractionation (change in isotopic composition) occurs during the extraction

processes. Pore water extracted from the same piece of core by different methods should yield the same

isotopic composition.

Review of Water-extraction Methods Published In Literature

Walker and others (1992, 1994) compared the stable isotopic results from 14 different laboratories on

four continents for soil water derived by various extraction methods. They distributed soils rehydrated with

water of known stable isotope composition to the 14 laboratories where the soil water was extracted and

returned for analysis. Extraction methods included toluene-azeotropic distillation (six laboratories), vacuum

distillation (seven laboratories), microdistillation (three laboratories), and centrifugation (one laboratory). The

results showed large variation between laboratories in isotopic compositions of the extracted water (up to 30%o

for 5D and 4.4%o for 6180). The results from extracted waters were commonly lighter than the introduced water

by more than 10%o in 6D and 2%o in 6"80. The variation increased as the water content of the soil decreased

and was greater for clays than sand at a comparable matrix suction force. The variation was caused by

incomplete extraction of soil water from the soil samples. Centrifugation followed by toluene-azeotropic

distillation gave the results closest to the known value.

Because few studies have examined extraction methods for stable isotope analyses of hydrated

mineral soil (soil containing certain clays or gypsum), Walker and others (1992, 1994) suggested that toluene-
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azeotropic distillation and vacuum distillation are unsuitable for gypsum media, because gypsum is unstable

above about 450C. At temperatures above 450C, gypsum releases its hydrated water to form bassanite, which

results in the fractionation. Centrifugation and compression at room temperature may be useful but are

generally restricted to samples of high water content only.

Other studies examined these problems. Ingraham and Shadel (1992) did a comparative study of the

toluene and vacuum distillation methods using Hanford loam soil. The stable isotope compositions of water

extracted by these two methods were significantly different from those of the added water when the water

content of the soil was low (3.6 to 5.2 %). They postulated that some of the added water bound with minerals

in the soil with an associated fractionation , and was not released at extraction temperatures below 11 0C. At

low soil moisture content, the volume of fractionated bound water is enough to affect the remaining extracted

soil water. Leaney and others (1993) used the azeotropic distillation method with kerosene as a solvent for

soils with high clay content (20 to 60%). They found a large discrepancy in the deuterium isotope composition

between added water and extracted water. The extracted water is 3 to 10.896 more depleted in 6D than the

added water, depending on the temperature of distillation and the content of clay. Only deuterium was

measured in this experiment. When extrapolated to zero percent clay content, the extracted water was 3 %o

more depleted than added water. They concluded that fractionation likely occured during solvent extraction of

soil and that the extracted water would be depleted by more than 3 to 4%o in 6D compared with the true value

of soil water. Araguas-Araguas and others (1995) performed the vacuum distillation method on clay-bearing

soil: The results indicated that the extracted water was depleted in deuterium by about 5 to 10%o and 0.36% in

oxygen, when compared with mobile water.

Results of Methods Used In This Study

A total of 11 sections of cores, three from the nonwelded bedded tuft, one from the Pah Canyon Tuff,

five from the Calico Hills nonwelded unit, and three from the Prow Pass Tuff were chosen to determine if there

is any alteration of the stable isotope compositions of pore water extracted by the three procedures mentioned
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above. Clay or zeolite minerals occur in the nonwelded bedded tuff and the Calico Hills nonwelded unit but not

in the Pah Canyon Tuff. Cores from the Prow Pass Tuff, at depths of 550.0 m and 625.1 m contain zeolite, but

core from a depth of 564.2 m does not. Data from the Topopah Spring Tuff are not available for comparison

because the water content of this formation is too low to provide enough water for analyses by the

compression method.

Isotopic Data from Toluene-Azeotropic Distillation

Five sections of cores from Yucca Mountain Tuff, Pah Canyon Tuff, Topopah Spring Tuff, Calico Hills

Formation, and Prow Pass Tuff were imbibed with water of known isotopic composition. The source water

was Boulder (Colorado) tap water with an isotopic composition of -17.7 %o for Vo0 and -129%. for 6D. The

imbibed cores were then subjected to toluene distillation to extract water for stable isotopic analyses. Table 7

shows the stable isotopic compositions of distilled water, water recovery, and the major mineralogy of cores.

The results indicate that the stable isotopic compositions of recovered water were more depleted than the

source water by 9 to 22 % for 6D and 2.0 to 3.696 for 680. The water recoveries are much less than 100%,

indicating incomplete recovery of core water by toluene distillation. Small water yields may be due to the use

of intact core instead of crushed core which would yield more surface for water distillation. Based on the

observation of Ingraham and Shadel (1992), the variation of the stable isotopes may be caused by incomplete

extraction. From the results of the imbibition tests, the toluene distillation method is evidently unsuitable for

extracting water from the Yucca Mountain cores, and is not considered further in this paper.

Table 7. Results of the toluene distillation method in extracted water from imbibed cores.

Sample
Identification 618O(%o) 6D(%o) Water Recovery

vsSMOW vs SMOW (%)
Lithology (Mineralogy)
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UZ14-77.4/r6ITo -21.3 -152 60.5
Yucca Mountain Tuff (Amorphous 30-35%, montmorillonite 14%, plagioclase 20%)

UZ14-215/TI6/To -19.6 -138 80.2
Pah Canyon Tuff (Mineralogic data not available)

UZ14-1271.7iT16/To -21.4 -149 52.1
Topopah Spring Tuff (Plagioclase 34%,K-spar 20%,Amorphous material 10-15%)

UZ14-1514.2IT16/To -20.5 -141 67.8
Calico Hills Formation (Amorphous 15-20%, Zeolite 67%)

UZ14-1943.6/T16/To -19.7 -140 60.7
Prow Pass (Zeolite 28%, Plagioclase 11%, Amorphous material 25-30%)

Test16/Source water -17.7 -129
Source water: water used for imbibing test with known isotopic composition.
SMOW: Standard Mean Ocean Water.

Comparison of Vacuum Distillation and Compression-Extraction Methods

In a comparison test, a total of 11 sections of dried cores (three from bedded tuff, one from Pah

Canyon Tuff, five from the Calico Hills Formation, and three from Prow Pass Tuft) were chosen to test the

effect of the vacuum-distillation and compression-extraction methods on the measured stable isotope

compositions of in-situ pore waters. Table 8 shows the mineralogic data of these cores.

In all tables in this paper, core samples are identified as UZX-YYYY-ZZZZ/UPN" or "UZX-YYYY-

ZZZZ /T/UPN/D'. The first three letters "UZX" are used to identify the unsaturated-zone borehole number, for

example UZ14. The next group of letters YYYY-ZZ indicates the depth interval where core was obtained;

UPN stands for uniaxial compression first stage (UPI) or second pressure stage (UP2), etc; D' stands for

distillation; and r stands for test water (not the original pore water). For example, a sample identification of

.IUP1/D' indicates a vacuum-distilled water sample from core that has undergone first-stage uniaxial

compression. If there is no UPN' in front of OD' (such as UUZI4-Y Y-ZZZZ1D"), the water was extracted by

vacuum distillation without compression. Standard Mean Ocean Water is abbreviated as SMOW.O

Table 8. Mineralogic data of cores used for comparing the vacuum distillation and
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compression methods.

Sample ID Zeolite %

UZ14-85.2 0

UZ14-91.0 0

UZ14-95.5 0

UZ14-155.7 0 -

UZ14-1465.5 35

UZ14-1542.3 35

UZ14-1564.3 35

UZ14-1734.5 32

UZ14-1804.8 0

UZ14-1854.8 0

UZ14-2015.2 28

Clay %

56

30

30

0

0

0

0

0

56

0

0

Plagioclase % Amorphous %

5 . 30-35

20 20-30

20 20-30

30 30-35

10 30-35

10 30-35

10 30-35

15 20-30

5 30-35

30 5-10

11 25-30

Other % Lithology

4-9 Bedded Tuff

20-30 Bedded Tuff

20-30 Bedded Tuff

35-40 Pah Canyon

20-25 Calico Hills

20-25 Calico Hills

20-25 Calico Hills

33-43 Calico Hills

4-9 Prow Pass

60-85 Prow Pass

21-26 Prow Pass

In the bedded tuff (Table 9), three cores from depths of 25.9 m to 29.0 m indicate that the stable

isotope compositions of the water collected by the compression method are heavier than the remaining water

(water extracted by vacuum distillation after compression) in the range of 12 to 13%o for 6D and 0.5 to .6%e

for 6180. The compressed water is also more enriched than water extracted from the nearby core by whole-

core vacuum distillation in the range of 6 to 7%o for 6D and 0.1 to 1.1%o for 6osO. The stable isotope

compositions of compressed water collected at different pressure steps during the compression process

changed little with pressure changes. Mineralogic data indicate that all of bedded tuff cores contain clay

minerals.

The test cores of Pah Canyon Tuff from a depth of 45.7 m (Table 10) indicate that the stable isotope

compositions of the water collected by different methods are not significantly different The stable isotope

compositions of the water collected at different pressure steps during the compression process are similar,

with little variations as a function of pressure. These results imply that both distillation and compression
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methods have no effect on the stable isotope compositions of pore water for non-hydrated mineral cores from

Pah Canyon Tuff.

Table 9. Stable isotope compositions of compressed water (IUP), remaining water
extracted by vacuum distillation (UP/D), and water distilled(ID) from
bedded tuff cores.

Sample 6ieo (%o) 6D (o)
Identification vs SMOW vs SMOW

Core ID: UZ14-85.2-85.6
UZ14-85.2-85.6/UP1 -12.7 -90
UZ14-85.2-85.61UP2 -12.4 -89
UZ14-85.2-85.6UP5 -12.6 -91
UZ14-85.2-885.6/UP6 -12.7 -91
UZ14-85.2-85.6/UP/D -13.2 -103
UZ14-84.3-65.61D -12.8 -97

Core ID: UZ14-91.0-91.4
UZ14-91.0-91.4/UP -12.4 -90
UZ14-91.0-91.4IUP/DI -13.9 -103
UZ14-91.0-91.4lUPID2 -14.3 -104
UZ14-89.6-91.4/D -13.5 -97

Core ID: UZ14-95.5-95.9
UZ14-95.5-95.91UP1 -12.4 -90
UZ14-95.5-95.9/UP2 -12.3 -90
UZ14-95.5-95.9/UP3 -12.3 -89
UZ14-95.5-95.91UP4 -12.7 -91
UZ14-95.5-95.9/UP/D -13.6 -103
UZ14-94.8-95.91D -13.4 -98

Remaining water water remaining in the core after compression.
Distilled water the whole-core water extracted only by vacuum distillation .
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Table 10. Stable isotopic compositions of compressed water (/UP), remaining water extracted
by vacuum distillation (/UP/D), and water distilled (/D) from the Pah Canyon Tuff cores.

Sample 6180 (%o) 6D (%o)

Identification VS SMOW VS SMOW

Core ID: UZ14-155.7-156.2

UZ14-155.7-156.21UP1 -12.5 -88

UZ14-155.7-156.2/UP2 -11.7 -88

UZ14-155.7-156.21UP3 -11.8 -88

UZ14-155.7-156.21UP4 -11.6 -88

UZ14-155.7-156.21D -12.2 -88

Three data sets were derived from the depth interval of 446.5 m to 476.7 m from the Calico Hills

Formation (table 11). Mineralogic data indicate that these cores contain zeolitic minerals. The stable isotope

compositions of the water collected by the compression method are heavier relative to the remaining water in

the range of 17 to 22%o for 6D and 2.4 to 6.3%o for 6180. The compressed waters are also heavier than the

water extracted from the nearby core by whole-core vacuum distillation in the range of 9 to 11%o for 6D, by

2.3 to 4.4%. for 6180. The stable isotope compositions of the compressed water collected at different pressure

steps during the compression process are similar. As with the bedded tuft samples (table 9) the differences in

the value of stable isotopes may be attributed to extraction of isotopically depleted hydrated water during the

distillation process.

Three data sets were also obtained from Prow Pass Tuff core samples taken from depths of 550.0 m

to 614.2 m (table 12). Two cores contain zeolitic minerals (UZ14-1804.8 and UZ14-2015.2), and one does not

(UZ14-1854.8). For the zeolite-bearing cores, the stable isotope compositions of compressed water are

heavier than the remaining water by 20%. for 60 and 4.1%. for o80, and also heavier than water extracted

from the nearby core by whole-core vacuum distillation by 13 to 16% for 6D and 3.2 to 5.8%. for 618O. For the
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non-zeolite-bearing core (UZ14-1854.8), the stable isotope compositions of compressed water are similar to

the distilled water. These results suggest that if core samples contain zeolites, distilled water and compressed

water will have different 6D and 6o8O values.

Table 11. Stable isotope compositions of compressed water (/UP), remaining water
extracted by vacuum distillation (UPID), and water distilled (/D) from the
Calico Hills Formation cores.

Sample 6180 (o) 6D (%o)
Identification vs SMOW vs SMOW

Core ID: UZ14-1455.5-1466.1

UZ14-1465.5-1466.1/UP2 -13.6 -102
UZ14-1465.5-1466.1/UP3 -13.6 -102
UZ14-1465.5-1466.1/UP4 -13.5 -102
UZ14-1465.5-1466.1/UP5 -13.6 -102
UZ14-1465.5-1466.1/UP6 -13.6 -102
UZ14-1465.5-1466.1/UP7 -13.6 -102
UZ14-1465.5-1466.1/UPID -16.1 -121
UZ14-1465.5-1466.1D -15.9 -111

Core ID: UZ14-1542.3-1542.7

UZ14-1542.3-1452.4/UP -13.4 -100
UZ14-1542.3-1452.4/UP/D -16.1 -117

Core ID: UZ14-1564.3-1564.7

UZ14-1564.3-1564.7IUP -13.7 -103
UZI4-1564.3-1564.71UPID -20.0 -125
.UZ14-1564.3-1564.7/D -18.0 -114
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Table 12. Stable isotope compositions of compressed water (/UP), remaining water extracted by
vacuum distillation (UP/D), and water distilled (D) from the Prow Pass Tuff cores.

Sample al80 (%o) 6D (%o)
Identification vs SMOW vs SMOW

Core ID: UZ14-1804.8-1805.3

UZl4-1804.8-1805.3/UP -13.1 -98
UZ14-1804.8-1805.3/UP/D -17.2 -118
UZ14-1804.8-1805.31D -16.3 -111

Core ID: UZ14-1854.8-1855.3

UZ14-1854.8-1855.3IUP -13.3 -100
UZ14-1854.4-1854.8/D -13.4 -101

Core ID: UZ14-2015.2-2015.6

UZ14-2015.2-2015.6/UP -12.5 -99
UZ14-2014.0-2014.4/D -18.3 -115

Laboratory tests

From these results, it is clear that the stable isotope compositions of compressed water, the remaining

water collected after compression by vacuum distillation, and the whole-core distillation of adjacent core are

different for bedded tuft, Calico Hills Formation tuff and Prow Pass Tuft which contain hydrated minerals (the

6D and 6180 of compressed water are heavier than those of distilled water). The reason for obtaining different

results with different extraction procedures needs to be resolved. The investigation plan to be used in this

laboratory test is to imbibe the dried Yucca Mountain cores with known-isotopic-composition water followed by

extraction with different methods. This will provide us with information on the types of pore waters (hydrated

water or channel water and pore water) that are extracted with each procedure. It might provide us with the

information on how the original infiltrating water was fractionated when it permeated into pore spaces.

A column experiment was also conducted to evaluate whether the channel water of zeolite is

exchangeable with bulk water. If it is exchangeable, how fast is the exchange rate? The results of this test
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can provide information on the source of zeolite channel water. Does channel water represent the most recent

percolation water or some old fluid percolated in the distant past at Yucca Mountain? Araguas-Araguas and

others (1995) used a column experiment with clay soil to reveal that weakly bound water in clay is easily

exchangeable with isotopically different mobile water.

Imbibing dry core with known Isotope-composition water. Imbibing test

The purpose of this test is to understand (1) whether the pore-water stable isotope compositions are

altered during the core-water extraction from different tuff lithologies, (2) if the compressed water represents

the percolating water, (3) if the distillation method removes the hydration water, and (4) if the stable isotope

compositions of hydrated water fractionates from bulk water (which includes pore water, residual water for the

core sample, and intergranular water for the zeolite powder sample).

The sample cores for imbibition were dried in an oven at 2500 C for approximately two days. Dried

samples were then evacuated and cooled in a sealed jar. While still under vacuum, water with a known stable

isotopic composition (source water) was imbibed into sample cores (shown in figure 13). Various amounts of

water were used to provide cores representing saturated and unsaturated conditions. The imbibed cores were

kept under vacuum at room temperature for ten days to allow the sample and water to equilibrate. After

equilibration, the core water was extracted by various methods and the stable isotope compositions of

extracted water and the source water were measured for 6'0O and 6D.

Extracting Imbibed water by vacuum distillation

Five cores of Yucca Mountain Tuff, Pah Canyon Tuff, Topopah Spring Tuff, Calico Hills Formation,

and Prow Pass Tuff were selected for the imbibing test. Each test was performed in duplicate. Each core was

imbibed with waters of known isotopic composition (source waters). Two source waters ( Boulder, Colorado,

tap water) with isotopic compositions of -16.7 and -16.1%o for 6180 and -123 and -121%o for 6D were used.
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The imbibed core was then placed in the vacuum distillation line to extract water for stable isotope analyses.

Table 13 shows the stable isotope compositions of distilled water, water recovery, and lithology.

Table 13. Results of the vacuum distilled water from the imbibed cores

Sample 6o8 0(%o) 8D(%o) Water Lithology
Identification vs SMOW vs SMOW Recovery(%)

UZ14-77.4fT1/D -16.8 -127 98.6 Yucca Mountain Tuff
UZ14-77.4/T2/D -17.0 -127 99.0

UZ14-215/Tl/D -17.6 -128 99.0 Bedded Tuff
UZ14-215JT2/D -16.4 -128 99.3

UZ14-1271.7/T/D -16.8 -127 99.3 Topopah Spring Tuff
UZ14-1271.7T2/D -17.0 -124 99.6

UZ14-1514.2IT1ID -17.7 -133 98.2 Calico Hills
UZ14-1514.212tD -18.3 -132 96.4 Formation

UZ14-1864.8/Ti/D -16.7 -123 99.2 Prow Pass Tuff
UZ14-1864.8T2D -16.4 -124 99.6

Source Water (T1) -16.7 -123
Source Water (T2) -16.1 -121

The results indicate that the stable isotope compositions of distilled water were more depleted than

corresponding source waters by 3 to 1 1% for 6D and 0.1 to 2.2%o for 61'O, and that the extent of depletion is

strongly dependent on the lithology. The water recoveries were close to 100% except for the Calico Hills

Formation core. The core of Topopah Spring Tuff does not contain hydrated minerals, and the 6"1O and 6D

values of extracted water were close to the source water. The cores from Yucca Mountain Tuff and bedded

tufts contain clay minerals, and the 610 and 6D were more depleted than source water by approximately

0.6%o and 5%o, respectively. These results agree with those of Araguas-Araguas and others (1995) who

reported depletions of 5.2 to 9.6%o in 6D and 0.36 to 0.47%o in o180 for clay-rich soil water extracted using

vacuum distillation. For the core from Calico Hills Formation, which is rich in zeolite, water recovery was less

than other cores, and the stable isotope compositions were also more depleted than others (about 10%o in 6D
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and 2.0%o in 618O). These data indicate that it is difficult to extract all water from the zeolite-rich cores using

vacuum distillation. The Prow Pass samples (from 568.4 m) show no depletion. Samples from 565.4 m (table

12) also showed no depletion effects.

The stable isotope compositions of distilled water are generally more depleted than the source water

or compressed water. For the non-hydrated mineral cores, such as Pah Canyon Tuff and Topopah Spring

Tuft, the 6D and 618O of distilled water are very close to those of source water. Therefore, the vacuum

distillation technique can be applied to extract core water for stable isotope analyses on non-hydrated mineral

cores. However, the 6D and 6180 values of extracted water by the vacuum distillation method from zeolite- or

clay- bearing cores are more depleted than those of source water by 5 to 9%0 in 6D and 1.5 to 2.3% in 6180

for zeolite, and by I to 4%o in 6D and 0.3 to 1.1%o in 6180 for clay. This may be caused by incomplete removal

of hydrated water by the distillation method.

Extracting imbibed water by compression

Six cores from the Yucca Mountain Tuff, bedded tuff, the Pah Canyon Tuff, the Topopah Spring Tuff,

the Calico Hills Formation, and the Prow Pass Tuff were selected for the imbibing test. Mineralogic data are

shown in Table 14. It is apparent that hydrated minerals (clay or zeolite) occur in Yucca Mountain Tuff, bedded

tuff, Calico Hills Formation, and the Prow Pass Tuff, but not in the Pah Canyon Tuff and the Topopah Spring

Tuff. Each core was imbibed with water of known isotopic composition. Boulder (Colorado) tap water with an

isotopic composition of -16 %a for 6180 and -125% for 6D was used as a source water. The stable isotopic

composition of Boulder (Colorado) tap water changed little as a function of time. The imbibed cores were

compressed, and extracted core water was collected at different pressure steps for stable isotope analyses.

The conditions and results of the stable isotope compositions of extracted core waters are listed in Tables 15

through 17.

These Pah Canyon Tuff and Topopah Spring Tuff cores do not contain hydrated minerals. The stable

isotope compositions of compressed water from these cores change little with pressures and are very close to
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those of the source water (table 15). The variation is within the precision of measurement (109 for 6D and

±0.2%o for 6180). The results indicate that fractionation did not occur when the source water was imbibed into

these dried cores.

The results from high clay-content cores from Yucca Mountain Tuff and bedded tuff are shown in

Table 16. The stable isotope compositions of the compressed water do not change with pressure, as also

found with Pah Canyon and Topopah Spring Tufts. The 6D of compressed water is heavier than the source

water by 2 to 3%o, but the 6180 of compressed water is not significantly different from that of source water.

These observations agree with those reported by Stewart (1972) that little, if any, isotopic fractionation occurs

between hydrated water and bulk water in 6180 and that the hydrated water is depleted relative to the bulk

water in deuterium for clay-rich soils.

For the high zeolite-content cores from the Calico Hills Formation and the Prow Pass Tuff, the results

show that the stable isotope compositions of compressed water do not change as function of pressure (Table

17). The 6D and 6180 of compressed water are the same as those of residual water (water remaining in the

container after core was imbibed) but heavier than those of the source water by 6 to 10%, for 6D and 2 to 3%9

for 6180. The most likely reason for the difference between source water and compressed water is that

fractionation between the channel water of zeolite and bulk water occurred when the source water was

imbibed into the dry core. More-depleted water went into channel space resulting in enrichment of the bulk

water (pore and residual water). These observations agree with the Karlsson and Clayton (1990) and Feng

and Savin (1993) observations that the oxygen-I 8 of zeolite channel water is more depleted than bulk water.

The compression method does not extract hydration waters of minerals, and thus may be representative of the

percolation water.

Table 14. Mineralogic data for the imbibed cores used in the compression method.

Sample Zeolite Clay Plagioclase Amorphous Other Lithology
Identification (%) (%) (%) (%) (%)

UZ14-77.4 0 56 5 30-35 28-38 Yucca Mountain

UZ14-78.6 0 22 13 45-50 15-20 Bedded Tuff
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UZ14-144.7 0 0 30 30-35 35-40

UZ14-869.1 0 0

~1

38 10-15 47-52

5 20-25 23-28

Pah Canyon

Topopah Spring

Calico HillsUZ16-1431.3 46

UZ14-1764.2 32 0 15 20-25 28-33 Prow Pass

Table 15. Results of the compression-extracted water from the Pah Canyon Tuf and the Topopah Spring
Tuff cores (non-hydrated water-bearing cores).

Sample 618 O(%°) 6D(%o) Pressure
Identification vs SMOW vs SMOW (Ksi, 103 pound per square inch)

TEST A: Core From Pah Canyon ID: UZ14-144.0-144.7

T/source water -16.5 -123
UZ14-144-144.7/T/up/l -16.4 -123 0-6
UZ14-144-144.71T/upI2 -16.4 -122 0-15
UZ14-144-144.7fr/upI3 -16.2 -123 6-15
UZ14-144-144.7/T/upI4 -16.4 -122 15-45
UZ14-144-144.7iT/up/5 -16.2 -122 15-30
UZ14-144-144.7/Tlup/6 -16.4 -123 30-45
UZ14-144-144.7/T/up/7 -16.2 -123 45-75
UZ14-144-144.7/Trup/8 -16.3 -123 75-120

TEST B: Core From Topopah Spring ID: UZ14-869.1-869.7

TESTI0/source -16.3 -124
UZ14-144-144.7T10/residue1 -17.0 -126
UZ14-144-144.7iTlO/upl -16.8 -125 30-75
UZ14-144-144.7/TIO/up2 * -125 0-120
UZ14-144-144.7/TI /up3 * -123 75-120

'Water remaining in the container after core was imbibed
* There was not enough water for analysis.
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Table 16. Results of the compression-method extracted water from the Yucca Mountain Tuff
and the bedded tuff (clay-bearing cores)

Sample w8 o(%) 6D(%o) Pressure
Identification vs SMOW vs SMOW (Ksi, 103 pound per square inch)

TEST C: Core From Yucca Mountain ID: UZ14-77.4-78.0

TEST 6/source -16.2 -122
UZ14-77.4-78.0/T6/up/1 -16.1 3-6
UZ14-77.4-78.OIT6Iup/2 -16.2 -121 6-10
UZ14-77.4-78.0/T6/up/3 -16.4 -121 6-10
UZ14-77.4-78.0/T6/up/4 -16.3 -120 10-30
UZ14-77.4-78.0/T6/up/5 -16.3 -120 10-30
UZ14-77.4-78.O/T6/up/6 -16.2 -121 30-40
UZ14-77.4-78.0/T6/up/7 -16.2 -121 40-75
UZ14-77.4-78.0/T6/up/8 -16.2 -121 75-120
UZI4-77.4-78.0/T6/upt9 -16.1 -121 30-120

TEST D: Core From Bedded Tuff ID: UZ14-94.8-95.4

TEST 10/SOURCE -16.3 -124
UZ14-94.8-95.4/TI0/UP1 -16.1 -121 4-5
UZ14-94.8-95.4/TlO/UP2 -16.3 -122 4-6
UZ14-94.8-95.4/TIO/UP3 -16.2 -122 5-8
UZ14-94.8-95.41TOILUP4 -16.3 -121 8-12
UZ14-94.8-95.4T1O/UP5 -16.4 -122 6-15
UZ14-94.8-95.41T101UP6 -16.4 -121 12-15
UZ14-94.8-95.4/T0/UP7 -16.4 -122 15-30
UZ14-94.8-95.4/TI0/UP8 -16.3 -122 15-45
UZ14-94.8-95.4/TlO/UP9 -16.3 -122 30-60
UZ14-94.8-95.4T10/UPIO -16.1 -121 45-120
There was not enough water for analysis.
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It is apparent that the compression method does not extract hydration water, because the stable

isotope compositions do not change with pressure. The water extracted by the compression method is mainly

drawn from large pore spaces. The stable isotope composition of pore water in large pore spaces is similar to

the residual water.

Table 17. Results of the compression-method extracted water from the Calico Hills Formation
and the Prow Pass Tuff (zeolite-bearing cores)

Sample 68 O(%) 6D(%o) Pressure
Identification vs SMOW vs SMOW (Ksi,103 psi)

TEST E: Core From Calico Hills ID: UZ16-1431.1-1431.6

TST-1431.1-1431.6/source -16.7 -125
TST-1431.1-1431.6/residual -14.3 -118
TST-1431.1-1431.6/upl 119 0-15
TST-1431.1-1431.6/up2IA -14.1 -119 15-30
TST-1431.1-1431.6/up2/B -119 15-30
TST-1431.1-1431.6/up3/A * -119 30-45
TST-1431.1-1431.6/up3/B * -118 30-45
TST-1431.1-1431.6/up4 -13.6 -119 45-60
TST-1431.1-1431.6/up5 -14.0 -119 60-75
TST-1431.1-1431.6/p6 . -119 75-105
TST-14;1.1-1431.6/up7 -119 105-120

TEST F: Core From Prow Pass ID: UZ14-1764.2-1764.7

TESTI0/source -16.3 -124
UZ14-1764.2-1764.7iTlO/residual -13.0 -114
UZ14-1764.2-1764.7fTlO/upl -13.0 -112 31-60
UZ14-1764.2-1764.7/TIO/up2 -13.0 -112 60-120
UZ14-1764.2-1764.7/TI0/up3 -13.0 -112 40-120
UZ14-1764.2-1764.7fTIO/up/D -17.2 -134

* There was not enough water for analysis.
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Isotopic Exchange Between Matrix Water and Percolating Water: Column Test

A column experiment was conducted to investigate the exchangeability of channel water in zeolite with

the bulk water and to determine the exchange rate. The results also provide information on sources of zeolite

channel water. Possible sources of water in zeolite channels include most-recent percolation water or

paleowater. Araguas-Araguas and others (1995) used the column experiment with the clay soil to reveal that a

weakly bound water in clay is easily exchangeable with isotopically different mobile water.

Zeolite powder

The column experiment was performed with pure natural zeolite powder (95% clinoptilolite). Three

kinds of eluant waters with different isotopic compositions were used (1) Boulder (Colorado) tap water, (2)

depleted Greenland ice water, and (3) enriched water. In the laboratory, the zeolite was placed in an oven at

250 0C to dehydrate. It is important to note that clinoptilolite will rehydrate reversibly below 4500 C (Feng,

1991). After dehydration, the zeolite was cooled in a desiccator. The dried and cooled zeolite was packed into

the column (50 cm in height, 8 cm in diameter) and eluted with Boulder tap water at a rate of approximately

nine column-volumes per day. The effluent was collected at the outlet. (The apparatus is shown in Figure 14).

The effluent was periodically sampled for isotope analysis. After elution, the rehydrated zeolite was removed

from the column and divided into three parts: one part was taken for vacuum distillation to obtain the isotopic

composition of zeolite water, and the other two parts were packed into two separate columns. The second part

was eluted with depleted Greenland Ice water and the third part with enriched water. Each effluent was

periodically sampled for isotope analysis. Finally, the zeolite samples were removed from each column and

vacuum distilled to obtain the isotopic composition of zeolite water.

The stable isotope compositions of channel water are calculated by mass balance from the analytical

data. Calculations are based on two assumptions (1) no oxygen-18 exchange occurs between channel water
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and framework silicate minerals; and (2) the distillation method can extract water completely. In support of the

first assumption, O'Neil (1987) reported that little oxygen isotope exchange occurred between silicate minerals

and fluid water at temperatures below 1000C. To verify the second assumption, the dehydrated zeolite was

imbibed with water of known isotopic composition (source water) and subsequently distilled under vacuum. If

the recovery is 100%, the distillation is complete. If not, corrections are needed for fractionation. Table- 18

shows difference between the distilled water and source water of about 3 to 7%M for 6D and 0.6 to 1 .0%* for

6180. The correction factors are, therefore, about 5%o for 6D and 0.8%o for 6'80.

Table 18. Isotopic results of analysis of distilled water and the source water in clinoptilolite.

Sample Source Water Distilled Water Difference

Zeolite # 6180(%o) 6D(%o) 6180(%.) 6D(%o) 8D(%o) 6180(%o)

Zeolite#1 -17.1 -126 -18.1 -133 7 1.0

Zeolite#2 -25.1 -193 -26.0 -198 5 0.9

Zeolite#3 -9.1 -98 -9.7 -102 4 0.6

Zeolite#4 -39.3 -306 -40.0 -309 3 0.7

Average 4.75 (= 1.5) 0.8(0=0.16)

The correction factors: 5%M for 6D, 0.8% for 61'80

The results of column experiments are summarized in Table 19. Effluents #1 to #8 are the waters

collected when Boulder (Colorado) Tap water (Percolate I) was leached through the dehydrated sample. After

the leaching, column packing was split into two parts and packed in separate columns. Effluents #1 to #9 in

the middle of Table 19 are the waters collected when the depleted Greenland water (Percolate II) was flushed

over the column leached with Percolate I. Effluents #1 to #8 at the bottom of Table 19 are the waters col-
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lected when more enriched water (Percolate ll) was flushed over the other column previousely leached with

Percolate I.

The results of column experiments reveal several interesting features. The isotopic compositions of

Effluents #1 to #6 leached with Percolate I are more enriched than the source water, with the Effluent #1

aliquot being the isotopically heaviest. The observed effect is due to isotope fractionation caused by uptake of-

lighter-water molecules by empty channels of clinoptilolite, leaving enriched-water molecules as effluent. As

the leaching progresses, enriched isotopic water in the bulk water (pore space and intergranular spaces) is

replaced by the leaching source water (Effluents #7 and #8). This is evident by the isotopic compositions of

Effluents #7 and #8 which are the same as the bulk water collected by centrifugation. Source water in

Percolate I is more enriched than the Percolate II source water (Greenland water). Leaching with more

depleted source water of Percolate II on the column previously leached with Percolate I resulted in a gradual

decrease in 6D and 6o'0 values as the leaching progresses. Effluents #8 and #9 of Percolate 11 in Table 19

indicate the column is near equilibration with little change in 6180 and 6D values from the source water. It is

interesting to note that the isotopic compositions of channel water as indicated by the vacuum-distilled water

changed significantly by leaching from Percolate I to Percolate II. The results of the Percolate III case is very

similar to that of Percolate II, but with the source water of Percolate IlIl more enriched than the source water of

Percolate I. The 6o0 and 6D of effluent waters became more enriched toward the source water of Percolate

IlIl (Effluent #7,#8). The stable isotope compositions of vacuum distilled water of Percolate I, II, and IlIl are

more depleted than their source waters by 6 to 8%o in 6D, 0.9 to 1.7%o in 6180.

Zeolite-rich core

The following experiments with intact core were performed to further test the isotopic exchange

characteristics of pore and channel waters. A zeolite-rich core from the Calico Hills Formation of Yucca

Mountain (sample ID: UZ-14-1422.4-1423), which contains 45% zeolite (mostly clinoptilolite), was selected for

this experiment. The selected core was dehydrated. After dehydration, a known stable isotope water (source
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water : Boulder (Colorado) tap water, 6180: -17.2%o and 6D: -128%c), 64.6g, was imbibed into the core to

saturation, with some residual water remaining inside the container. The imbibed core was kept inside the

container under vacuum for ten days to attain equilibrium. At the end of seven days, the residual water was

sampled for isotope analysis. After seven days the residual water, 7.1g, was completely removed and a new

source water (Greenland Ice source water 11, 6180: -35.6%, and 6D = -272%9,), 37.0g, was injected into the

container containing the core imbibed with source water 1. The source water 11 will not enter the core because

the core is already saturated. The residual water was sampled periodically for stable isotope analysis to record

the extent of exchange between pore water and residual water. Three samples were collected from the

residual water for analyses after the fourth (8.1g sampled), fifth (8.8g sampled), and sixth days (19.Og

remaining) of equilibration. Finally, imbibed core was removed from the container, and core water was

extracted using the compression method (8g extracted). The remaining water after compression was

extracted by vacuum

distillation (38.8g obtained) for isotope analysis. The results are shown in Table 20. Water mass balance is as

Table 19. Result of the column experiment with clinoptilolite.

-

Sample Volume
ID (ml)

Percolate I. (leached by
Source water
Effluent#1 240
Effiuent#2 240
Effluent#3 200
Effluent#4 60
Effluent#5 180
Effluent#6 60
Effluent#7 60
Effluent#8 60
water extracted by:
centrifugation
vacuum distillation

6D 618 0

(%o) (%°)

Boulder tap water into dehydrated sample)
-129 -17.6
-127 -17.2
-127 -17.3
-128 -17.4

-128 -17.5

-129 -17.5
-129 -17.5

-129 -17.6
-137 -18.5

.
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Percolate II: (flush Percolate I by more depleted Greenland water)
Source water -310 -39.6
Effluent#1 60 -186 -24.5
Effluent#2 60 -233 -30.2
Effluent#3 60 -268 -34.6
Effluent#4 60 - -
Effluent#5 100 -299 -38.2
Effiuent#6 80 - -

Effluent#7 100 -306 -39.0
Effluent#8 60. -307 -39.1
Effiuent#9 60 -308 -39.1
water extracted by
vacuum distillation -316 -40.6

Percolate Ill: (flush Percolate I sample by more enriched water)
Source water -79 -2.7
Effluent#1 60 -109 -10.0
Effiuent#2 60 -90 -6.1
Effluent#3 60
Effluent#4 60 -82 -3.8
Effluent#5 100 -80 -3.1
Effiuent#6 80 - -

Effluent#7 100 -80 -3.8
Effluent#8 60 -79 -3.1
water extracted by
vacuum distillation -86 -4.4

follows: Boulder (Colorado) tap water (source water 1) added into the container 64.6g, Greenland Ice water

(source water 11) added to the container, 37.0g, for a total of 101.6g added to container; water removed

(7.1+8.1+8.8+19+18+38.8=) 99.8g; and unrecovered, 1.8g of water (held tightly by matrix potential inside the

core). The stable isotope compositions of periodically sampled residual water were gradually enriched. This

implies that the pore water exchanged with the residual water through a diffusion mechanism. The exchange

rate can be estimated by Einstein's random walk equation (Einstein, 1905; Ames, 1965):

X2= 2Dt

where X is mean travel distance, D is the diffusion coefficient, and t is travel time. The diameter of core is

about 6.1 cm. The self-diffusion coefficient of water is about 2.3X104 cm2 so1 at 25 OC (Harris and Woolf, 1980).

Calculations based on this equation indicate that the pore water in a 6-cm diameter core will exchange in

about 5 days. In this experiment, if the system reached equilibrium between pore water and residual water, the
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stable isotope composition of pore water (TEST1O/up) should equal to the last sampled residual water

(TESTI 01R4).

Table 20. The results of imbibition experiment with two different source waters for zeolite-rich core

SamplelD Bt 0(%o) 6D(%o) Pressure Amount of Water
(1422.4-1423.0) vs SMOW vs SMOW (103 psi)
Calico Hills Formation (Zeolite 45%, Amorphous material 35%, others 20%)

TEST]O/source 1 -17.2 -128 64.6g
TESTIO/RIA -16.4 -125 7.1g

Source water 11
TESTIO/source 11 -35.6 -272 37.Og
TESTIO/R2 b -27.6 -214 8.1g
TESTI 1/R3 ' -26.2 -202 8.8g
TEST)O/R44 -25.3 -198 1 9.Og

TESTIO/upl -22.9 -183 29-60
TESTI0/up2 -- -180 30-75
TESTIO/up3 -22.1 -178 0-120
TESTIO/up4 -22.5 -180 75-120
TESTIO/up/D -21.6 -169

Mass Balance:
Total source water I added to container: 64.6g, residual water in container removed: 7.1g
Added source water II to container: 37.0g, residual water in container: 8.1+8.8+19.Og
Compressed water from imbibed core: 18g extracted
Distilled water after compression: 38.8g obtained
Mass balance: .8g of water unrecovered

Oxygen-18 balance: 1.1 (%o)
Deuterium Balance: 1.1 (%o)

a: imbibing source water 1, sitting for 7 days, removed all the residual water (7. 1Ig)
b. c d:adding source water 1I into above saturated cores container, sampled 8.1, 8.8, and 19.Og water for analysis

at the 4th, 5th and 6th days respectively.

However, the stable isotope compositions of compressed water (TESTIO/up) are enriched relative to the last

sampled residual water (TESTI 1/R4). The stable isotope compositions of compressed water changed slightly

as a function of pressure. This indicates that the pore water and residual water have not reached equilibrium.

The equilibration time of source water 11 with core sample was six days, apparently not long enough for

equilibration. The disagreement between calculated and experimental equilibration times may be due to

neglect of geometric effects (porosity and tortuosity) in the calculation. In any case, the results of the

experiment indicate that the pore water is exchangeable with the residual water, and the exchange rate
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depends on the grain size of the core sample.

Applicability of the Extraction Methods to Yucca Mountain Cores

From the results of the vacuum distillation and compression methods for extracting water from

imbibed cores, it is apparent that the stable isotopic compositions of distilled water are more depleted in 6D

and 6180 than water compressed from cores containing hydrated minerals. For the zeolite-bearing core, the

isotopic composition of vacuum-distilled water is depleted in 6D and 6o80 relative to bulk water by 9 to 15%o

and 0.9 to 2.896 respectively. For the clay-mineral cores, the hydrated water is about 5%o depleted in 6D and

not depleted in 6o'0 relative to bulk water. These results demonstrate that different water-extraction methods

should be used for different mineral samples. For UZ-14 core samples different water-extraction methods

were used for different lithologic units.

The Pah Canyon and the Topopah Spring Tufts: Vacuum Distillation Method

Vacuum distillation is good for non-hydrated cores, such as Pah Canyon Tuff. However, complete

distillation is necessary to avoid fractionation. For the Topopah Spring Tuff, vacuum distillation is also the

recommended method (water content of cores is usually less than 5%). Zeolite-bearing minerals occur above

the basal vitrophyre (between the devitrified zone and the vitrophyre) within the Topopah Spring Tuff in a zone

about 2 to 3 m in depth (Bish and Vaniman, 1985). The vacuum distillation extraction is not a suitable

technique for this zone.

Bedded Tuff and the Calico Hills Formation: Compression Method

For zeolite-bearing cores, vacuum distillation is not a suitable water extraction method for stable

isotope analyses, because the channel (hydrated) water will be partially removed during the distillation
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process. The compression method should be used. For the clay-bearing cores, the compression method is

better than the vacuum distillation method. However, if the compression method cannot successfully extract

sufficient amounts of water for analysis from low-moisture-content cores, then the distillation method can be

used, but the results need to be corrected by addition of about +5%0 for 6D and +1.0 %a for 6o0.

INTERPRETATION OF THE STABLE-ISOTOPE DATA

Appropriate pore-water extraction methods for stable isotope analysis are dependent on the type of

minerals present in the cores. Therefore, it is important to determine the mineralogy of the major stratigraphic

units penetrated in test hole UZ-14. Table 21 shows the thickness of each lithologic unit and mineralogic data

analyzed by the geochemistry laboratory of the U. S. Geological Survey in Denver, CO, and by Los Alamos

National Lab. (D. Bish, oral commun., 1995).

The depth profiles of 6180 and 6D values of pore water extracted from UZ-14 cores by vacuum

distillation and compression methods are shown in Figure 15 and 16. The 610 and 6D data of pore water by

the compression method are limited: one from Yucca Mountain Tuff; five from bedded tuff; seven from the

Calico Hills Formation; five from the Prow Pass Tuff; and one from the Bullfrog Tuff. This is because the

compression method cannot extract water from the Topopah Spring Tuff or other lithologic units with a

moisture content of less than 7 % by weight. The 6D profile (fig 16) shows enrichment near the top portion (at

shallow depth) of the pore waters relative to the profile below. The figures exhibit more scatter in both 6'0

and 6D values obtained by vacuum distillation method than by the compression method. Data for the Topopah

Spring Tuff in both figures are less scattered and clustered in a narrow band.

Table 21. Depths and the mineral contents in each lithologic unit of UZ-14

Lithology Sample Major Mineralogy
(depth) Identification
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Yucca Mountain UZ14-69.0-69.5* montmorillonite 39%, amphous 50%
Tuff

(12.1 to 23.8 m) UZ14-77.4-78.0 * smectite 22%, amorphous 40-50%

Bedded Tuff UZ14-78.6-79.0* smectite 22%,amorphous 45-50%
Tuff

(23.8 to 31.2 m) UZ14-94.8-95.4* montmorillonite 30%, amorphous 30%,
plagioclase 20%

Pah Canyon UZ14-144.0-144.7* plagioclase 30%, K- spar 19W, amorphous 30%/O
Tuff

(31.2 to 73.3 m)

Topopah Spring UZ14-869.1-869.7* plagioclase 38%. K-spar 24%, amorphous 15%
Tuff UZ14-1049.4-1048.8*plagioclase 36%, amorphous 15%, K-spar 19%

(80.9 to 427.6 m) UZ14-1271.1-1271.9*plagioclase 34%, K-spar 20%,amorphous 15%
UZ14-1277.4** zeolite 58%, smectite 20%, opal-CT 20%
UZ14-1298.6** zeolite 32%, smectite 50%, opal-CT 9%
UZ14-1312-113* magnetite 18%, plagioclase 17%,

amorphous 50%

Calico Hills UZ14-1417.6** zeolite 65%, opal-CT 12%, feldspar 12%,
nonwelded unit UZ14-1422.4-1423.0* zeolite 45%, amorphous 35%
(427.6 to 531.6 m) UZ14-1422.4-1423.0* zeolite 45%, amorphous 35%

UZ14-1465.5-1466.1- zeolite 35%, amorphous 35%
UZ14-1514.8-1515.2* zeolite 67%, amorphous 20%
UZ14-1666.3-1666.9* zeolite 54%, amorphous 25%

Prow Pass Tuff

(531.6 to 623.9 m)

Bullfrog Tuff

(623.9 to 672.4 m)

UZ14-1764.2-1764.7* zeolite 32%, amorphous 30%,
plagioclase 15%

UZ14-1854.4-1854.8* plagioclase 30%, K-spar 28%, quartz 12%,
pyroxene 8%

UZ14-1904.3-904.8 zeolite 28%, plagioclase 11%,
pyroxene 10%, amorphous 30%

UZ14-2154.3-2154.8* plagioclase 33%, amorphous 15%,
zeolite 6%

* Mineralogic analysis by Geochemistry Lab., Branch of Geochemistry, U.S.G.S.
*- Data From Los Alamos National Lab. (D. Bish, personal communication, 1995)

The stable isotope compositions of water distilled from the Calico Hills Formation, Prow Pass Tuff and

Bullfrog Tuff cores are more depleted than those of other tuffs ( for example, the Topopah Spring Tuff and

Pah Canyon Tuft). The depletion is roughly proportional to the zeolite contents of core samples. At a depth of

457.2 m , the zeolite content is about 67%, resulting in a significantly more-depleted 618O value of -1 7.9%o and

a 6D value of -120%o. Also, waters distilled from the depths of 559.3 m to 575.5 m, where there is no zeolite in
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the cores, are more enriched than other adjacent zeolite-bearing cores. It has been shown previously that the

vacuum-distillation method on zeolite-bearing cores can remove the depleted channel water which does not

represent the percolating water. Mineralogic data indicate large zeolite abundances in the Calico Hills

Formation, Prow Pass Tuff and Bullfrog Tuff. On the other hand, the stable isotope compositions of core water

extracted by the compression method on these zeolite-bearing cores are in the range of -12.5 to -13.7%o for

6180, and -98 to -1 03%o for 6D, comparable to Topopah Spring Tuff values. The reason is that the

compression process does not extract the channel water.

The shape of the vertical profiles of 6D values versus depth in figure 16 can be explained as follows.

A series of precipitation events, all with the same 6D composition, infiltrate episodically into the soil. Between

rainfall events, the soil water has a chance to evaporate and hence to become more enriched in 6D value near

the surface. The next precipitation occurrence displaces this heavier water downward and waters mix. The

downward movement of the fluid in the matrix is controlled by two mechanisms: a concentration gradient of 6D

composition, and a thermal gradient. Under quasi-steady-state conditions, with no appreciable temperature

influence, an exponentially decaying 6D profile would develop due to concentration-driven diffusion (Allison

and others, 1984). The observed decaying 6D compositions represented by four solid-circles between depth

of 45.7 m and 76.2 m in figure 16 are results of this liquid-phase diffusion. This is consistent with the

conclusion made by Yang and others (1996) on the UZ-1 14C gas data that the gas transport in the

unsaturated zone near Pagany Wash was by a gas-diffusion mechanism.

The enrichment of stable 6180 and 6D values of compressed water from Prow Pass and Bullfrog Tuff

cores compared with the Calico Hills Formation cores could be the results of (1) large amounts of zeolite in

these tuffs, causing the fractionation between the channel water and the pore water, resulting in enriched pore

water, or (2) mixing with other source water. It is not clear from the limited data which factor is causing this

enrichment.

Source and Nature of Infiltrating Water In the Unsaturated Zone
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The stable isotope compositions of the Yucca Mountain unsaturated-zone pore waters (UZ-water)

from UZ-14 (only those data which are extracted using a valid method on lithologic cores, compression

method for the Calico Hills Formation and bedded tuff, and vacuum distillation method for the Topopah Spring

Tuff) are plotted as oD versus 6180 in figure 17 along with the saturated-zone ground water (SZ-water)

beneath Yucca Mountain. The UZ water data are scattered over a larger region than the SZ waters but

overlap with part of the SZ water data. This is probably because the infiltrated pore waters were moving

downward by piston flows representing various infiltration events (that is, variable oD and 180 values

depending on the conditions of precipitation and evaporation history before infiltration), while the SZ waters

were time-averages of well-mixed water from yet-to-be-determined sources. The SZ waters occur deep under

Yucca Mountain. Therefore, this water could be a mixture of several source waters with different ages. To the

contrary, the shallow UZ waters must come from local precipitation, either summer or winter precipitation or a

combination of both.

Ingraham and others (1991) measured the stable isotope compositions of precipitation in southern

Nevada. They reported that the yearly weighted average ranged from -10.0 to -12.396 for 6160 and -75 to -

90% for 6D, while the winter precipitation (November to May) ranged from -12.5 to -14.5 %. for 6180 and -92

to -106 %o for 6D. Milne and others (1987) measured the stable isotope compositions of precipitation at Yucca

Mountain , Nevada, from 1984 to 1985. They reported that the yearly weighted average ranged from -9.4 to -

11.89 for 6180 and -77 to -89%. for OD, while the winter precipitation ranged from -13.2 to -15.8 %o for 680

and -93 to -114 %o for 6D. The UZ waters range from -11.8 to-14.0 % for 6180 and -87 to -105 %a for oD (fig.

16). These data show that the stable isotope compositions of UZ water are closer to the winter precipitation

values and thus suggest that winter precipitation is the major source of recharge to the unsaturated-zone at

Yucca Mountain.

The stable isotope composition of perched water, SZ water, and 1984 summer storms at Yucca

Mountain are plotted as 6180 relative to oD in figure 18. Four major storms that occurred in July and August of

1984 have oD and 6180 values ranging from -67%. to -97%o for oD and from -10.5% to -13.0%o for 6o'0 (Milne
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and others, 1987). Three of these four storm events are far heavier than the perched water or the UZ water

values. Thus summer rains appear to be a minor contribution to the UZ waters.

All stable-isotope data for UZ waters plot to the right of the Yucca Mountain precipitation line (YMPL)

but on a line which is approximately parallel to the YMPL. This is caused by near-surface evaporation

resulting in enrichment of the remaining water. When this enriched water is displaced downward by a

subsequent rainfall event of sufficient magnitude to remove it from the influence of evaporation, the

composition of this parcel of water will now move downward by piston flow. A following recharge event will

repeat this cycle but with different initial isotopic composition. In this way soil water at depth (the recharge

water) will fall on a line of a slope parallel to the YMPL but displaced from it. The amount of this displacement

is determined by a balance between the isotopic enrichment attained in the upper layers of the soil and the

dilution of the rainfall. In arid conditions, low recharge rate and preferential winter precipitation may cause

large displacement from the local precipitation line regardless of the climatic conditions under which the

precipitation fell (Allison and others, 1984).

. Also, the stable-isotope data for perched waters plot to the right of the YMPL (fig. 17) , but generally

closer to the YMPL than the UZ waters, indicating little evaporative loss before recharging to perched-water

bodies. This supports the conclusion of Yang and others (1996) that perched waters were derived from rapid

fracture flows instead of matrix flows based on chloride and dissolved-solid concentrations. The SZ waters are

isotopically lighter than the UZ waters although there is some overlap between the two clusters. Although the

average of all 6180 and 8D values in UZ waters may be different from the SZ 618O and 6b values, matrix

recharge to the SZ waters might be occurring to some extent from UZ waters.

These conclusions of Yucca Mountain hydrology are based on the data from one test hole only.

Further investigations and additional data from other boreholes are needed to make generalized statements

about the unsaturated-zone flow at Yucca Mountain.
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Large Dissolved-Solid Concentrations and 6D, 6`0 values

In this section the cause of the large dissolved-solid concentrations observed in three samples

previously mentioned [NRG-6 (256 ft), UZ-14 (45.2 ft) and UZ-14 (2,015 ft)] will be re-examined with respect to

their pore-water 6D and 6160 values.The 6D versus 6180 plot of these three samples is shown in figure 19.

NRG-6 (256 ft) and UZ-14 (2015 ft) are further away from the YMPL than the UZ-14 (45.2 ft) sample,

indicating more enrichment by evaporation (enrichment by high-temperature exchange between oxygen atoms

of silicate and pore water is eliminated because 6D values are also enriched and there is no source of

deuterium in the rock). The question to be answered here is to what extent evaporation had occurred. The

extent of evaporation for sample NRG-6 (256 ft), which has the largest apparent loss of moisture by

evaporation, is calculated here.

The 6D and 6o'0 values of precipitation which fell at Yucca mountain were reported by Ingraham and

others (1991) and Milne and others (1987). Their average 6D and 6160 values for winter precipitation are

-103% and -14.0%o. The NRG-6 (256 ft) sample pore-water values are -93.8%o for 6D and -10.7%. for 6180.

The winter precipitation values were used because it is the source of infiltrating water at Yucca Mountain as

explained in the previous section. Evaporation under "Rayleigh conditionst is given by the following equation

(Fontes and Gamier, 1979, p. 8):

6- (1/a-1)Inf

Where

6 = the composition of the remaining fraction of the pore water, 6D(r)/1 000 or 6180(r)/1 000, at time t

o°= the initial composition of pore water, D(i)/1000 or 6180(i)/1000

a = fractionation factor

f = fraction of remaining water

At 20°C, a,, = 1.00925 and a, = 1.08. When these values are substituted into the above equation along with

precipitation values of -0.103 for 60 (D), -0.014 for 60 (18), and pore water values of -0.0938 for 6D , and -0.011

for °, the calculated value for f is about 0.88. That is, only about 12% of the original water volume has

evaporated. This is the maximum value because Rayleigh conditions assume equilibrium between liquid water
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and vapor. At Yucca Mountain, non-equilibrium conditions prevail, and the kinetic effect will drive the pore-

water isotopic compositions to more positive values (vapor will be more negative and remaining pore water will

be be more positive) with the same12% volume evaporation. For the UZ-14(45.2') sample the 6D and 6180

values are -90.5 %, and -12.4%o which are heavier than the UZ-14(2015') sample (D and 6o'O values of

-99.0 %o and -12.5 %o), yet closer to the YMPL. Sources of precipitation that recharged this unsaturated-zone

water must be heavier in 6D and 6o'O values, possibly from mixture of winter and spring or summer

precipitations.

Did evaporation occur before infiltration or after infiltration? Most of the stable isotope data presented

here are from pore waters squeezed from cores located deeper than 13.7 m, representing matrix water in the

intact rock (not alluvium). Field investigation of core-moisture loss during core processing inside the field trailer

is about 6% of total pore water (Yang, unpublished data, 1993). Thus, about half of the12% evaporation was

lost in sample handling. Therefore, all D and 6180 are systematically in error by a maximum of 5 %o due to

sample handling (12% evaporation causes 10 %o difference in 6D: -103 %o - (-93 %o) = 10 %o), From figure 16,

it may be concluded that vapor transport in matrix water is not occurring. Therefore, 6% pore-water loss is

attributed to evaporation before infiltration. This supports the previous conclusion that large dissolved solid

concentrations in the three samples are the results of water-rock interactions not evaporative concentration.

Interactions of Old Matrix Water with Younger Percolating Water

Rhyolitic volcanic ash, as erupted, contains 0.1 to 0.3 % water (Friedman and others, 1993). However,

after eruption, begins to react with infiltrating water which is incorporated into the tuff structure. If this

secondary water of hydration does not undergo further isotopic exchange with the subsequently infiltrated

water, it will represent the ancient environmental water. On the contrary, if it undergoes isotopic exchange,

then the pore water will lose its ancient water signal and be replaced by series of subsequently infiltrated

waters. As stated previousely in the section on column experiments, tuffs at Yucca Mountain do undergo

isotopic exchange. Therefore, stable isotope compositions of pore water extracted are representative of the
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most recently infiltrated percolating water.

The channel water of pure clinoptilolite powder exchanges with the percolating water within several

hours to days. For ground tuffs from Yucca Mountain, the exchange rate is also several hours to days,

while intact cores take longer depending on the core size and grain size. The exchange processes for zeolite-

bearing core can be divided into two steps (1) the exchange between the pore water and the percolating

water; and (2) the exchange between the pore water and channel water. lf'the system reached equilibrium, the

stable isotopic compositions of pore water should equal those of percolating water, and those of channel water

will differ from pore water by a fractionation factor. The first process appears to be diffusion-controlled. The

equilibration time is dependent on the mean travel distance and the diffusion coefficient (Yu, 1996). The

second mechanism is still unknown, but the reaction is fast as seen from column experiments. Therefore, the

equilibration time is determined by the first process (Yu, 1996). For Topopah Spring Tuff which bears no

zeolite, stable isotopes of water molecules will exchange by diffusion mechanisms.

Preglacial (>10,000 years) or postglacial (2,000 to 10,000 years) pore water In the Topopah Spring Tuff

Both UZ water and perched-water 6D and 6180 values are heavier than the saturated-zone water values.

The saturated-zone water uncorrected 14C ages range from 9,000 to 18,000 years at Yucca Mountain (Benson

and Mckinley, 1985). Most UZ water and perched-water stable-isotope values in figure 17 and 18 are larger

than -99.8%o in 6D, which is heavier than the last ice-age water 6D values of -101 to -103%0 (uncorrected C

ages between 12,000 and 18,000) collected in the deeper saturated-zone groundwater of H-1, which is near

the UZ-14 borehole (Benson and Kieforth, 1989). If mixing of the last ice-age waters (more than 10,000 years

old, last ice age) are involved in the matrix water of the Topopah Spring Tuff, the curve will periodically peak to

the left in figures 15 and 16 (more negative) instead of such a smooth curve. Therefore, the pore waters of

the Topopah Spring Tuft are interpreted to be consistent with the postglacial (2,000 to 10,000 years) water.

In addition, gas 14CO 2 data from UZ-1 in theTopopah Spring Tuff suggest ages between 2,000 and

10,000 years (Yang and others, 1996). If the gas and liquid phases in theTopopah Spring Tuff are at
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equilibrium the '4C02 gas ages will reflect the pore-water 1 4
C ages (between 2,000 and 10,000 years). This is

also consistent with the observed 6D and 6180 values.
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GEOCHEMICAL MODELING OF THE EVOLUTION OF PERCHED WATERS

The goal of the modeling is to identify and quantify the various sets of chemical reactions and associated

phase mass transfers that could produce the chemical compositions of the perched waters. A knowledge of

these reactions and of 613C and 14 C activity in carbon-containing phases in the models permits

calculation of adjustments to the apparent ages estimated from the raw 1 C data. The mass balance

modeling and 1"C calculations are done with NETPATH (version 2.0, Plummer and others, 1994).

Chemical Speciation and Mineral Saturation of Perched Waters

Speciation models calculate thermodynamic properties of aqueous solutions. Field measurements of

temperature, pH, Eh, dissolved oxgen and alkalinity, and chemical analysis of initial (or final) water are used

as input. Distribution of aqueous species, ion activities, and mineral saturation indices that indicate the

tendency of a water to dissolve or precipitate a set of minerals (Drever, 1988; Nordstrom and Munoz, 1986)

are calculated. The modeling results are used primarily to examine the tendency of a water to reach mineral-

solubility equilibria as a constraint on interpreting the chemistry of natural waters.

Input chemical compositions of perched water are shown in table 22. Perched-water sample designations

were described in detail by Yang and others (1996). The outputs from speciation-modeling calculation of

perched waters NRG-7a, SD-9, and UZ-14D, are shown below:
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NRG-7a erched water

****DESCRIPTION OF SOLUTION ****

EPMCAT

EPMAN

ANALYT. COMP.

1.15 1.14

1.16 1.16

EH = .0000 PE .000

PE CALC S = .000

PE CALC DOX= .000
PE SATO DOX= .000
TOT ALK = 9.936E-01 MEQ

ELECT = -2.402E-02 MEQ

PH
8.700

TEMPERATURE
25.00 DEG C

IONIC STRENGTH

1.327057E-03

ACTIVITY H20 = 1.0000
PCO2= 1.154756E-04

LOG PCO2 -3.9375
P02 = 4.785924E-49

PCH4 = 2.419475E-51
C02 TOT = 9.462904E-04
DENSITY = 1.0200

TDS 107.2MG/L
CARB ALK 9.708E-01 MEQ
CHARGE IMBALANCE = -1.0t

IN COMPUTING THE DISTRIBUTION OF SPECIES,

PE .000 EQUIVALENT EH = .OOOVOLTS

PHASE IAP KT LOG IAP LOG KT IAP/KT LOG IAP/KT

1
2
4
6
S
9

10
14
15
16
17
18
19
20
21
22
23
25
31
32
33
42
44
49
50
51

Calcite

Aragonit
Siderite

Strontit
Gypsum
Anhydrit
Celestit

SiO2 (a)
Chalcedy
Quartz
Gibbs (c)

Al (OH) 3a
Kaolinit
Albite
Anorth
Kspar
Kmica
Ca-Mont
Hematite
Goethite
Fe (OH) 3a
PCO2
H2 gas
Melanter
Alunite
K-Jarosi

2.329E-09
2.329E-09
4.969E-12
2.166E-12

2.033E-09
2.033E-09
1.890E-12
1.364E-04
1.364E-04
1.364E-04
1.214E+08
1.214E+08
2.743E+08
1.753E-21
3.641E-24
1.031E-21
7.029E+17
1.151E-46
8.411E+12
2.900E+06
2.900E+06
3.931E-06
2.818E-21
4.337E-12
1.419E-15

1.934E-20

3.313E-09
4.613E-09
1.288E-11
5.364E-10
2.625E-05
4.357E-05

2.333E-07

1.942E-03
2.810E-04
1.046E-04
1.288E+08
6.310E+10
2.723E+07
9.954E-19
1.932E-20
2.673E-21
5.047E+12
9.397E-46
9.817E-05
1.000E-01

7.780E+04
3.405E-02
7.079E-04
6.176E-03
3.981E-02

6.166E-10

-8.633
-8.633
-11.304

-11.664
-8.692
-8.692

-11.723
-3.865
-3.865
-3.865
8.084
8.084
8.438

-20.756
-23.439
-20.987
17.847

-45.939
12.925
6.462
6.462

-5.405
-20.550

-11.363
-14.848

-19.713

-8.480
-8.336

-10.890
-9.271

-4.581
-4.361
-6.632
-2.712
-3.551
-3.980
8.110

10.800
7.435

-18.002
-19.714
-20.573
12.703

-45.027
-4.008
-1.000
4.891

-1.468

-3.150

-2.209
-1.400
-9.210

7.031E-01
5.049E-01
3.857E-01
4.037E-03
7.746E-05
4.666E-05
8.102E-06
7.025E-02
4.855E-01
1.304E+00
9.423E-01
1.924E-03
1.007E+01
1.761E-03
1.885E-04
3.858E-01

1.393E+05
1.225E-01
8.568E+16
2.900E+07
3.727E+01
1.155E-04
3.981E-18
7.021E-10
3.563E-14
3.137E-11

-.153
- .297
-. 414

-2.394
-4.111

-4.331
-5.091

-1.153

-. 314
.115

-. 026
-2.716
1.003

-2.754
-3.725

-. 414
5.144
- .912

16.933
7.462
1.571

-3.938
-17.400
-9.154

-13.448
-10.503
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SD-9/TS Perched water

****DESCRIPTION OF SOLUTION ****

ANALYT. COMP.

EPMCAT

EPMAN

4.49
4.49

4.24
4.60

PH

8.600

TEMPERATURE

27.00 DEG C

IONIC STRENGTH
4.864124E-03

ACTIVITY H20 = .9998

EH = .0000 PE .000
PE CALC S .000
PE CALC DOX= .000
PE SATO DOX- .000
TOT ALK = 3.809E+00 MEQ

ELECT = -3.576E-01 MEQ

PCO2= 5.188819E-04
LOG PCO2 -3.2849
P02 = 9.019962E-49
PCH4 = 3.491066E-50
C02 TOT = 3.380431E-03
DENSITY 1.0120
TDS - 421.3MG/L
CARE ALK 3.452E+00 MEQ
CHARGE IMBALANCE = -4.0%

IN COMPUTING THE DISTRIBUTION OF SPECIES,

.000VOLTSPE = .000 EQUIVALENT EH 

PHASE IAP KT LOG IAP LOG KT IAP/KT LOG IAP/KT

1 Calcite

2 Aragonit

3 Dolomite

4 Siderite
6 Strontit
8 Gypsum
9 Anhydrit

10 Celestit
14 SiO2 (a)
15 Chalcedy

16 Quartz

17 Gibbs(c)
18 Al(OH)3a
19 Kaolinit
20 Albite

21 Anorth
22 Kspar

23 Kmica

24 Chlorite

25 Ca-Mont

26 Talc

2.543E-09
2.543E-09
7.566E-19
7.080E-12
1.248E-11
9.632E-09

9.636E-09
4.729E-11
9.905E-04

9.905E-04
9.905E-04
4.760E+09

4.760E+09

2.223E+13
2.307E-16

1.839E-19

1.358E-17

8.848E+24

7.213E+69
2.055E-39
4.922E+23

3.226E-09
4.477E-09
7.310E-18
1.253E-11
5.333E-10
2.620E-05

4.268E-05
2.304E-07
2.016E-03

2.963E-04
1.119E-04
9.969E+07

4.683E+10

1.831E+07

1.332E-18

2.201E-20
3.780E-21

2.588E+12

4.366E+67

1.812E-45

1.488E+21

-8.595

-8.595
-18.121
-11.150
-10.904
-8.016
-8.016

-10.325
-3.004
-3.004
-3.004
9.678

9.678
13.347

-15.637
-18.735
-16.867
24.947
69.858

-38.687
23.692

-8.491
-8.349

-17.136
-10.902
-9.273
-4.582
-4.370
-6.638
-2.695
-3.528
-3.951
7.999

10.671
7.263

-17.876
-19.657
-20.422
12.413
67.640

-44.742
21.173

7.885E-01
5.682E-01

1.035E-01
5.651E-01
2.341E-02

3.676E-04
2.258E-04

2.053E-04
4.913E-01

3.343E+00
8.852E+00

4.775E+01

1.016E-01
1.215E+06

1. 732E+02

8.358E+00

3.591E+03
3.419E+12

1.652E+02
1.134E+06
3.308E+02

-. 103
-. 246
-. 985
-. 248

-1.631
-3.435
-3.646
-3.688

-. 309
.524
.947

1.679
-.993

6.084
2.239

.922
3.555

12.534
2.218
6.055
2.520

62



27 Illite

28 Chrysotl

29 Sepiol c

30 Sepiol d

31 Hematite

32 Goethite

33 Fe(OH)3a

42 PCO2

44 H2 gas

49 Melanter

50 Alunite

51 K-Jarosi

1.049E-34 1.OOOE-40 -33.979 -40.000 1.048E+06

5.016E+29

6.211E+14

6.211E+14

6.508E+11

8.066E+05

S.065E+05

1.675E-05

4.379E-21

2.679E-11

1.808E-08
8. 793E-20

9. 010E+31

5.102E+15

4.571E+18

6.940E-05

1.000E-01

7.780E+04

3.228E-02

6.941E-04

6.524E-03

2.262E-02

4.337E-10

29.700

14.793

14.793

11.813

5.907

5.907

-4.776

-20.359

-10.572

-7.743

-19.056

31.955
15.708

18.660
-4.159

-1.000
4.891

-1.491

-3.159

-2.185

-1.645

-9.363

5.566E-03

1.217E-01

1.359E-04

9.377E+15

8.066E+06

1.037E+01

5.189E-04

6.310E-18

4.106E-09

7.990E-07

2.027E-10

6.021

-2.254

-.915

-3.867

15.972

6.907

1.016

-3.285

-17.200

-8.387

-6.097

-9.693

UZ-14D perched water

****DESCRIPTION OF SOLUTION ****

EPMCAT

EPMAN

ANALYT.

3.33

4.24

COMP.
3.24

4.17

.000

PH

7.800

TEMPERATURE
27.00 DEG C

IONIC STRENGTH

4.757658E-03

ACTIVITY H20 .9999
PCO2= 2.308151E-03

LOG PCO2 = -2.6367
P02 5.691644E-52

PCH4 3.900510E-43
C02 TOT = 2.411671E-03

DENSITY = 1.0200

EH = .0000 PE 

PE CALC

PE CALC

PE SATO

S -

DOX-

DOX-

.000
.000
.000 TDS = 308. 5MG/L

PHASE IAP KT LOG IAP LOG KT IAP/KT LOG IAP/KT

1 Calcite
2 Aragonit

3 Dolomite

4 Siderite
6 Strontit

8 Gypsum

9 Anhydrit

10 Celestit

14 SiO2 (a)

15 Chalcedy

16 Quartz

17 Gibbs(c)

18 Al(OH)3a

3.536E-09

3.536E-09
1.668E-18

3.218E-12

1.358E-11

8.984E-08

8.986E-08

3.452E-10

6.581E-04

6.581E-04

6.5812-04

7.625E+08
7.625E+08

3.226E-09
4.477E-09

7.310E-18
1.253E-11

5.333E-10

2.620E-05

4.268E-05

2.304E-07

2.016E-03
2.963E-04

1.119E-04

9.969E+07
4.683E+10

-8.451
-8.451

-17.778

-11.492

-10.867

-7.047

-7.046

-9.462

-3.182
-3.182

-3.182

8.882

8.882

-8.491
-8.349

-17.136
-10.902
-9.273
-4.582
-4.370
-6.638
-2.695
-3.528

-3.951
7.999

10.671

1. 096E+00
7.899E-01

2.282E-01

2.569E-01

2.547E-02

3.429E-03

2.106E-03

1.498E-03

3.264E-01

2.221E+00

5.881E+00

7.649E+00

1.628E-02

.040
-.102

-.642

-.590
-1.594

-2.465

-2.677

-2.824

-.486

.347

.769

.884
-1.788
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19 Kaolinit 2.518E+11 1.831E+07 11.401 7.263 1.376E+04 4.139
20 Albite 6.600E-19 1.332E-18 -18.180 -17.876 4.955E-01 -. 305
21 Anorth 6.510E-22 2.201E-20 -21.186 -19.657 2.958E-02 -1.529
22 Kspar 4.544E-20 3.780E-21 -19.343 -20.422 1.202E+01 1.080

Saturation indexes are shown in last column above. The formula for calculating the saturation index is as

follows:

ZAP
SI = log K

T

where SI is a saturation index of minerals, IAP is the ion activity product for the reaction of water with the solid

phase of interest, and KT is the thermodynamic equilibrium constant for the reaction at the temperature of

observation. Negative value indicates undersaturation while positive value indicates oversaturation. Zero value

is at saturation. The partial pressure of CO2 is also less than the atmospheric CO2 value of 3.5x1 0.

For perched waters, calcite is below saturation for NRG-7a and SD-91TS (but near saturation values) and

slightly oversaturated with UZ-14D water. Perched waters were derived from fracture flows (Yang and others,

1996), and any calcite coating on the fracture walls will depend on the flux of fracture waters and their degree

of saturation with respect to calcite. 14C dating on calcite deposits (>16,000 to 40,000 years) from fracture

walls shows slow depositions (Zell Peterman and Joe Whelan, U. S. Geological Survey, oral commun., 1996).

Conceptual Model for Perched Water Formation

The modeling exercise requires a conceptual model for the processes and participating mineral and gas

phases in the models. The conceptual model used here is based on that of Murphy (1991). The source water

is assumed to be meteoric water. Reactions are assumed to be driven by irreversible dissolution of primary

unstable solids such as volcanic glass, with attendant growth of secondary products such as smectite and
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zeolite (Benson, 1976; White and others, 1980; Kerrisk, 1983; White and Chuma, 1987). Murphy extends

these models to include the possibility of deriving Ca, Mg, and Cl from near-surface and/or surfical sources

and presents evidence for the plausibility of these sources. Another important contribution to water chemistry

at Yucca Mountain is CO2 derived primarily from soil-zone biological processes such as root respiration (White

and Chuma, 1987). Murphy treats clinoptilolite as a continuous solid solution of the respective Na, K, and Ca

end members. In this paper ion exchange in zeolites is assumed to occur with no participation of the

aluminosilicate framework in the ion exchange reaction. Reactions involving zeolites are assumed to occur at

fixed zeolite composition.

From a regulatory perspective, the most important models are the most conservative, that is, those

models which provide minimum travel or residence times. In each class of reactions considered below,

emphasis is placed on finding the youngest possible adjusted 14C age. The extreme would be a model that can

account for the observed 1 4 C activity entirely by reaction and would thus yield a corrected age of zero years.

The search for models with minimum residence times imposes a major assumption regarding processes,

namely that the reactions occur in a closed system, thus maximizing the possible contribution of mineral-

derived carbon (calcite and dolomite). If the mineral carbon has 0 pmc activity, water residence time will be a

minimum (the youngest). If contribution of mineral carbon (calcite) has considerable 1 4 C activity, then the

residence time of the perched water will be older. In contrast, in a totally open system, the 1 3 C and 4C

signature of the dissolved inorganic carbon would be isotopically equilibrated with the soil CO2 (with

fractionation) to attain its initial concentrations, and subsequently 14C decayed to the observed value. This

would give the maximum residence time.
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Table. 22 Chemical composition of perched water at Yucca Mountain. Nevada

[- - -, data not available; 0, values below detection limit; charge balance, (meq cation - meq aniony(meq cation + meq anion)* I 001

Sample Average Date Temperature pH Specific Aluminum Calcium Magnesium Potassium Sodium

ID Depth conductance Al Ca Mg K Na

(in) (IC) (Wcm) (mgIL) (mg/L) (mg/L) (mgAL) (mg/L)

NRG-7A 460.25 03-07.94 ... 8.7 224 0.0 3 0 6.8 42

SD-9lTS 453.85 07-17-94 27.0 8.6 445 2.1 2.9 0.2 9.8 98

UZ-14 D 390.75 0-31-93 ... 7.8 --. 0.0 31 2.5 4.1 35

Sample Average Date . Silica Bicarbonate Carbonat Chlorine Bromine Nitrate Sulfate Charge

ID Depth SiO, HCO3 e Cl Br NO3 SO. balance

(in) (mgIL) (mgIL) CO, (mg/L) (mgL) (mgtL) (mgL)

(mg/L)

NRG-7A 460.25 03-07-94 9 114 -.- 7 0 1 4 -1.9

SD-9JTS 453.85 07-17-94 64.2 197 10 5.6 0 3.3 27.6 -6.6

UZ-14 D 390.75 08-31-93 40.7 146.4 0. 7.0 0.1 17.1 24.2 -0.3

*4 5q



Modeling with NETPATH

NETPATH is an interactive computer program used to interpret net geochemical mass-balance reactions

between initial and final waters along a hydrologic flow path. For a set of mineral and (or) gas phases

hypothesized to be the reactive phases in the system, NETPATH calculates the mass transfers to and from

solution in every possible combination of the selected phases that accounts for the observed changes in the

chemical and (or) isotopic compositions observed along the flow path. Also included in the calculations are

isotopic mass balance and Rayleigh distillation equations that permit radiocarbon dating estimates to be made

if carbon isotope data are available for the participating phases. The present modeling was done with

NETPATH Version 2.0 (Plummer and others,1994).

The initial solution in these models is rainwater, taken in all models to be pure water. This assumption is

made for two reasons. Only a few chemical data are available from samples of infiltrating ground-water, and

these data do not include carbon isotopes. Second, it can be shown that reaction models provide minimum

age estimates if no reactions occur prior to infiltration, as opposed to open-system reactions with attendant

isotopic exchange prior to recharge. The final-solution composition in each model is that of the particular

perched water under consideration.

The perched waters are essentially sodium-bicarbonate waters - all other dissolved species are

subordinate (Table 22). Thus sources of Na and C are of primary concem. The following phases are

considered in the reaction models. CO2(g) is used with specified carbon isotope signatures. The models

presented below assume that the C02 enters the system in soils or the shallowest unsaturated zone, with 6130

= -18%o (Thorstenson and others, 1990, Yang and others, 1993). The initial 14C activity is assumed to be 100

pmc. The carbon in calcite is defined isotopically as pedogenic calcite, with 613C= -6%o (Whelan and others,

1994). The 14C activity of the calcite is assumed to be zero, as this will provide the minimum age estimates in

the models. Actual pedogenic calcites have 14C activities ranging from 0 to 12 pmc (Whelan and others, 1994).

Dolomite is assumed to be derived from marine carbonates with 6'3C= 0%o and 14C activity = 0 pmc. The

compositions of glass, zeolite, and clay are obtained from mineralogical studies:

glass: KO.402Na0o36OCa. 023Fe(ll l)o o26Alom7a 26Si4.1901,o.o
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zeolite: KO.01 7Nao.021Cao 34MgO.O79Al 96$Si 4 053010.

clay: KO0 2.Nao.127Cao164Mgo.245Fe(lIl)o,,8AlL646Si3.4.O1O.O

The glass and zeolite compositions are from Broxton and others (1987); clay from Caporuscio and others

(1982). The reactive aluminosilicates - glass, smectite, and clinoptilolite - can variably act as sources or sinks

for K, Na, Ca, Mg, Fe, Al, and SiO2 in the models.

As pointed out by Broxton and others (1987), the glass contains little or no Mg, but Mg is present in the

diagenetic zeolites and clays. A near-surface source of Mg is thus required. In the following models,

this source is assumed to be dolomite (Murphy, 1991). Sulfate is presumed to come from dissolution of

gypsum. Silica, SiO2, is considered in the models as a source or sink of Si. The unsaturated zone

is oxidizing throughout (Thorstenson and others, 1990), and thus goethite (representing any Fe(lIl) iron

oxyhydroxide), is included in the models as a source/sink of Fe(lIl) independent of the glass and smectite.

Halite is included as a source of Cl. Although this is a necessary computational artifact to account for the Cl

in the perched waters, NaCI may well be present in dust derived from local playas (Murphy, 1991). The

source of nitrate in Yucca Mountain is unknown. Here it is arbitrarily postulated to be KNO3

In addition to silicate hydrolysis, a source of sodium frequently postulated in regional aquifer studies is

Ca/Na and/or Mg/Na ion exchange. Zeolites are sparse in the shallow unsaturated zone but more abundant in

the deeper parts of the unsaturated zone in which the perched waters occur. K-feldspar and kaolinite are

included in the models partly for computational purposes. In combination they provide a mechanism within the

calculations that can act as a source/sink for K without forcing large mass transfers as a result of balancing K

from among the glass, smectite, and zeolite, in which it is a minor component. As with halite, inclusion of

K-feldspar in the models has some basis in reality, as it is observed as an authigenic mineral at Yucca

Mountain (Broxton and others, 1987).

Phases selected for NETPATH models can be specified to only dissolve(d), only precipitate(p), or

both(default). The phases selected for this modeling exercise, and their dissolution/precipitation forcing (if

used) are: C0 2(g), calcite, gypsum(d), dolomite(d), Ca/Na exchange (d; source of Na), Mg/Na exchange (d;

source of Na), glass(d), zeolite(p), clay(p), SiO2, K-feldspar, kaolinite, goethite, halite(d), and KNO3(d).
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One mass balance equation is generated in NETPATH for each of the following constraints, based on the

concentrations of each of the following elements in the respective perched waters: Na, K, Ca, Mg, C, S(VI),

N(V), Fe(= 0), Al(= 0), Si, Cl, and a mass-balance constraint on 1 3C. There are thus 15 plausible phases,

and 12 mass balance constraints. When calculating the following models, NETPATH checks 455 models

(combinations of plausible phases) that can satisfy the mass balance equations. When the

dissolution/precipitation constraints listed above are added, the number of resulting models is more tractable.

The models that are found are shown in the following section.

Modeling Results

The models presented in Tables 23, 24, and 25 are those models found by NETPATH for UZ-14D, SD-

9T/S, and NRG-7a, respectively, that satisfy the 12 constraints listed above. While 13C is included as a mass

balance constraint,' 4C is not, because its activity can change as a function of time as well as by reaction. For

any given model, NETPATH calculates the change in 4C activity that is due to carbon inputs/outputs among

the reacting phases. Any additional change in calculated 14C activity that is required to match the data is

attributed to decay as a function of time, and this is the basis for the corrected ages listed as the last table

entry in each column.

Another important concept in the interpretation of NETPATH results arises from the fact that each model

is a selection of only 12 (of 15 in these models) specified plausible phases. Any linear combination of models

is also an algebraically acceptable model. Thus, for example, a model whose mass transfers are calculated

by (0.63xmodel3 + 0.3lxmodel4 + 0.06xmodel5), fractions being totally arbitrary, is a valid model that involves

all 15 phases. Because of this multiplicity of possible models, NETPATH results are often as important for

models that do not exist as for those that do. With these cautions in mind we can proceed to the results.
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(1) UZ-14D perched water

Modeling outputs from NETPATH for perched water, UZ-14D, are shown in table 23.

Table 23a. Model outputs for UZ-14D perched water (Small glass dissolution and large cation exchange).
[Values are in millimoles per kilogram H20 for mineral phases; 14 C pmc, percent modem

carbon;
and 14 C age, in years.]

Mineral
phases

Model #
1 2 3 4 5 6 7 8

C02

CALCITE

DOLOMITE

CA/NA EXCH

MG/NA EXCH

GLASS

ZEOLITE

CLAY

KAOLINITE

SIO2

K-FELDSPAR

1.187

1.062

0.103

0.645

0.000

0.093

0.068

1.249

0.877

0.165

0.529

1.208

0.998

0.124

0.596

. ubd ---

0.391 0.394

--- -0.087

0.011 0.081

1.261 1.215

0.841 0.978

0.177 0.131

0.506 0.582

0.074 0.003

0.449 0.459

--- -0.101

--- 0.080

1.213

0.984

0.129

0.584

1.213

d.985

0.129

0.583

1.205

1.008

0.121

0.544

0.462 0.468 0.659

--- -0.007 -0.229

-0.107 -0.103 ---

-0.084 0.083 0.069

I

GOETHITE -C

GYPSUM 0.252

NACL

KNO3

1 4 C(Ao) 1 ,pmc

-0.208 -0.328 -0.367 -0.351 -0.352 -0.354 -0.356 -0.432

1.002 -0.010 --- -0.012 --- 0.001 --- -0.017

0.252 0.252 0.252 0.252 0.252 0.252 0.252

0.198 0.198 0.198 0.198 0.198 0.198 0.198 0.198

0.276 0.276 0.276 0.276 0.276 0.276 0.276 0.276

48.36 50.87 49.23 51.36 49.50 49.42 49.41 49.10

1 4 C adjusted

ages (yrs) 4170 4589 4317 4669 4363

'Ao: Corrected initial 4C activities.

4350 4348 4295
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Table 23b. Model outputs for UZ-14D perched water (Large glass dissolution and small cation exchange).
(Values are in millimoles per kilogram H20 for mineral phases; 1 C pmc, percent modem

carbon; and 14C age, in years]

Mineral

phases 9
Model #

10 11 12 13 14 15

C02

CALCITE

DOLOMITE

CA/NA EXCH

MG/NA EXCH

GLASS

ZEOLITE

CLAY

KAOLINITE

SIO2

K-FELDSPAR

GOETHITE

GYPSUM

NACL

KNO3

1.529 1.495 1.488 1.355 1.302 1.425 1.463

0.037 0.138 0.159 0.559 0.718 0.349 0.236

0.445 0.411 0.404 0.271 0.217 0.341 0.378

0.342 0.168 0.133 0.080 --- --- ---

1.744 2.887 3.115 3.230 3.684 3.918 3.989

--- -0.572 --- -1.111 -1.450 -0.336 ---

--- --- -0.686 --- --- -0.863 -1.124

-0.246 --- 0.049 --- 0.075 0.200 0.237

-3.522 -5.506 -5.902 -4.002 -4.419 -6.661 -7.420

-0.872 -1.316 -1.404 -1.450 -1.627 -1.717 -1.744

-0.045 -0.008 --- -0.084 -0.096 --- 0.029

0.252 0.252 0.252 0.252 0.252 0.252 0.252

0.198 0.198 0.198 0.198 0.198 0.198 0.198

0.276 0.276 0.276 0.276 0.276 0.276 0.276

14 C(Ao)lpmc 62.28 60.90

14 C adjusted
ages yrs) 6261 6077 6039

'Ao: Corrected initial 14C activities.

60.63 55.19 53.03 58.07 59.58

5263 4932 5861 5895
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The perched water at UZ-14D is a sodium-bicarbonate water with minor chloride and sulfate; water

isotopic values (dissolved inorganic carbon, DIC) are o'3C = -11.3%o and 4 C = 29.2 pmc. The relatively

"enriched' 13C, relative to 613C in soil CO2 and low 1 4C activity immediately suggest the possibility of significant

dissolved carbon being derived from calcite and/or dolomite. NETPATH models are presented in table 23a

and b. The table entries represent millimoles per liter of a given mineral phase that is dissolved (+) or

precipitated (-) in each model. The models are presented in order of increasing amounts of glass dissolution

in the calculated reactions. Models 1 - 8 represent reactions in which the majority of dissolved Na+ is derived

from Ca/Na and /or Mg/Na exchange, and the calculated amount of glass dissolution is small - less than 1

mmolIL. The basic reaction, illustrated with calcite, is:

C0 2(g) + H20(0) + CaCO3(c) + 2NaX(exch) = 2 Na+(aq) +2HCO-3(aq) + CaX 2(exch)

Models 1 through 8 all have 14C activities, after reaction, between 48.36 and 51.26 pmc, with calculated ages

required to reach the observed 29.2 pmc ranging from 4170 to 4669 years.

In the second group, models 9 through 15, the dissolved sodium is derived principally from glass

dissolution, and little arose from sodium exchange. This results in less carbonate dissolution-ion exchange

reaction and correspondingly less contribution of 'old' carbon to the solution by reaction. The post-reaction

14 C activities are therefore larger, ranging from 53.03 to 62.28, and attendant ages (years required to decay to

29.2 pmc) are also larger, ranging from 4932 to 6261 years. If further information is obtained from field

observations of the mineral deposits and it is concluded that glass dissolution is more important, water ages

can be reduced to a smaller range.

(2) SD-9/TS perched water

Modeling outputs from NETPATH for perched water, SD-9/TS, are shown in table 24.
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Table 24. Model outputs for SD-9ITS perched water.
[Vlues are in millimoles per kilogram H20 for mineral phases; 14C pmc, percent modem carbon; and
14C age, in years]

Mineral Model #
phases 1 2 3 4 S 6 7 8

C02

CALCITE

DOLOMITE

CA/NA EXCH

MG/NA EXCH

GLASS

ZEOLITE

CLAY

KAOLINITE

2.186

0.909

0.008

1.234

4.450

2.489 2.840

--- -1.052

0.311 0.662

0.303 0.655

5.914 7.609

2.489 2.489

0.311 0.311

0.524 ---

--- 0.126

8.736 10.601

2.406

0.251

0.227

2.489 2.713

--- -0.671

0.311 0.535

11.317 11.476 11.901

--- --- --- --- -2.238 -2.773 -2.018

-0.906 -1.183 -1.505

-1.236 --- --- -0.586 -2.149

-0.719 -1.010 -0.891 -0.807 -0.581

SIO2

K-FELDSPAR

GOETHITE

GYPSUM

NACL

-10.992 -14.803 -19.213 -20.008 -20.180 -20.412 -22.116 -26.666

-1.591 -2.180 -2.861 -3.281 -4.206 -4.305 -4.366 -4.529

-0.116 -0.154 -0.198 -0.081 -0.276 -0.294 -0.229 -0.056

0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287

0.158 0.158 0.158 0.158 0.158 0.158 0.158 0.158
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KNO3 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053

1 4 C(Ao) ptnc 70.27 80.00 68.18 80.00 80.00 77.31 80.00 71.69

1 4 C adjusted
ages yrs) 4294 5366 4044 5366 5366 5083 5366 4460

'Ao: Corrected initial C activities.

The perched water sample at SD-9ITS is also a sodium-bicarbonate water with minor chloride and

sulfate. The carbon isotope values are: 613C = 14.4%o, 14C = 41.8 pmc. NETPATH models for the SD-9T/S

perched water are shown in Table 24, again presented in order of increasing glass dissolution. All models

found require significant quantities of glass dissolution and attendant precipitation of silica. Calculated silica

precipitation ranges from 11 to 27 millimoles per liter of water. These are large mass transfers and might be

inferred to be representative of reactions in highly cemented near-surface soil horizons. The calculated ages

are comparable with those of UZ-14D, consistent with the fact that the 14C activity of both the perched water

and the post-reaction model "IC activities, are higher (or younger). The adjusted 14C residence times of SD-

9JTS perched water range from 4,044 to 5,366 years which are younger than the unadjusted age of 7,200

years.

(3) NRG-7a perched water

Modeling outputs from NETPATH for perched water, NRG-7a, are shown in table 25.

The perched water sample for NRG-7A is a third sodium-bicarbonate water, with minor chloride and

sulfate. The 6'3 C and I"C values are both lighter and younger than the preceding two waters at 6 3C = -16.6%o

and 14C = 66.9 pmc. These isotopic characteristics require that most of the reacting CO2 come from soil-CO2

as opposed to dissolution of carbonate minerals. This is apparent in the models presented in Table 25. All

models derive dissolved Na+ principally from glass dissolution. Although the 14C activity of the perched water

is significantly higher than the prior two samples, the post-reaction 14C activities in the models are also high,

and the calculated ages are still greater than 2000 years in all models. Again, each model requires roughly 10
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millimoles of silica per liter of water to precipitate, a mass transfer that would seem appropriate to highly

cemented near-surface deposits. The adjusted 'IC residence times of NRG-7a perched water range from

2,150 to 2,654 years, younger than the unadjusted age of 3,320 years.

Some estimate for the volumetric relation between water and SiO2 cementation can be gained from

the folloing simple calculations. Assume each liter of perched water is formed by reactions that require-

precipitation of 10 mmol of SiO2. One cubic meter of water must thus precipitate 10 moles of SiO2, or - 600g of

SiO2. If a density of 2 is assumed, this is 300 cm3 of S'02 In this example, representative of many reactions

modeled above, each cubic meter of perched water has the capacity to fill 300 cm3 of pore space with silica

cement. From another perspective, each cubic meter of perched water (under these assumptions) could coat

0.3 m2 of fracture wall with secondary silica to a thickness of 1 mm.

Table 25. Model outputs for NRG-7a perched water.
[Vlues are in millimoles per kilogram H20 for mineral phases; 4C pmc, percent modem
carbon; and 14C age, in years]

Mineral Model #
phases 1 2 3 4 5 6 7 8

C02

CALCITE

DOLOMITE

CA/NA EXCH

MG/NA EXCH

GLASS

ZEOLITE

CLAY

1.596

0.211

0.248

3.079

_ _ 

1.666 1.728

--- -0.184

0.070 0.131

0.116 --_

0.070 0.131

3.418 3.714

___ - - -

1.666

0.070

0.084

4.073

1.664

0.070

0.039

4.237

-0.391

1.640

0.078

0.044

4.460

-0.558

1.666

0.070

4.510

-0.322

1,702

0.107

0.106

4.578

--- --- --- -0.289 --- --- -0.183 -0.432

KAOLINITE -0.664 -0.728 -0.785 -0.621 -0.698 -0.661 -0.635 -0.599
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SIO2 -8.183 -9.067 -9.837 -10.274 -10.006 -10.078 -10.610 -11.336

K-FELDSPAR -1.080 -1.217 -1.335 -1.472 -1.539 -1.626 -1.645 -1.671

GOETHITE -0.080 -0.089 -0.097 -0.072 -0.110 -0.116 -0.096 -0.068

GYPSUM 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.042

NACL 0.197 0.197 0.197 0.197 0.197 0.197 0.197 0.197

KNO3 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016

1 4 CCAo) 1 ,pmc 88.34 92.23 86.77 92.23 92.23 90.78 92.23 88.92

1 4 C adjusted

ages (yrs) 2298 2654 2150 2654 2654 2523 2654 2352

'Ao: Corrected initial 14C activities.

Sensitivity of the NETPATH Models to Carbon-isotope Input Data

The mass transfers of carbon-containing phases (CO2, calcite, and dolomite) in the NETPATH

models depend on the 6'3 C values assumed for each phase because one of the mass-balance equations the

models must satisfy is for 1 3 C. The calculated *corrected,* or post-reaction, 4C ages depend, in turn, on the

mass transfers of the carbon-containing phases and on the assumed 14C activities of the carbon in these

phases. The isotopic compositions of soil unsaturated-zone C02, particularly its 14C activity, vary over a wide

range at Yucca Mountain (Yang and others, 1996; Thorstenson and others, 1996). The isotopic composition

of calcite in Yucca Mountain systems is less variable (Whelan and others, 1994). Dolomite is assumed to

have 613C= + 0.0%o, and '4C = 0.0 pmc. Because of the large variability of C02 6'3C values, the sensitivity of

the models to this parameter is important. The most important phase in all models is C02. However, if the

mass transfers of calcite and dolomite are relatively large, the isotopic composition of all three phases is

significant to the predicted 4C age estimates.

Table 26 shows the sensitivity of the NETPATH-corrected 4C age estimates for the models for the

three perched waters. The table was constructed as follows. From each of the model sets in tables 23-25,
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the models with the maximum and minimum carbonate mineral mass transfer (with 613C = - 8%o and 'IC= 100

pmc) were selected, and these models were then recalculated with different combinations of 613C (-16, -18, -

20%.) and 14C (100, 85 pmc). A few models were recalculated with 14C = 50 pmc. The results (Table 26) show

that as the 14C content of the C02 decreases, the NETPATH corrected 14C ages also decrease. If the C02 in

the reactions is presumed to originate deep in the unsaturated zone, with a 14C activity 50 pmc, the

corrected ages may become negative, indicating that the 4C activity after reaction is less than that observed

in the perched waters. At constant 14C activity, the NETPATH corrected ages diminish as the 6'3C values in

the C02 become more negative. The effect is observed because as the 13C in the C02 becomes 'lighter,'

more carbonate-derived carbon is required by the models to match the observed 613C, and there is a greater

contribution of old carbon from reaction. The larger the 14C values of the calcite or dolomite, the older the

water residence time (which is not included in the table).

The most important conclusion to be drawn from the modeling exercise is that none of the ages in

Table 26 are zero or negative when the C02 is presumed to originate in the soil zone. The hydrogeologic

implication of this is that if the perched waters achieve most or all of their chemical signature in the soil or

shallow unsaturated zone, with near-modem 14C activities of C02 and a soil-CO2 13C signature, the perched

waters must be thousands of years old. Conversely, if the perched waters flow rapidly through the shallow soil

zone and reach the deep unsaturated zone before significant reactions occur, and they derive their chemical

and isotopic signature from reactions at great depth, the perched waters can be very young.

Table 26. Sensitivity analysis of 14C residence time with respect to 6'3C and 'IC values of C02 gas and
calcite. (Dolomite 613C and 14C values are 0%. and 0 pmc, respectively.)
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Perch- Mineral-phase* C02 gas Calcite 14C residence time
ed dissolved or 1 3 C 14C (Years)
water precipitated (mmole) (LPDB){pmc) (LPDB)(pmc) (Original values)

C0 2 CaC03
CaMg(CO3 )2

1.915 -.109 -- -16 100 -6 0 3,320(max)
2.081 -.549 .138 -16 100 -6 0 2,290(min)

1.915 -.109 -- -16 85 -6 0 1,980(max)

NRG-7a 2.081 -.549 .138 -16 85 -6 0 950(min)

1.666 -- . .007 -18 100 -6 0 2,655(max)
1.728 -.184 .131 -18 100 -6 0 2,150(min)

1.666 -- .007 -18 85 -6 0 1,310(max)

1.728 -.184 .131 -18 85 -6 0 805(min)

1.664 -- .070 -18 50 -6 0 -3,076(max)

1.728 -.184 .131 -18 50 -6 0 -3,579(min)

1.677 .152 .313 -16 100 -6 0 7,025(max)

1.425 .825 .103 -16 100 -6 0 5,680(min)

1.677 .152 .313 -16 85 -6 0 5,680(max)

1.425 .825 .103 -16 85 -6 0 4,335(min)

1.529 .037 .445 -18 100 -6 0 6,260(max)

UZ-14D 1.187 1.062 .103 -18 100 -6 0 4,170(min)

1.529 .037 .445 -18 85 -6 0 4,920(max)

1.187 1.062 .103 -18 85 -6 0 2,830(min)

1.388 .003 .535 -20 100 -6 0 5,450(max)

1.038 1.164 .127 -20 100 -6 0 3,060(min)

1.388 .003 .535 -20 85 -6 0 4,110(max)

1.038 1.164 .127 -20 85 -6 0 1,715(min)

2.801 -- .156 -16 100 -6 0 6,340(max)

2.624 .472 .008 -16 100 -6 0 5,800(min)

2.801 -- .156 -16 85 -6 0 5,000(max)

2.624 .472 .008 -16 85 -6 0 4,460(min)

SD- 2.186 .909 .008 -18 100 -6 0 5,365(max)

9/TS 2.489 -- .311 -18 100 -6 0 4,295(min)

2.186 .909 .008 -18 85 -6 0 4,025(max)

2.489 -- .311 -18 85 -6 0 2,950(min)

2.489 -- .311 -18 50 -6 0 -363(max)
2.840 -1.052 .662 -18 50 -6 0 -1,686(min)

2.240 -- .436 -20 100 -6 0 4,495(max)

1.874 1.221 .008 -20 100 -6 0 3,020(min) -

2.240 -- .436 -20 85 -6 0 3,150(max)

1.874 1.221 .008 -20 85 -6 0 1,675(min)

[Symbols and abbreviations: %a PDB, per mil with respect to Peedee Belemnite; pmc, percent modem carbon;
mmole, millimoles per kilogram of H20]
*The amounts of mineral phases dissolved are from mass-balance modeling of NETPATH. 3C values are chosen
for mass-balance constraint. Therefore, amounts of mineral-phases dissolved are different depending on the 3C
values entered.

A second conclusion from the models is that if the perched waters derive significant amounts of their

sodium from exchange of Ca or Mg for Na, the extent of secondary cementation by silica is far less than if glass
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dissolution is the principal source of Na. Models 1 through 8 for UZ-14D require little or no secondary silica

precipitation. Models 9 through 15 for UZ-14D all require precipitation of large quantities of secondary silica.

SUMMARY AND CONCLUSIONS

Pore-water compositions indicate that in spite of large distances separating boreholes, chemical

compositions are similar among boreholes and vary according to the lithologic units in which they were obtained.

Chemical compositions are of the calcium-sulfate or calcium-chloride types in the Paintbrush Group (Tiva Canyon,

Tuff, Yucca Mountain Tuff, Pah Canyon Tuff, and bedded tuffs), and sodium-carbonate or -bicarbonate types in the

Calico Hills nonwelded unit However, several samples from the Calico Hills nonwelded unit in SD-7 and SD-12 are

not quite sodium-carbonate or -bicarbonate types but trend toward calcium-sulfate or calcium-chloride types.

Unsaturated-zone pore water has significantly larger concentrations of major ions and dissolved solids than do the

saturated-zone water or perched water. If the chemically dilute infiltrating waters were to recharge the perched or

saturated-zone waters, they must flow rapidly through fractures or permeable zones in the intervening PTn or Calico

Hills nonwelded unit to avoid mixing with the chemically concentrated pore waters in these units. This conceptual

model is consistent with the observations of post-bomb tritium and 36CI in the deep unsaturated zone of Yucca

Mountain.

4C activities in the pore waters of the Calico Hills nonwelded unit in SD-9 are between 82.3 to 95.3 pmc,

similar to UZ-14 data of Calico Hills nonwelded unit, and 50 to 60 pmc in Calico Hills nonwelded unit of SD-7 and -

12, considerably smaller (or older) than UZ-14 and SD-9 pore waters. The larger 14C activities in UZ-14 and SD-9

could have been partly contaminated by the atmospheric "'CO2 during drilling. More gas-phase 14C data from Calico

Hills nonwelded unit are needed to confirm this. However, a general trend is apparent that younger water is at the

northern part and older water at the southern part of the mountain. Perched waters encountered in boreholes had

large water masses, which are more likely to preserve their original chemical signatures than pore waters. The

reaction-corrected "IC ages range, approximately, from 2,200 to 6,200 years.

Large tritium concentrations of about 30 to 150 TU are detected in NRG-6 boreholes at depths from 53.3
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m to 74.7 m in the Pah Canyon Tuff and near the top of the Topopah Spring Tuff. One large tritium concentration of

about 47 TU is observed at a depth of 108.7 m in NRG-7a. Only limited numbers of samples were analyzed from

SD-7, -9. and SD-12 boreholes, but no large tritium concentrations (>30 TU) have been detected.

The gas-phase 4C ages of CO2 gas from the entire unsaturated zone of borehole SD-12 show a trend

similar to that observed at UZ-1, that is, 1 4 C ages increase with depth, indicating gas transport by diffusion

mechanism as previousely concluded. Gas-phase 14C values in the Calico Hills nonwelded unit are, from SD-7 and

from SD-9, respectively, 41.5 and 51.0 pmc ( 7,100 and 5,800 years, uncorrected ages).

Experiments showed that vacuum distillation of pore waters for stable isotope analysis produced reliable

results from tuffs free of clay and zeolite minerals but not for tuffs with large hydrated mineral contents. Compression

extraction of pore waters from hydrated-mineral-rich tuffs did, howeverproduce fluids with isotopically unfractionated

waters.

From the column experiments with pure clinoptilolite powder, the channel water was shown to be

exchangeable with the bulk water, and the exchange is complete within hours to days. For core samples of Yucca

Mountain containing large components of clinoptilolite, the exchange is slower, ranging from days to months. This

slow exchange rate is determined by the diffusion rate between the bulk water and pore water. The exchange

between pore water and channel water is fast and is not a rate-determining factor. The isotopic compositions of the

bulk pore water in the unsaturated-zone tuff at the Yucca Mountain, pertaining to zeolite-rich core, will reflect the

most recently infiltrated water. The channel water in zeolite is fractionated according to Rayleigh distillation.

Stable isotopic compositions of perched waters generally plot closer to the Yucca Mountain precipitation

line (YMPL) indicating little evaporative loss before recharge of the perched-water bodies. Stable isotopic

compositions of UZ-14 pore waters plot to the right of the YMPL indicating slight evaporation before infiltration.

Estimated quantities of evaporation under the Rayleigh conditions" (the largest possible loss) gives 12% volumetric

loss, of which half is due to sample handling. Winter precipitation is likely the source of recharge to the unsaturated-

zone at Yucca Mountain. Geochemical model calculations indicate that saturation indices of perched waters

are undersaturated with respect to calcite for SD-9/TS and NRG-7a and slightly oversaturated for UZ-14D. The

partial pressures of CO2 are also less than the atmospheric CO2 value of 3.5x104. Geochemical evolution of

lt



perched water, as calculated by mass-balance models of NETPATH, invokes dissolution of Yucca mountain glass

(volcanic glass) and growth of secondary minerals such as clay (smectite) and zeolite (clinoptilolite). Modeling

outputs for UZ-14D indicate that the majority of dissolved Na+ can be derived from two sources (1) from Ca/Na and

/or Mg/Na exchange, then the amount of glass dissolution is small - less than 1 mmoVL; and (2) principally from

glass dissolution, and little from sodium exchange. More mineralogical information is needed from the unsaturated

zone to determine which

sources are dominant. For SD-9/TS, significant quantities of glass dissolution and attendant precipitation of silica

are required. For NRG-7a, dissolved Na+ is principally derived from glass dissolution. 4C age corrections by

NETPATH modeling indicate that when 3C values are chosen as a mass-balance constraint, age corrections for

perched waters can be an order of magnitude larger or smaller depending on 13C and I4C values of CO2 and

calcite. This is because the amounts of mineral phases and the 14C of dissolved CO2 are different The corrected

14C residence times, based on the available 1 3 C and 14C for the mineral-phase CO 2 and calcite, are 2,150 to 2,650

years for NRG-7a, 5,260 to 6,260 years for UZ-14D, and 4,040 to 5,370 years for SD-9/TS.
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Figure 1. Hydrogeologic units at Yucca Mountain, Nevada [modified from
Montazer and Wilson (1984), table 1]. MD, moderately to densely welded;
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Figure 3. Piper diagram showing UZ-14 pore water compositions. PTN, Paintbrush TufO
nonwelded; CHN, Calico Hills nonwelded unit; CFU, Crater Flat Tuff unit; YM,
Yucca Mountain Tuff; BT, bedded tuff; PP, Prow Pass TufO.
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Figure 4. Piper diagram showing NRG-6, and -7a pore water compositions. PTN, Paintbrush Tuff
nonwelded; CHN, Calico Hills nonwelded unit; PC, Pah Canyon Tuff; BT, bedded tuff.



Explanation
SO 7310 T/PlN/BT) U SO 1(
SL (19118 'I I/CIIN) 0 Si 12(1
SI) -7 11525 2/ /CHN) C S) 1211
SO -7 1558 5F /CHN SU-12(1
SD-719 3T/PIN/BT) Sl-1211
SO-91154 IFI/PTN/BT] F -- 1> I I
SO-911152 7FT/TSW] G6 11
SD-91535 3Ff/CHNI
S3-911610 7FT/CHN1
SD-9L61 2FT/CN1
SD-9[ 171 1F IUCHN)
SO ° (17 1ii. 8f1/CHNI
SD 9I80 1 8 I/L;!1N/BT!

fAG OFT/PIN/b l
1 W 3F1 /C IN)
5J7 2FT/CIN)
601 8F1 /C IN 1
636 9FT/CHN/B'I
938 8F T/CHN/PI'"I
912 IFTN/IJ')

= percentage of
valents per liter

%meqA
milliequi

Co 80 60 - 10
Calcinu :Co]

C T I N

20 No K 11t:03 CC3

S %rneq/ I

20 10- 60
Chlor-ine CI)

N I N S

80 C1I

Figure 5. Piper diagram showing SD-7, -9, and -12 pore-water compositions. PTN, Paintbrush Tuff
nonwelded; CHN, Calico Hills Formation nonwelded; BT, bedded tuff; PP, Prow Pass Tuff.
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Figure 12. Schematic illustration showing the vacuum distillation apparatus for pore-water
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Figure 13. Schematic illustration showing the apparatus for the imbibing test.
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Figure 18. Delta 0-18 and delta D plot of 1984 storms, saturated-zone water and perched water. Precipitation
line is from Benson and Klieforth (1989) and world meteoric water line from Craig (1961b).
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Figure 19. Delta 0-18 and delta D plot of large dissolved-solid concentration in pore water of UZ-14 and NRG-6

at different depths.


