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ABSTRACT

Fluid flow rates and pathways in partially-welded, fractured, unsaturated tuff

are investigated in a sloping borehole (DSB-1) cored from the surface to a perched

aquifer at the Apache Leap near Superior, Arizona. Suspected water-bearing fractures

were identified in the borehole using video and geophysical logs. Pore water

extracted from cores associated with these fractures proved to have elevated "C

activity relative to pore waters from intermediate depths. Pore water from the deepest

fracture interval contained post-bomb "C. Low tritium concentrations in most

samples indicates imbibition from each flow is small relative to the volume of water

in the pores, but cumulative imbibition over time is significant based on 14C

distribution through the unsaturated zone.

The saturated zone beneath DSB-1 is a mixture of fracture flows with older

aquifer water. Estimates based on "C and qi data indicate half of the water in the

local aquifer originated from fractures near DSB-1. Geochernical models

incorporating pore-water, surface-runoff, aquifer-water and mineral chemistry suggest

that fracture flow may also be the predominant source of recharge for the older aquifer

water.

Water and carbon are extracted from core samples using uni-axial compression

and a new vacuum distillation technique. Distillation is shown to be an effective

method when carbon extraction is not possible by other methods. Mass yields from
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distillation provide evidence that there may be a substantial reservoir of carbon

adsorbed to mineral phases.

Carbon-14 activity of formation air samples from intervals with low air

permeability reflect the composition of water imbibed from fracture flows at those

depths. In zones of higher permeability, atmospheric contamination is suspected even

though SF 6 (injected as a tracer during drilling) concentrations had not diminished.

An independent investigation on the carbon isotopic composition of soil-zone

CO 2 demonstrates the need to correct soil-respired CO 2 samples for CO 2 contamination

in base reagents and for fractionation during sample collection. The minimum VC-

shift from soil CO2 to soil-respired CO2 is also shown to be a function of the 5' 3 C of

soil organic material rather than a fixed 4.4%0 as previously thought.
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CHAPTER ONE

INTRODUCTION

The rate and pathway of fluid flow in partially-welded fractured tuff has been

a topic of considerable interest as a result of plans to store high-level radioactive

waste beneath Yucca Mountain in Nevada. Regulations established by the U. S.

Environmental Protection Agency require reasonable assurance that radioactive

releases from failed disposal canisters will not reach the accessible environment within

set limits for 10,000 years (EPA, 1985). Evaluation of a potential repository requires

the identification of primary flow pathways for gas and water, and travel times along

those pathways.

An independent investigation of fluid flow in an unsaturated, fractured tuff was

initiated at the Apache Leap Research Site (ALRS) as part of a larger effort to test the

assumptions and conclusions of continuing work at Yucca Mountain. The primary

question addressed by this investigation is the significance of gas and aqueous

transport through fractures.

This work was funded by the U. S. Nuclear Regulatory Commission (NRC)

under contract NRC-04-90-51 (FIN L1282).

1.1 Description of the Problem

There is much uncertainty concerning the rate and primary pathway of fluid
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flow in unsaturated fractured tuff. The uncertainty is largely attributable to

insufficient geochemical and physical data from the unsaturated zone. Most of the

models currently employed to simulate gas and water movement at Yucca Mountain

depend on assumed or extrapolated physical conditions in the sub-surface (Ababou,

1993; Eaton et al., 1993; Freeze, 1993; Kwicklis et al., 1993).

There are two basic approaches used to characterize flow through any geologic

medium. The first approach employs measurements of the physical properties of the

formation itself, such as porosity, air permeability and hydraulic conductivity. Flow

is calculated from equations modeling the movement of water or gas through porous

media. Accurate identification of primary flow pathways depends on the successful

intersection of those pathways by the sampling program. If measurements are made

along a series of transects that do not intersect a primary pathway, inaccurate

conclusions will be drawn for the formation.

The second approach uses the geochemical and isotopic composition of water,

gas and formation minerals to infer what the rate and pathway of flow has been in the

past. Rather than predicting current or future behavior, this method documents what

conditions have prevailed historically. Geochemical measurements within primary flow

pathways provide useful information, but are not always critical for the qualitative

identification of those same pathways. High tritium levels in an aquifer, for example,

could indicate rapid recharge through fractures without specifically sampling from the

fractures themselves.
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The second approach was adopted for this work. A sloping borehole drilled

at the Apache Leap with continuous core retrieval provided a unique opportunity to

perform a field scale geochemical investigation from the surface to a perched aquifer

along an uninterrupted transect.

Several geochemical and isotopic tools are used in this work. Carbon-14 and

tritium are common tools used for determining the time required for a fluid to travel

from its last point of contact with the atmosphere to its current location. Carbon-H

can provide information on the travel time of dissolved carbon in the aqueous phase

and of CO2 in the gas phase, while tritium can provide information on the travel time

of water itself. If the initial concentration of 14C or 3H in a fluid is known and

sources and sinks can be accounted for along the flow path, travel time can be

calculated based on the final concentration and the decay rate of the radioisotope.

Carbon-14 has a half-life of 5730 years (Stuiver and Polach, 1977), and is useful for

dating samples less than about 30,000 years old. Tritium has a half-life of 12.43 years

(Mann et al., 1982; Taylor and Roether, 1982), and is useful for dating samples less

than about 70 years old.

Stable isotopes are often used to determine the origin of solid, aqueous and

gaseous species, and to identify reactions that may have taken place along a flow path

(Magaritz and Amiel, 1980; Rightmire, 1979). Carbon isotopes are used here to

determine potential sources of carbon, including contamination, that can influence the
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interpretation of 14C data. This work includes an investigation of soil CO 2 sampling

theory and methodology.

Recent changes in the 6 34S signature of surface runoff, specific to the Apache

Leap area, have made sulfur isotopes useful for tracking recent water into the sub-

surface. Sulfur isotope data from Bassett et al. (1994) are used here as supporting

evidence of recent contributions of surface runoff to the regional perched aquifer.

Mineral and aqueous chemical composition can provide information both on

relative travel time and possible flow pathways. Long travel times allow greater

opportunity for water-rock reactions which elevate the total dissolved solid content of

the water. Reaction pathway models used for this work consider mineral reaction with

surface runoff (delivered through fractures) and matrix pore water to evaluate possible

contribution to the perched aquifer from each source.

1.2 Regional Geology 

1.2.1 General Description of the Apache Leap Tuff

The location of ALRS is given in Fig. 1.1. The site lies between the town of

Superior to the west and Devil's Canyon to the east. Queen Creek carves a deep

ravine less than a kilometer to the north. The Apache Leap Tuff sheet slopes upward

toward the west where it culminates in steeply sloping cliffs rising 500 m above the

Superior basin. Maximum elevation at the crest exceeds 1400 m above sea level.
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Figure 1.1	 Location map of the Apache Leap Research Site (ALRS) (from Bassett
et al., 1994). Elevations are in feet.
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The Apache Leap Tuff is part of a mid-Miocene ash-flow once covering a

much greater area. Figure 1.2 shows the current aerial extent, and the outline of the

original sheet as hypothesized by Peterson (1961). The tuff was deposited on a

surface with significant topography resulting in wide variation in thickness. Nearby

mining operations on the Apache Leap indicate a local thickness greater than 500 m.

The tuff primarily overlies Paleozoic limestones (Peterson, 1969; Bassett et al., 1994).

1.2.2 Subunits

The ash-flow sheet consists of an undetermined number of discrete flows

deposited in rapid succession. The resulting deposit is essentially a single cooling unit

with characteristic zonation reflecting the different cooling and compaction histories

as a function of depth. Peterson (1961) subdivided the ash flow into five unique units

based on the character of the groundmass. Beginning at the bottom, the units are

described as (1) basal tuff: poorly to moderately consolidated, non-welded tuff; (2)

vitrophyre: streaky to uniform, partially and densely welded tuff with black glassy

groundmass; (3) brown unit: densely welded tuff with light brown aphanitic

groundmass; (4) gray unit: partially welded tuff with pale red to light brownish gray

aphanitic groundmass, and (5) white unit: partially to non-welded tuff with light gray

to white aphanitic groundmass. The boundaries between these units are gradational.

(Bassett et al., 1994) The perched aquifer at DSB-1 is' believed to lie within the gray

unit.
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Figure 1.2	 Aerial extent of ash flow, past and present (shaded) (from Peterson,
1961 and Bassett et al., 1994).



27

1.2.3 Mineral and Chemical Composition

Peterson (1961) identifies the Apache Leap Tuff as a dacite based on a

mineralogical analysis of phenocrysts, but as a quartz latite based on a more rigorous

analysis of the geochemical composition. Plagioclase is the dominant phenocryst with

a composition between An22 and An40 . Lithic inclusions make up 1 to 2% of the tuff

with increasing abundance in the lower part of the ash-flow. Pumice fragments

comprise as much as 25% of the tuff in the upper units, but are virtually absent in the

lower units. Detailed tables of mineral and chemical composition of each unit are

given in Peterson (1961) and are reproduced in Bassett et al. (1994).

1.2.4 Structure

The Apache Leap Tuff is highly fractured with considerable spatial variability.

Typical fracture spacing ranges from 1.5 to 4.5 m, but can be as high as 10 m

(Peterson, 1961). Three distinct fracture sets were identified by Thornburg (1990) that

strike (1) ENE with an azimuth of 67° to 77°, (2) N with an azimuth of 2° to 19°, and

(3) NW with an azimuth of 136° to 145°. All are near vertical, though joints of

virtually all orientations can be seen in surface exposures. The first set identified by

Thornburg (1990) is thought to have formed from flexing around pre-existing

topography. The others appear to be a result of tectonism associated with basin and

range formation. The cliffs overlooking Superior run parallel to the second fracture

set.
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1.2.5 Hydrologic Parameters

Table 1.1 shows the results of porosity measurements by several different

researchers. The measurements made by Geddis (1994) were done on core from

DSB-1. His data are subdivided into the White and Gray units by this author based

on the visual appearance of the core.

Laboratory measurements of saturated hydraulic conductivity range from 0.69

x 10-9 m/s to 438.3 x 10 -9 m/s with a median value of 4.2 x 10 -9 m/s (Rasmussen et

al., 1990)

Table 1.1
	

Porosity measurements on Apache Leap Tuff

Unit Porosity (%) Method Source

All 0.4 - 16
n = 12

powder density
and bulk specific

gravity data

Peterson (1961)

White 9.2 - 47.6*
14.6 mean
n = 105

mercury intrusion Vogt (1988)

Gray 5.9 mean*
n = 4

mercury intrusion Vogt (1988)

Brown 7.2 mean*
n = 4

mercury intrusion Vogt (1988)

White 12 - 21**
16.4 mean

n = 15

air pycnometer Geddis (1994)

Gray 2 - 11**
5.3 mean
n = 94

air pycnometer Geddis (1994)

* Vogt (1988) used pressures which he felt slightly underestimated actual porosity.
** Recent measurements using water intrusion on the same core have given higher

porosities (E. Hardin, 1995, personal communication).
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1.3 Regional Hydrogeology

1.3.1 Surface Water

Stream flow on the Apache Leap is ephemeral. Summer storms tend to

produce high-intensity, short-duration events. Winter storms tend to produce lower

intensity, longer duration events occasionally resulting in base flow from melting snow

and ice. A series of parallel valleys direct runoff eastward from the Leap to a small

north-flowing tributary system that discharges into Queen Creek. Queen Creek flows

west, cutting a deep canyon through the Apache Leap Tuff. Vertical exposure in the

canyon is as much as 180 m. The drainage basin containing DSB-1 is outlined in Fig.

1.3. Specific locations of soil-gas and surface-runoff sampling sites are also

identified.

1.3.2 Groundwater

A regional perched aquifer has been tentatively identified using drilling records

from mining and ranching activities. Figure 1.4 shows a general hydraulic gradient

to the south, with discharge from the Apache Leap into Devil's Canyon. The local

gradient beneath the ALRS is uncertain. A table with all known water-level data from

the Apache Leap Tuff is given in Bassett et al. (1994).

The local perched system may have also drained into Queen Creek Canyon at

one time. Prior to 1972, two springs discharged into the canyon at elevations of 1024

m and 1034 m above sea level. The springs dried up after construction of Magma

Mine's vertical shaft #9 and the Never Sweat haulage tunnel. Water entering the mine
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Figure 1.3	 Drainage basin at the Deep Slant Borehole (DSB) site. "SG" and "AQ"
refer to soil CO2 and surface runoff sampling sites, respectively. Contours are drawn
in 40 ft. intervals.
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Figure 1.4	 Regional water-level map based on reports of first encounter of water
from all drilling in the region. Elevations are in feet. (from Bassett et al., 1994)
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is pumped out resulting in partial or total dewatering of the supplying aquifer.

(Bassett et al., 1994)

1.4 Vegetation 

The primary source of CO 2 in the unsaturated zone at the Apache Leap is from

root respiration and microbial oxidation of organic material in the soil. Different

types of plants produce respired CO 2 with distinct carbon isotopic signatures

depending on the type of photosynthetic process employed. Type C 4 plants produce

CO2 with 8 13C values of-9 to -18%0. Type C3 plants fix CO2 less efficiently than C 4

plants, resulting in greater isotopic fractionation; 6 13C ranges from -23 to -36°/00.

Crassulacean acid metabolism plants (CAM) can function using C 3 or C4

photosynthetic processes depending on environment and seasonal conditions; 8 13C

ranges from -9 to -36%0 (Smith, 1982). The Apache Leap is dominated by C3 species

(Table 1.2).

1.5 Previous Work 

1.5.1 Carbon Isotopic Signature of Soil CO 2

A number of papers over the past 15 years have argued that the carbon isotopic

composition of CO 2 from the soil atmosphere is distinct from that of CO2 flux passing

through the soil (Min and Miinnich, 1980; Cerling, 1984; Quade et al., 1989; Cerling

et al., 1991; Cerling and Quade, 1993). Dôrr and Münnich (1986) and Cerling et al.
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Table 1.2	 Vegetation abundances and photosynthetic types at the Apache Leap.
(Compiled from P. Davidson, 1993, written communication, and Smith, 1982)

Dominant

Scrub Oak (Quercus turbinella) C3

Point-leaf Manzanita (Arctostaphylos pungens) C3

Very Common

Sawtooth sotol (Dasylirion Wheeleri) CAM

Agave (Agave pa/men) CAM?

Bear Grass (Nolina nlicrocarpa) CAM

Mountain mahogany (Cercocarpus betuloides) C3

Common

Toumey oak (Quern's tourney° C3

Salt bush (A triplex spp.) C4

Yucca (Yucca spp.) ?

Wild lilac (Cecrnothus grvggii) ?

Less Common

Alligator juniper (Juniperus deppeana) C3

Wright silktassel (Garlya wrightii) C3

Single-leaf pinyon (Pinus monophylla) C3

Mistletoe (Phomdendron coryae) C3

Utah juniper (Juniperus osteosperrna) C3

Grease bush (Glossopetalon spinescens) C3

Muhly grass (Muhlenbeigia spp.) C3

Rare

Prickly pear (Opuntia spp.) CAM

Cholla (Opuntia imbricata) CAM
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(1991) have defined "soil CO 2' as the CO 2 occupying soil pore space, and "soil-

respired CO 2' (or "soil respiration CO 2") as the flux of CO 2 resulting from root

respiration and microbial oxidation of organic material in the soil. Soil CO2 has units

of concentration (e.g. % V) while soil-respired CO 2 has units of flux (e.g. mole/m 2 .hr).

For consistency, the same terminology is used in this work.

Soil CO2 and soil-respired CO 2 are collected by different methods, which

means that sampling methodology plays an important role in the interpretation of

isotopic results. Soil CO2 can be collected by taking a "grab sample" (e.g. advectively

drawing air through a soil probe into an evacuated vessel), while soil-respired CO 2 can

only be collected by capturing CO 2 as it exits the soil over time (e.g. placing a KOH

solution under an inverted container at the soil surface to absorb CO 2 emitted over

time).

Investigations reporting differences between CO2 sampled from the soil

atmosphere relative to CO2 flux or to soil-zone organic material go back more than

20 years (Rightmire and Hanshaw, 1973; Rightmire, 1978; Fritz et al., 1978; Reardon

et al., 1979; Fontes and Gamier, 1979), but the first work to argue that the difference

could be explained by diffusion theory was Min- and Mtinnich (1980). At that time

the diffusion coefficients of 13CO2 and 12CO2 were thought to differ by 4.1%0 (Craig,

1953). Thus, Dôrr and Miinnich (1980) concluded that the 5 13 C of soil CO 2 and soil-

respired CO 2 should differ by about 4%0. Their experimental results roughly
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supported the theory; soil CO 2 samples were enriched in ''C by an average of'-3.5%o

relative to soil-respired CO 2 samples.

Cerling (1984) advanced the theory by demonstrating the mathematical basis

for the conclusions of Min and Münnich (1980). Cerling (1984) claimed that the

minimum difference between soil CO 2 and soil-respired CO 2 predicted by his

derivation is approximately 4%o. This difference increases as samples are taken near

the soil-air interface due to the influence of atmospheric CO 2 . Experimental

verification, in this case, was indirect. Stable carbon isotope measurements were

made on modern soil carbonates and on the soil organic mass, with the assumption

that the 8 13C of the organic mass should equal that of soil-respired CO 2. Rather than

finding carbonates in isotopic equilibrium with the assumed soil-respired CO 2 value,

the carbonate samples were enriched in 13C by an additional 4-5%0. The conclusion

was drawn that the carbonates had probably formed in isotopic equilibrium with soil

CO2 that was enriched in '3C by 4-5°/00 relative to soil-respired CO 2, as predicted by

the derivation. A follow-up study by Quade et al. (1989) also stressed that a

distinction should be made between soil CO 2 and soil-respired CO 2, and demonstrated

that modern soil carbonates were in isotopic equilibrium with calculated soil CO 2

values.

Cerling et al. (1991) applied updated measurements of atmospheric gases and

atomic masses to determine that the diffusion coefficients for 13 CO 2 and ' 2C O2 differ

by 4.4%0 (vs. earlier calculation of 4.1%o). They went on to conclude that soil CO2
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should have a VC at least 4.4%0 heavier than the corresponding soil-respired CO 2 .

Direct analysis of a series of soil CO 2, soil-respired CO 2 and soil carbonate samples

all gave approximate confirmation of the theory. Cerling and Quade (1993) expanded

on the work of Cerling et al. (1991) with additional sampling, emphasizing that soil

CO2 should be enriched in ' 3C relative to soil-respired CO2 by a minimum of 4.4%0.

1.5.2 Drilling of DSB-1

Obtaining uncontaminated pore-water samples from core was difficult until

recently because core was typically exposed to water-based drilling fluids. This

problem has been minimized by drilling with air instead of water. Atmospheric air

is the most convenient and economical source of drilling fluid, but is a potential

contaminant itself for '4C and 'H. Peters et al. (1992) took preserved tuff core

samples from a borehole that was drilled with atmospheric air injected with sulfur

hexafluoride as a tracer gas. Gas and water from the matrix pores were collected

using uni-axial compression. The gas was analyzed for SF6. If atmospheric air

entered the pores of the core during drilling, SF 6 should also be present. No report

was given of SF 6 results in Peters et al. (1992) because none was found (Yang, 1995,

personal communication). The total exposure time of core to the drilling air is

insufficient for significant transfer of atmospheric air into the rock matrix.

Loss of atmospheric air into the formation is a concern when measuring

formation gas composition. Losses are minimized by following the coring bit with

a temporary casing. The formation is exposed to the drilling air only within the
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interval between the casing and the coring bit. A tracer gas, such as SF 6, is typically

added to the air stream during drilling (Yang et al., 1986; Peters et al., 1993). Tracer

concentrations are monitored during purging of the formation after drilling to

determine when atmospheric air has been removed.

Variations of this drilling method are found in Hammermeister et al. (1985)

and Peters et al. (1993). DSB-1 was drilled using similar technology.

1.5.3 SF 6 Tracer Gas

Sulfur hexafluoride was selected as the tracer gas for this work because it is

absent or below detection in the natural environment, and has been used previously

in similar investigations (Yang et al., 1986; Peters et al., 1993). Peters et al. (1993)

injected 5% SF 6 in N2 into the air stream during the drilling of borehole USW UZP5

at Oak Flats, just to the east of the ALRS (Fig. 1.1). Upon completion of the drilling,

the 68-m borehole was subdivided into four intervals using inflatable packers. Each

interval was intermittently pumped and monitored for SF 6 concentrations over a three

month period. Sulfur hexafluoride concentrations reached background levels after a

total of 3300 m 3 of air (STP - standard temperature and pressure) had been pumped

from the borehole.

1.5.4 Core Preservation

Geochemical and isotopic sampling of pore water from core requires that the

core be isolated from the atmosphere to prevent water loss due to evaporation, and to

prevent isotopic exchange between the pore water and the atmosphere. At the start
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of this work, Protec Core® was being used by a few other researchers (Yang, 1993,

personal communication), but there was very little documentation of its reliability for

isolating core samples from the atmosphere. Auman (1986) evaluated a series of

preservation materials and determined that aluminum/plastic laminates were the

preferred material for core preservation. Traditional methods of preservation,

including plastic wraps, hot plastic coating, and wax coating, were all found to lose

significant moisture and exchange gases over time. Hunt and Cobb (1986) in the

same proceedings presented the results of a two-year investigation of several

preservation materials including an aluminum/plastic laminate referred to as Barex® ,

which was an early version of Protec Core® . This material was reported as having the

best durability and sustained minimal water loss from preserved core over the two-

year period.

Selected DSB-1 core were preserved and monitored in the current investigation

over a two-year period to establish the reliability of Protec Core® for isolating pore

water from the atmosphere.

1.5.5 Uni-Axial Compression

Pore-water extraction techniques including centrifugation, tri-axial compression

and uni-axial compression have been tested and compared by several investigations

over the past decade (Yang et al., 1988; Yang et al., 1990; Mowers et al., 1990;

Mowers et al., 1991; Peters et al., 1992). Centrifugation gives similar pore-water

chemistry and volume yields as compression techniques, but compression makes gas
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sampling possible and provides information on pore reduction. Compression also

allows pore water to be collected at various applied stress levels without

disassembling the extraction system (Yang et al., 1990). Uni-axial compression was

preferred by Mower et al. (1991) over tri-axial for four reasons: (1) loading could be

increased, increasing total yield, (2) pore volume reduction is more quantitative

because there is no lateral expansion during compression, (3) a larger range of core

lengths can be accommodated, and (4) risk of contamination from confining fluid is

eliminated.

Pore waters obtained by compression may be chemically altered relative to

their in situ composition. Peters et al. (1992) reported an increase in sulfate; a

decrease in chloride, sodium, calcium and magnesium; and fluctuations in bicarbonate

concentrations with increasing applied pressure. Possible mechanisms offered for this

phenomena are (1) dilution by zeolite-absorbed water, (2) dissolution of carbon

dioxide gas into the pore water during compression causing mineral dissolution, and

(3) membrane-filtration and ion-exchange effects caused by the presence of clays and

zeolites. Peters et al. (1992) favored the first option.

The in situ composition of pore waters extracted from core has always been

difficult to determine. Peters et al. (1992) attempted to create a "known" composition

by saturating core samples with water of measured composition and then compressing

the core, but the final composition of the injected water is subject to change before

compression begins. Minerals precipitated during drying of the core may dissolve into
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solution once the core is resaturated, and ion exchange or acid/base reactions could

take place with the rock material or with pore CO 2. The results of Peters el al. (1992)

did not resolve the uncertainty.

The influence of compression on pore-water composition could be investigated

by taking core from a saturated zone. The chemical composition of squeezed water

could then be compared with water collected directly from the aquifer. The potential

existed to carry out this investigation in DSB-1 where core was drawn from the

perched aquifer, but only one core of uncertain integrity yielded water at that depth.

1.5.6 Vacuum Distillation

Vacuum distillations were performed on DSB-1 core in the attempt to collect

pore-water carbon from core that would not yield water by compression. Vacuum

distillation techniques have been used previously for isotopic investigation of pore

water. Yang (1992) extracted 3I1 by distillation, and work is in progress looking at

180 and 2H from distilled core (Yang, 1993, written communication) but to this

author's knowledge, no one has applied distillation techniques to obtain 14C

measurements from matrix pore waters.

Distillation has not been previously attempted for carbon isotope work because

of the high probability for isotopic fractionation during extraction due to incomplete

removal of carbon. This phenomenon is evaluated in this work and applicability of the

technique for '4C measurement is demonstrated.
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1.5.7 Formation Gas and Aqueous Phase Interaction

A number of papers have been published reporting isotopic measurements at

Yucca Mountain from formation air and/or from pore water extracted from core, but

never from the same borehole at the same depths (Yang et al., 1985; Thorstenson et

al., 1990; Yang, 1992; Thorstenson, 1993; Yang et al, 1993). This has made it

difficult to determine the degree of interaction between gas and aqueous phases in

fractured tuff. Preliminary conclusions from Yucca Mountain data, based on pore

water measurements alone, argue that the aqueous and gas phases are relatively

isolated from each other (Yang et al., 1993).

A unique opportunity was present at the Apache Leap to sample pore water

from core and formation air from the same depth. The difference between the 8 13C

of aqueous and gaseous carbon is a sensitive indicator of the degree of exchange

between the two phases. If the gas and aqueous phases are not in isotopic

equilibrium, this would provide evidence that the two phases are physically isolated.

Unfortunately, it was not possible to obtain reliable stable carbon measurements from

pore waters below 20 m due to the inability to compress water from these core.

Where compression did produce water, casing in the borehole prevented formation air

samples from being drawn.

Carbon-14 can also be used to gage the interaction between the aqueous and

gas phase, but with a loss of sensitivity. If gas and aqueous phases exchange carbon,

measured 14C activities should be the same for both phases at the same depths.



42

Vacuum distillation of core allowed these comparisons to be made through most of

the borehole.
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CHAPTER Two
METHODS

2.1	 Soil CO2 Sampling

2.1.1 Soil CO2 vs. Soil-respired CO 2

The field site for direct comparison of the isotopic composition of soil CO2 and

soil-respired CO 2 was located on the bank of an ephemeral stream at the ALRS. The

site is identified as "SG-L" in Fig. 1.3. A cattle tank 1.2 m in diameter was inverted

over a small plot of soil devoid of surface vegetation but known to be underlain with

extensive root systems from nearby scrub oak and point-leaf manzanita shrubs. The

rim of the tank was sunk 28 cm into the soil, leaving 31 cm above the ground. The

volume of the tank above ground was approximately 365 liters. An entry port was

cut in the top of the tank to allow access to the interior. A perforated one liter plastic

bottle was buried horizontally 40 cm deep at the center of the tank. A 9 mm ID

tygon tube connected the perforated bottle to a valve at the side of the tank above the

ground surface. A second valve on the top of the tank allowed gas to be drawn from

the air space inside the tank above the ground surface.

Soil CO 2 samples were collected after sealing the entry port and allowing at

least two days for CO2 concentrations to equilibrate beneath the tank. Soil gas from

the perforated bottle was drawn through the tygon tubing using a hand pump until a

minimum of 10 line volumes had been removed. A 12 liter evacuated canister was
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then attached to the line and air was drawn in until atmospheric pressure was reached

in the canister. The possibility of drawing atmospheric air into the canister was

minimized by selecting a tank with a diameter several times larger than the idealized

sphere from which soil air was drawn. The contents of the canisters were later

evacuated and the CO 2 captured cryogenically.

Soil-respired CO 2 was collected by placing one to two liters of variably

concentrated KOH solution (3-13 M) in a shallow glass baking dish on the ground

surface inside the tank and immediately sealing the entry port. Two to five days were

allowed to capture CO 2. Absorbed CO 2 was released from the KOH solutions either

by direct acidification or by first precipitating the carbonate with excess BaC1 2•2H20

and then acidifying the precipitate. Evolved CO 2 was captured cryogenically.

New KOH reagents in pellet form were opened in an N2 filled glove box and

desired masses transferred to glass bottles. Solid KOH was mixed with deionized

degassed water in the field immediately prior to sealing the tank for all soil-respired

CO2 samples.

Solid KOH stock was tested for initial CO 2 content by weighing samples from

three different lots in an N2 filled glove box and dissolving them in deionized

degassed water. Inorganic carbon was precipitated with excess BaC1 2•2H20. Carbon

dioxide was collected cryogenically after acidifying the precipitate.
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Corrections were made to soil-respired 8' 3 C results to account for the mass of

atmospheric air trapped in the tank when first sealed, and for the CO 2 found in the dry

KOH pellets according to (correction #1):

_ 8 msd - (6ant)( fa.) - (a KoH)( fKoH) 

fat. - f KoH
	 (1)

where f is the fraction of the total mass of carbon found in the final KOH solution

from atmospheric air initially trapped in the tank (atm), and from CO 2 initially present

in the KOH pellets (KOH). The Smsd term is the uncorrected measured 6 13C value,

and 8abs is the calculated 5 13C of the absorbed soil-respired CO2 .

The degree of fractionation caused by non-quantitative absorption of CO2 by

the KOH solution was determined by collecting a gas sample from the air space inside

the tank just prior to removal of the KOH solution. A small electric fan inside the

tank was turned on before collecting each sample to ensure obtaining an averaged

sample of the whole air space. This was done in case the KOH solution caused a

measurable isotopic gradient in the air near its surface. The effects of fractionation

were corrected according to (correction #2):

( 8 tank — s (avg))1 — flrank

where S j is final corrected soil-respired 8 13C, and /tank is the mass fraction of CO 2 in

the air space inside the tank relative to absorbed soil-respired CO 2. The quantity Stank

ôJ =	 +
frank (2)

- Ss(avg) is the %o difference between the measured .3' 3 C of the gas inside the tank and
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the average measured 5 13C of soil CO 2. An assumption is made here that if no

fractionation took place, the 5 13C of CO2 in the air space would be equal to the

average soil CO2 value.

2.1.2 Geographical and Seasonal Isotopic Variability of Soil CO2

The isotopic composition of soil CO 2 was characterized, rather than soil-

respired CO2, because isotopic exchanges between gas and aqueous phases are driven

by the nC and 12C concentrations of soil CO 2 (Cerling et al., 1991). A total of seven

locations were sampled. Sites were chosen to represent the range of different micro-

environments present in the area. Potential variability was considered based on

differences in the dominant plant species at each location, and on differences such as

fracture fill vs. stream deposits. Figure 1.3 shows the location of each site.

Large plastic sheets averaging 10 m 2 were placed on the ground surface and

left for a minimum of two days before sampling. A hollow soil probe was inserted

near the center of each plastic sheet to a depth ranging from 7 to 40 cm depending

on the thickness of the soil cover. A minimum of ten line volumes were drawn

through the probe and tubing before connecting the tubing to a 12 liter evacuated

canister. The canister was slowly opened to allow soil air into the tank until

atmospheric pressure was reached. At site SG-MN, a smaller canister was used when

it was discovered that 12 liters of air (STP) was enough to draw atmospheric air into

the probe.
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Stable carbon isotope measurements were made on all samples to identify

possible geographic variability. Four of the original seven sites were chosen for

seasonal sampling (sites SG-U, SG-MN, SG-MS and SG-L). Samples were drawn at

least once during each season to identify possible seasonal isotopic variability.

2.2 Drilling of DSB-1 

DSB-1 was completed in January of 1993. The borehole was started 45° from

vertical with a surface trace N55°E. The head of the borehole is located in the bed

of an ephemeral stream, and the surface trace roughly follows the wash downstream.

The dip and surface trace of the borehole were selected to stay approximately beneath

the stream bed, and to maximize intersection with fractures that dip to the west — 5°

from vertical (sloping opposite of the borehole) and strike — N5°W. The location of

DSB-1 is identified in Fig. 1.3.

In the interest of preserving the in situ characteristics of pore water both in the

core and in the formation, atmospheric air was used to cool the bit and remove

cuttings. The first 2.4 m (measured along the borehole) was drilled without coring

and permanent casing was set in place (Fig. 2.1). Size "HQ" core was obtained from

the remainder of the borehole (HQ core has a diameter of 6.1 cm). From 2.4 m to

67.4 m, the formation was cored 6 m at a time (20') followed by a reaming bit that

enlarges the hole and allows temporary casing to be lowered in stages with the

drilling. Using this method, drilling-air entering the borehole at the coring bit is
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Figure 2.1	 Cross-section of DSB-1 with casing location and changes in pitch and
diameter identified. Pitch is given in degrees from vertical.
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exposed to the walls of the formation only for the distance between the coring bit and

the bottom of the reaming bit. The air then travels inside the temporary casing to the

surface. The final hole diameter is 15.2 cm.

From 67.4 m to 79.6 m, the same method was used, but coring was advanced

12 m at a time before the reaming bit and casing were brought to the bottom of the

hole. The reaming bit and casing were not used below 79.6 m. From 79.6 m to

157.6 m, the formation was cored leaving behind an 11.5 cm diameter hole. From

157.6 m to the bottom of the hole at 201.8 m, an "HQ" bit with a smaller outside

diameter was used producing a 10.1 cm hole.

Core recovery was high for most of the borehole. Losses occurred lower in

the borehole primarily due to high fracture density. Table 2.1 gives a summary of

recoveries. A detailed table is provided in Appendix A.

Dip measurements were made at three points in the borehole during drilling to

determine the orientation of the hole. Lateral drift measurements were not possible

at the time because the casing prevented accurate compass readings.

Dry nitrogen containing 10% SF 6 was bled into the drilling air at a controlled

rate in an attempt to achieve a 1 ppm SF6 tracer concentration. Equipment difficulty

resulted in an actual input rate that varied widely. Sulfur hexafluoride concentrations

were monitored during later gas sampling.

The casing was to be pulled from the hole once completed, but it became

lodged in the borehole and only a short piece was removed. The casing remained in
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place for the duration of this work beginning 7.7 m and ending 71.6 m down the

borehole (vertical depths of 5.5 and 53.5 m respectively). References to depth in the

remainder of this work refer to vertical depth rather than depth measured along the

borehole unless otherwise stated.

Table 2.1
	

Summary of core recovery from DSB-1.

Depth (along borehole)

(m)

Vertical Depth

(m)

Percent Recovery

2.4 - 30.5 1.7 - 22.6 100 (estimated)

30.5 - 50 22.6 - 36.8 98.6

50 - 75 36.8 - 56.2 101.1

75 - 100 56.2 - 76.0 99.9

100 - 125 76.0 - 95.9 99.3

125 - 150 95.9 - 115.7 98.6

150- 175 115.7- 135.5 85.4

175 - 201.8 135.5 - 156.8 78.4

Total core lost 10.0 m

Total Recovery 95.0%

2.3 Core Preservation

Core was logged and preserved as quickly as possible once removed from the

borehole. Orientation and depth were marked with colored wax pencils. The core

was videotaped and visible features such as fractures and secondary mineralization
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were noted on audiotape. Approximately half the core obtained was cut into 10-12

cm lengths for later uni-axial compression. All cuts were made using a dry diamond

saw blade with each cut requiring only a few seconds.

The entire core was preserved. Intervals ranging from 50-100 cm were

wrapped in Barex® protective plastic, secured at the ends with rubber bands, and slid

into a length of Protec Core® . Protec Core® is a multi-laminate tube of aluminum foil

and heat sealable plastic. One end of the Protec Core® was sealed with an iron and

the edge sealed to reduce the dead volume. A nitrogen line was inserted all the way

into the bag for 15 seconds as a rough purge of atmospheric air before sealing the bag

closed. No core was exposed to the atmosphere for more than 20 minutes before

being sealed. Sealed bags were laid in styrofoam saddles made to fit the curvature

of the core and placed in protective cardboard boxes. The saddles minimized the

potential for puncture due to rocking on coarse fragments during handling.

Fifteen small core segments ranging the full length of the borehole were

individually sealed and immediately weighed in the field. No effort was made to seal

these bags with any more care than the full-size samples. The weights of these bags

were monitored in a core storage room over the following two years in order to

document the reliability of the preservation method. If the bags did not prove to be

air-tight, they should have lost weight over time as water vapor escaped into the drier

surrounding air.
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The packages ranged in weight from 500 to 1500 g. For the purpose of

tracking changes over time, the initial weights are plotted as arbitrary values evenly

spread over 1.0 g intervals along the vertical axis in Fig. 2.2. Gridlines are spaced

at 0.5 g intervals. Plots that terminate early are packages that were opened. With

only one exception, all the packages maintained their initial mass through the duration

of the monitoring. The one exception was a package that received an accidental tear

approximately 2 cm in length. It is noteworthy that mass loss is significant over a

relatively short time once the Protec Core® package is compromised.

The minor fluctuations appear to be consistent between some packages, but not

between all of them. The top three lines in Fig. 2.2 plot the weights of control

packages of Protec Core ® holding only a small volume of air. If the fluctuations from

the controls are subtracted from the core, the minor fluctuations remain with roughly

the same magnitude, so error from drift in the scale can be eliminated. Water vapor

adsorbing to the outside of the packages during periods of higher humidity might

cause some changes, but this should effect all packages proportionally. It is uncertain

why the minor fluctuations exist, but the reliability of the preservation method for

isolating core from the atmosphere appears to be good.
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Figure 2.2	 Change in weight of core preserved in Protec Core®. Initial weights are
plotted as arbitrary values separated by 1.0 g intervals. The top three lines are empty
Protec Core® packages weighed as controls.
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2.4 Pore Water Collection and Handling from Uni-Axial Compression 

2.4.1 Uni-Axial Compression of DSB-1 Core

A total of 76 core samples were squeezed in a uni-axial compression cell in the

attempt to obtain representative pore water from the rock matrix. The physical setup

was nearly identical to that used by Mower et al. (1991) and Peters et al. (1992) (Fig.

2.3). The inside of the cell was cleaned with distilled deionized water and dried

before each use. Drain plates, stopcocks, tubing and syringes were washed with 0.1

N HC1, rinsed with distilled deionized water, and dried by blowing off most of the

water with pressurized nitrogen.

Once the cell and components were dry, a package of preserved core was

opened, a single piece removed and the bag resealed. The core from DSB-1 has a

slightly oversized diameter relative to standard "HQ" core, which prevented the core

from fitting directly into the compression cell. By cutting the core into thirds

lengthwise with the second cut perpendicular to the first, enough material was

removed to allow a snug fit in the cell. These cuts were made with the same dry

diamond blade used in the field and required only a few seconds per cut. The core

was then wrapped in a 0.25 mm (0.01") thick teflon sheet and placed inside the

compression cell. Total time of exposure to the atmosphere once removed from the

preservation package was less than five minutes.

The upper drain plate and piston were positioned and the syringes attached.

Once the drain plate was sitting on top of the core, the syringes were drawn back to
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Figure 2.3	 Diagram of the uni-axial compression cell (modified from Mower et al.,
1991 and Peters et al., 1992).
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pull air out of the dead space in the cell and the contents expulsed to the atmosphere.

This was repeated several times on both top and bottom syringes until a partial

vacuum was obtained. Loading of the cell was carried out in 36 MPa increments

every three to five minutes with a maximum load of 552 MPa. Air entering the

syringes was periodically expulsed to the atmosphere. Water was rarely seen entering

the tubing and syringes before reaching a load of 300 MPa. At full load, the cell was

allowed to sit for a minimum of 30 minutes before collecting any water produced.

A disposable cellulose-acetate, 0.4511m filter was attached to the first syringe and the

contents pushed through the filter into either a 2.5 or 5 ml glass vial, or into an 8 ml

polypropylene vial. The same filter was used on the second syringe. Samples

collected in glass were sealed with wax and saved for chemical and carbon-isotope

analyses. Samples in plastic vials were used for chemical analyses for this work and

for uranium isotopic analyses for an independent investigation (E. Hardin, 1994,

personal communication).

For some cores, the top syringe was removed after the water was collected, and

a high pressure nitrogen line was attached to the tubing in its place. Nitrogen was

introduced at the top of the cell at a pressure of 0.7 to 2.8 MPa (-100-400 psi). The

load was then cycled over several 100 MPa to allow nitrogen to enter pore spaces and

push additional water out the bottom drain plate. Yields using this method were

typically very small with maximum gains of about 1 ml. These samples were filtered

and collected separately and none were used for carbon isotope work.
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2.4.2 Pore-Water Yield

Peters et al. (1992) reported that they were able to squeeze water from non-

welded tuff cores having a degree of saturation as low as 16 2%, and from welded

cores having saturations as low as 37.3% using a cell capable of delivering a load of

830 MPa. Average yields were 24 and 6 ml of water respectively. The cell used for

the current investigation was only capable of 552 MPa, but reasonable yields were

anticipated since calculated saturations for DSB-1 core samples are all greater than

50%. An average yield of 7 ml was obtained from core taken from the top 21 m of

the formation, but attempts below 21 m were almost all zero yield. Individual yields

are reported in Appendix B.

Yang (1993, personal communication) observed that non-welded tuff samples

squeezed during the study by Peters et al. (1992) did not yield water if they contained

less than about 6.5% water by weight. Figure 2.4 plots the gravimetric water content

of DSB-1 core samples as percent water by weight. The vertical dashed line is placed

at a water content of 6.5%. The horizontal dashed line is placed at a depth of 25 in.

Almost all the points greater than 6.5% are also above the 25 m line, in agreement

with the above observation.

2.4.3 Chemical Analysis of Squeezed Pore Water

The pH of pore water obtained by uni-axial compression was measured using

an Orion® micro-probe on 1041 sub-samples. Anions were determined using ion

chromatography (IC), and cations and silica by inductively coupled plasma
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Percent Water by Weight

Figure 2.4	 Percent water by weight for DSB-1 core samples. The zero-yield
threshold for uni-axial compression of non-welded tuff according to Yang (1993,
personal communication) is identified by the vertical dashed line at 6.5%. Only one
sample below the horizontal dashed line at 25 m produced water by uni-axial
compression.
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spectrophotometry (ICP). Total carbon (TC) and dissolved inorganic carbon (DIC)

were determined by oxidation and acidification respectively, followed by infrared

spectrophotometry. Dissolved organic carbon (DOC) was determined by subtracting

DIC from TC.

Distilled deionized water was passed through all components of the uni-axial

compression system and stored in glass and plastic vials in the same manner as

collected samples. These blanks were analyzed as above. Dissolved species

contributed by the equipment were noted and subtracted from sample analyses where

appropriate.

2.4.4 CO2 Extraction from Squeezed Pore Water

Dissolved inorganic carbon from squeezed pore water was collected for stable

and radioactive carbon analyses by acidifying the sample under vacuum. A modified

100 ml Erlenmeyer flask (Fig. 2.5) was connected to a vacuum line and evacuated

to less than 10-4 torr. The flask was closed to the vacuum line and filled with either

ultra-high purity argon or nitrogen to atmospheric pressure. A volume of 30-50 ml

of pore water was drawn from a series of glass vials into a 60 ml plastic syringe. A

split was taken from this for chemical analyses and the syringe was weighed. The

syringe needle was then plunged through a septum at the input port.

The flask was slowly opened to the vacuum line with two water traps

(immersed in a dry-ice/isopropyl-alcohol bath) and two CO 2 traps (immersed in liquid

nitrogen) in line. The pressure drop in the flask was used to draw the sample from
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Figure 2.5 Diagram of the vacuum flask used to extract DIC from small volume
samples of pore water. Sample is injected into an Ar- or N2-filled flask through a
septum at the top. Acid, introduced through the same septum, converts dissolved
carbonate species to CO2.
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the syringe into the flask. The flask was closed to the vacuum line again and the

procedure was repeated with 5 ml of 0.25 N HCI. Filling the flask with argon or

nitrogen reduced the possibility of leakage around the needle when pushing through

the septum, and prevented the sample from erupting into the flask when first injected.

When injected into a fully evacuated flask, the sample tends to erupt and coat the

sides with droplets that are then difficult to bring into contact with the acid.

After acidification, the flask was opened to the vacuum line for several minutes

to allow transfer of degassed CO 2 to the traps. Ultra-high purity argon or nitrogen

was bubbled slowly through the acidified solution for several minutes to carry residual

CO2 in solution into the gas phase. Complete capture of CO 2 was verified by

observing that the small mass of frozen CO 2 in the second trap was confined around

the entry port while the rest of the trap downstream remained clear. The CO2 mass

was determined by sublimating the sample into a known volume, measuring the

temperature and pressure and applying the ideal gas equation. The aqueous sample

volume was determined by re-weighing the empty syringe.

2.5 Vacuum Distillation

Pore-water composition was originally to be determined through an

examination of uni-axial compression yields, but most of the core proved to have a

total water content too low to produce any water using the maximum load capacity
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of the compression cell. A vacuum-distillation system was designed in order to

extract water and carbon from these cores for 3E1 and ' 4C analyses, respectively.

The stainless-steel vacuum cylinder shown in Fig. 2.6 was first positioned

vertically with an ultra-high purity argon line attached to the bottom port. Several

minutes were allowed for argon to flush atmospheric air from the cylinder. The argon

flow rate was then reduced to a few hundred cc/min. A preserved core section 50-100

cm in length was opened and immediately transferred into the vertical cylinder. The

end plate was secured and the top port sealed. The cylinder was then laid

horizontally. The top port (on the left in Fig. 2.6) was opened with argon still

flowing, and connected to a vacuum line containing cryogenic traps for water and

CO2 .

The cylinder was closed to the argon line and opened to the vacuum line

initially bypassing the traps. A pressure drop from 700 torr (— atmospheric pressure

in Tucson) to 15 torr required only 20-30 seconds. The cylinder was closed to the

vacuum line again and the downstream line was pumped down to less than 10 -4 torr.

This process allowed the bulk of any residual atmospheric air still in the cylinder to

be purged from the system. The cylinder was finally opened to the vacuum line and

routed through two or three water traps and two CO 2 traps as described in section

2.4.4.

Heat was applied to the cell after 15-30 minutes using electrical heat-tape

wrapped around the cylinder. The temperature was raised to 180°C over a time period
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Figure 2.6	 Diagram of stainless-steel vacuum distillation cell and system of
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ranging from 20-60 minutes and maintained for the duration of the distillation. Total

distillation times ranged from 5 to 15 hours.

When finished, trapped water (as ice) was isolated from the rest of the line,

melted in an argon atmosphere, and transferred into pre-weighed, argon-filled glass

bottles. Water yield was determined by reweighing the full bottles. Several of these

samples were submitted for tritium analysis. Trapped CO2 was isolated from the rest

of the line, sublimated and measured as above. For three of the distillations, CO 2

splits were measured over time. Once cooled, the core sample was removed and

resealed in a new Protec Core ® package.

2.6 Extraction of Carbon Precipitated During Vacuum Distillation

Extraction of the carbon precipitated as CaCO 3 during distillation was

attempted by crushing the distilled core and acidifying splits under vacuum. Three

distilled core samples were removed from their preservation packaging and crushed

using a jaw crusher and parallel rolling drums that had been first washed with dilute

HC1 (0.01 N), rinsed with distilled deionized water and blown dry using pressurized

air. Maximum final particle size was fine to medium sand. Homogeneous splits were

made from each core by using a soil splitter to sub-divide the crushed core into glass

sample jars. Splits averaged about 500 g.

A single jar was weighed, the contents added to a modified 2 liter Erlenmeyer

flask and the flask opened to a vacuum line for two to four hours (Fig. 2.7). The
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Figure 2.7 Diagram of vacuum flask used to extract carbon precipitated as calcite
during vacuum distillation. Previously distilled core is crushed, placed in the flask,
and the air evacuated. Acid added through the separatory funnel converts calcite to
CO2.
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mass of rock to be leached was determined by subtracting the weight of the empty

sample jar from the full weight. Approximately 500 ml of 0.1 N HNO3 was then

added to the flask without breaking vacuum. The resultant slurry was allowed to sit

for 30 minutes with periodic shaking. The flask was opened to the vacuum line for

two minutes with water and CO 2 traps as described in section 2.4.4. Several splits

were allowed to sit in the acid for longer periods of time with no significant increase

in the CO2 yield.

Measurements on blanks using 0.1 N HNO 3 with no rock demonstrated that an

impurity was introduced during collection with a contribution proportional to the time

opened to the traps. This mass was subtracted from the final CO2 mass measurements.

One sample analyzed for the impurity found acetone. Acetone was routinely used to

clean vacuum grease from ground glass fittings on the vacuum line and may have

been the source of the impurity. Stable carbon isotope measurements were made on

each CO2 sample, but the difficulty in removing the impurity prevented the possibility

of reliable 14C activity measurements.

2.7 Formation Gas Sampling

Formation gas sampling was carried out in DSB-1 at the same depths where

core squeezing and vacuum distillations were done. Gas sampling was not possible

where the casing was in place, so most of the work was done below a depth of 54 m.

Only one sample was taken above the casing.
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Two inflatable packers, each approximately 1.8 m in length, were used to

isolate the sample interval from the rest of the borehole. The packers were separated

by one meter. Interval pressure, atmospheric pressure, surface temperature and flow

rate were continuously monitored during purging and sampling of the interval.

Pressure was monitored from the surface through a 6 mm plastic line leading to the

interval. Air from the interval was drawn through a 12 mm plastic line. Sulfur

hexafluoride concentrations were measured on site twice a day by gas-chromatography

using an electron capture detector.

Purging for each interval varied from 36 to 307 hrs with 1.3 to 99 In 3 of air

(STP) removed respectively. At the end of the purge, two evacuated 12 liter canisters

were filled simultaneously with borehole air using a diaphragm pump. The canisters

were flushed three times by partially filling with sample gas and evacuating. Sample

gas was transferred to the canisters a final time a few hundred torr above local

atmospheric pressure to minimize the effects of possible leakage. The temperature

and absolute pressure were recorded to determine the total mass of air in each

canister. Time series measurements were made at 130 m for both stable and

radioactive carbon to determine the relationship between purge time and the isotopic

composition of the sample air.

In the lab, each canister was connected to a vacuum line. The valve was

opened enough to allow a small flow of air through a series of water and CO2 traps

as described in section 2.4.4. Carbon dioxide partial pressure was calculated by
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dividing the volume of CO 2 recovered by the total volume of air in the canister (both

at STP). Duplicates using the second canister were measured for most intervals to

gage the reproducability of the method.

Water vapor in the formation air was sampled at two depths by routing the

flow stream through three one-meter cryogenic towers (Fig. 2.8). The flow rate was

controlled so that no water was left to freeze out beyond the entry port of the third

tower. Once finished, the towers were filled with ultra-high purity argon, the

collected ice melted, and the water transferred into argon-filled glass bottles for tritium

analysis. Sample volumes ranged from 100-150 ml.

2.8 Water Sampling

2.8.1 Perched Aquifer Sampling

Samples were brought to the surface using a submerged, stainless steel, piston

pump and 12 mm plastic tubing. Temperature, pH, dissolved oxygen (DO), and

several anion concentrations were monitored over time and allowed to stabilize before

sample collection (Fig. 2.9, (a) and (b)). Final temperature, pH and alkalinity were

measured in the field. All samples were filtered using cellulose-acetate 0.45[1m filter

paper. Samples for carbon, hydrogen, oxygen and sulfur isotopic analyses were stored

in one-liter glass bottles. Samples for chemical analysis were stored in one-liter

polyethylene bottles. Samples intended for cation analysis were acidified in the field

using 1 ml of 6 N HC1.
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Figure 2.8	 Diagram of the cryogenic towers used to capture water vapor as
formation air was pumped from the borehole. Towers are 1 m in height and are
drawn to proportion.
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Figure 2.9 (a) Changes in aqueous chemistry during a purge of DSB-1 ending
6/11/93.
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Figure 2.9 (b) Changes in aqueous chemistry during a purge of DSB-1 ending
11/2/93.
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Dissolved inorganic carbon was extracted for 8 13C and "C activity

measurements by acidifying the sample under vacuum and trapping degassed CO 2

cryogenically as described in section 2.4.4. Dissolved organic carbon was extracted

for 14C activity measurement using a glass vial with an arm extended downward at an

angle (Fig. 2.10). Potassium persulfate (K2S20 8) was placed in the extension and

approximately 50 ml of sample was placed in the main vessel. Hydrochloric acid (0.1

N) was added to the sample and the head space was evacuated to remove DIC and

atmospheric air from the sample. The vial was sealed, inverted to mix the sample

with the potassium persulfate and exposed to UV light for several hours. Potassium

persulfate and UV are both used to oxidize organic carbon to CO 2 (Armstrong et al.,

1966). Evolved CO 2 was captured as above.

2.8.2 Surface Runoff Sampling

Surface runoff sampling was done at three locations (Fig. 1.3), once during the

winter and once during the summer. The winter runoff was the result of a continuous

slow melt from a light snow cover, while the summer runoff was a more transient

flow from a single precipitation event. Temperature, pH and alkalinity were measured

in the field and samples collected as described in section 2.8.1.
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Figure 2.10 Diagram of vessel used to convert DOC to CO 2 for radiocarbon analysis.
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2.9 Isotopic Analyses 

All stable isotope measurements were made by the Isotope Geochemistry Lab

in the Department of Geosciences at the University of Arizona. Carbon results are

reported as per mil shifts relative to the PDB standard by:

where R smp

813C - (  "P — 111000	 (3)
RPDB

is the 13C/ 12C ratio of the sample and RpDB 1S 13 C1 12C ratio of the PDB

carbon isotopic standard (Craig, 1957).

Carbon-14 measurements were made using a tandem accelerator mass

spectrometer (TAMS) in the Physics Department at the University of Arizona

(accelerator is funded by the National Science Foundation). Results are reported as

14C activity relative to a standard:

- 

 A smp
(4)

0.95.4ox

where A smp is the activity of the sample (disintegrations per minute per gram of

carbon (dpm/g C)), and A 0. is the activity of the former National Bureau of Standards

(NBS) oxalic acid measured in 1950 (13.56 dpm/g C). An activity of 1, defined as

"modern carbon", is the hypothetical AD-1950 carbon-14 activity of wood (Mook,

1980). Carbon-14 results are reported in this work as "fraction modern carbon".
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Tritium measurements were made by the Tritium Laboratory at the University

of Miami. Results are reported in tritium units (TU) where one TU is equal to one

tritium atom per 10 18 hydrogen (mass-1) atoms.
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CHAPTER THREE

THE STABLE ISOTOPIC COMPOSITION AND

MEASUREMENT OF CARBON IN SOIL CO.,

3.1	 Introduction 

Interpretation of "C data requires knowledge of possible carbon gains, losses

or exchanges in the system that could have altered the "C activity of a sample beyond

simple radioactive decay. Processes altering the carbon system can often be identified

by comparing the stable carbon isotopic composition of different phases, as mentioned

in chapter one. Carbon dioxide produced in the soil zone can be a significant source

of carbon in the deep unsaturated zone, so soil CO 2 samples were collected in order

to characterize the isotopic composition of this source.

Initial uncertainty regarding the claims of Dôrr and Mtinnich (1980) and

Cerling (1984) that different sampling methods collect isotopically unique CO 2 lead

to an expansion of the original mission. The results presented in this chapter are in

basic agreement with the earlier investigations, but offer refinements in the theoretical

understanding and in the practical approach to soil-respired CO 2 sampling. A

simplified equation, relative to Cerling (1984), is also presented which allows soil CO 2

or soil-respired CO2 to be calculated using only four measurable variables.
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3.2 Theoretical Development

Cerling (1984) modeled the 8 13 C(CO2) distribution in soils under steady-state

conditions where net soil respiration (Q) is distributed equally over a depth (L) such

that the rate of CO 2 production is (1)* = QIL. The change in concentration over time

is given as:

acs* a2cs*

at	 az2

where D is the diffusion coefficient for CO 2 in soil, and C is the concentration of CO 2

at depth z. The subscript s refers to soil, and the superscript * refers to bulk CO 2

without isotopic distinction. The soil is assumed to be a one-dimensional box with

an impermeable boundary at depth L and with the following boundary conditions:

at z = 0, Cs* =

a c.:
at z = L, — - o

az
where Ca* is the atmospheric concentration of CO 2 . The production of CO 2 can then

be expressed as a function of soil CO2 concentration with depth (Cerling, 1984):

4)* (5)

(6)

(7)
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-  (8)
1-z z 2

2

The production of 13 CO2 and 12CO2 can be represented independently by equation (8)

using "13" or "12" superscripts in place of *•

At steady state, the BC/ 12C ratio of CO2 production (4)*) will equal the 1302c

ratio of the flux (J*), such that:

	4) 13	 j 13
R

	4)12 	j12

Substituting equation (8) in terms of each isotope into equation (9) gives:

R 	( c.:3 _ al3 ) Ds13

cs12 ca12 ) Ds12

Equation (10) can be expressed in terms of the dominant isotope and 5 13 C notation

using the following relationships:

= R C ii2 	(11)

for R s and R a, where R i is the 13CO2/12CO2 ratio of C i *;

.

R.= 	+1R PDB
I 	1000

(12)

for 8„ 5a and 5 j, where S i is the 6 13C corresponding to R i , and RpDB is the isotopic

ratio of the PDB carbon isotope standard; and

(9)

(10)
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	A 	 1

D512 	D'3 
1 (M12 + M air) m

j.

 13 -2 1.0044 D .: 3s	 iLf 	\

k 1"13 ÷ 1 'I air ) 1 ' 1 12

(13)

where Da 12 and D 8 13 are the diffusion coefficients for 12CO2 and 13CO 2 respectively,

M 12 and M 13 are the atomic masses of '2CO2 and 13CO 2 respectively, and Mair is the

average atomic mass of air (Craig, 1953; Cerling et al., 1991).

Substituting equations (11) through (13) into equation (10) and solving for 6 s

gives:

Cal2
88 = 1.0044•5j +	 1.0044 Sj - 4.4) + 4.4	 (14)

Cs

Naturally occurring CO 2 is almost 99% '2CO2, which means that bulk CO 2

measurements can be used in place of the C I ' terms without measurable change. The

error introduced by replacing C a 12 and Cau with Ca* and Ca *, respectively, is less than

0.001%w.

Equation (14) gives the same results for 8 s as Cerling (1984) with four

measurable variables. (The final equation from Cerling (1984) is given in Appendix

C.) Depth and the parameters used to determine the diffusion coefficients in soil (air

porosity, tortuosity, temperature and pressure) all drop out of the equation because

they are the same for 12CO2 and '3 0:312 at each point. Production rates are implicitly

accounted for by the concentration terms. Equation (14) allows the 5' 3 C of soil CO 2

to be calculated knowing only the 6 13C of soil-respired and atmospheric CO 2, and the
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concentration of atmospheric and soil CO 2 at any selected depth. Similarly, the 5 13C

of soil-respired CO 2 can be calculated by solving for 6 j and measuring S s instead of

6. The difference between the 5 13C of soil CO2 (S s) and soil-respired CO 2 (6j) can

be expressed as:

A = - 8 	0.0044 to + - 1.0044 S - 4.4) + 4.4 (15)

At steady state, S j will be the same as the 3 I3C of the organic material in the

soil which is determined by the photosynthetic process employed by the plant species.

Stable carbon isotope signatures for C4 plants range from -9 to -18%0, C3 plants from

-23 to -36°/00, and CAM plants from -9 to -36%0 (Smith, 1982). When

o
8<  a — 4.4

1.0044
(16)

(i.e. when the difference between S a and Sj is greater than about 4.4%0) 6.8 approaches

its theoretical minimum as Ca*/Cs* approaches zero. At the limit of Ca */C s * = 0, A6

will range from 4.24%0 for Sj = -36%0, to 4.36%) for S j = -9%0. As approaches 4.40%0

as Sj approaches Woo (i.e. as R j approaches RpDB ).



When

S a — 4.4

j 1.0044

the minimum As is approached as Ca */Cs* approaches 1 (e.g. as z approaches zero).

This condition may occur in soils dominated by C4 or CAM plant species with very

high 5 13C values or where a forest canopy creates a surface atmosphere with an

isotopic composition similar to the soil atmosphere (Cerling and Quade, 1993). At

the limit of Ca*/Cs* = 1, As = 8a - 5 .1. For atmospheric CO2 with a 5 13C of -8%0

(Cerling and Quade, 1993), As will range from 4.0%0 for 6 -12%0 to 1.0%0 for 8 .1

= -9°/00. Rather than being a constant 4.4%0 (Cerling et al., 1991; Cerling and Quade,

1993), the theoretical minimum As is a function of the 8 13 C of soil-respired CO 2, and,

under specific circumstances, the S BC of atmospheric CO 2 .

Figure 3.1 (a) and (b) are plots of As VS. 1/Cs * for four different Ei j values. The

-12.7 and -27.1%0 lines represent average 8 13C values for C3 and C4 plants respectively

(Cerling, 1984), while the -9 and -36%0 lines represent the extreme values for each

photosynthetic class (Smith, 1982). The two vertical lines mark a typical atmospheric

CO2 concentration of 0.035% on the right, and maximum naturally occurring soil CO 2

concentrations of about 100 times atmospheric (3.5%) on the left. The area bounded

by the -36%0 and -9%0 lines and the two vertical lines approximately defines the range

of As that are likely to be observed in real measurements. Table 3.1 gives examples

of calculated As values for select soil CO2 concentrations and 6 j. values.
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Figure 3.1 (a)
relative to the
compositions of
-8%o, and Ca* =

The 6' 3C difference between soil CO 2 and soil-respired CO 2 (A6)
inverse of the soil-0O 2 concentration for four different isotopic
soil-organic matter. Plots are made using equation (15) with Sa =
0.035% V.
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Figure 3.1 (b) Enlargement of Fig. 3.1 (a) for C s * = 100% to 2% V
(1/C8 * = 1 to 50).



84

Table 3.1	 Values of 48 based on equation (15) for various soil CO 2 concentrations
and 5j values. Ca* 0.035% V and 5 a = -8%0 for all examples.

5 j

(O/00)
A8 for Cs* =

0.1% 0.5% 1.0% 2.0%

-36 12.56 5.90 5.07 4.66

-27.1 9.47 5.32 4.80 4.54

-12.7 4.47 4.37 4.36 4.35

-9 3.18 4.13 4.24 4.30

3.3 Field Sampling

Field sampling was conducted during this investigation with special attention

given to possible sources of error associated with soil-respired CO 2 collection. All

sampling was done at a single site where a cattle tank was inverted with the edge

buried into the soil. Soil CO 2 samples were drawn from beneath the tank at a depth

of 40 cm. A total of 13 soil CO2 samples were collected over a three-year period.

Isotopic analysis did not show any seasonal variability, though short-term fluctuations

of up to 2%0 in a single day were observed. Short-term variability at this site is

similar to that observed by Rightmire (1978), Reardon et al. (1979), and Thorstenson

et al. (1983). The 5 13C values for these samples ranged from -18.2 to -22.1%0 with

an average of -20.1 ± 1.2%0 (la). Soil Pc02 (C, * ) ranged from 0.8 to 1.0% V.

The results of soil-respired CO 2 sampling are shown in Table 3.2. The first

column lists the measured 5 13C of CO2 extracted from the KOH solutions after
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removal from the tank with no corrections. The remaining columns tabulate the data

and corrections applied to the measured results.

Table 3.2 Soil-respired CO2 sampling results: Column (1) is the uncorrected
measured 8' 3C of CO2 extracted from the KOH solution, (2) is the mass of soil-
respired carbon absorbed, (3) and (4) refer to the mass contribution from the
atmosphere and from the KOH pellets respectively, (5) is the 5 13C of CO2 contaminant
in the KOH pellets, (6) is the 8 13C of soil-respired CO 2 after correcting for
atmospheric and KOH contribution, (7) and (8) refer to measurements made on the
air in the tank prior to removing the KOH solution, and (9) is the final 5 13C of soil-
respired CO 2 after correcting for fractionation at the KOH solution surface.

1 2 3 4 5 6 7 8 9

8 .1

Un-
Corr.
(%o)

Mass
J*

CO2

(mmol)

Mass
Atm
CO2
(%)

Mass
KOH

CO2
( A)

8KOH
(%o)

Sj
Corr.

#1
( Ao)

Mass
Tank
CO2

(mmol)

6tank
(%o)

6j
Corr.

#2
(%o)

-22.7 39 11.1 2.5 -14.7 -24.6 3.6 -15.7 -24.2

-21.7 19 20.0 4.6 -14.7 -25.3 6.0 -18.0 -24.4

-23.8 82 5.6 1.3 -14.7 -24.8 7.3 -19.5 -24.7

-23.8 343 1.3 0.2 -14.7 -24.0 8.9 -19.1 -24.0

-24.4 250 1.8 0.3 -14.7 -24.7 9.2 -17.6 -24.6

averages and standard deviations (la)

-23.3
±1.1

-24.7
±0.5

-24.4
±0.3

Previous investigations reporting soil-respired CO 2 collection typically make

no mention of initial CO 2 in their base reagents (Dôrr and MUnnich, 1980; Dôrr and

Mtinnich, 1986; Cerling et al., 1991). The assumption, presumably, is that freshly
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prepared base solutions contain negligible CO 2. This assumption was tested during

this work by measuring the absorbed CO2 content from three different lots of KOH

pellets opened in a glove box that was purged with dry nitrogen. The mass of carbon

from each lot was 1.04 x 10 -5 , 0.68 x 10 -5 and 1.08 x 10 moles per gram of KOH,

with 45 13C values of -17.3, -14.7 and -19.4%0 respectively. From Table 3.2, it can be

seen that this is a significant portion of some of the soil-respired CO2 samples and

must be corrected for.

Column 6 of Table 3.2 gives the new 5j after using equation (1) (Chapter 2)

to correct for both initial CO2 in the KOH pellets, and the atmospheric CO 2 trapped

in the tank when first sealed. The correction for atmospheric air was based on

measured concentration and 6'3C values of 0.032% V and -9.6%0 respectively (n = 2).

The 5 13C is lighter than the global average because the samples were taken near the

ground surface where respiring soil CO2 is not fully dispersed. Samples were taken

here because this is the gas that occupies the air space in the tank when open. The

correction from atmospheric air and from residual CO2 in the KOH both shift the raw

results in the same direction.

It has also been assumed in previous investigations that capture of respiring

CO2 by the base solution is quantitative (Ddorr and Münnich, 1980; Ddrr and Miinnich,

1986; Cerling et al., 1991). This assumption was tested by sampling air from the void

space inside the tank during collection of respiring CO2. Figure 3.2 plots the changes

in CO2 concentration and 5 13C over a three day period. The results are in agreement
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Figure 3.2	 Change in concentration and 8' 3C of CO 2 present in the air space inside
the tank during soil-respired CO2 collection.
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with the laboratory observations of Fritz et al. (1985). The void space is apparently

rapidly filled with soil CO 2 (second data point S s = -20.7%0, Cs * = 0.66% V) which

is then isotopically fractionated by the KOH over time favoring the lighter isotope in

solution.

Column 9 of Table 3.2 gives the final corrected 6 13C values for soil-respired

CO2 after accounting for initial atmospheric and KOH contamination, and for

fractionation at the KOH solution surface using equation (2) (Chapter 2). Diminishing

standard deviations with each correction in Table 3.2 are a result of initial variability

in the degree of contamination and fractionation.

Using measured soil CO2 concentrations ranging from 0.8 to 1.0% V,

atmospheric CO2 concentrations and 8' 3C values of 0.032% V and -9.6%0 respectively,

and the average corrected Sj from Table 3.2, equation (14) predicts a soil CO2 with

a 6 13C of -19.7 to -19.8%0 (As = 4.6 to 4.7%0). The predicted 5, is not statistically

distinguishable from the measured average of -20.1 ± 1.2%0 (la).

3.4 Summary 

The theoretical minimum difference between soil CO2 and soil-respired CO2

(As) is not 4.4%0 as previously thought. The minimum value is a function of the 5 13 C

of soil-respired CO2, and, under specific circumstances, the VC of atmospheric CO2 .

For most natural soils, the theoretical minimum 6,8 will range from 4.24 to 4.36%0,

though it can be considerably less if the difference between the 5 13C of atmospheric
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CO2 and soil-respired CO2 is small. Field measurements of A6 will generally be

greater than 4.4%0 for soils where the 8' 3 C of organic mater is less than about -12.5%0.

The results of field measurements in this study approximately match those predicted

by equation (14).

It cannot be assumed that KOH pellets contain negligible CO 2 . KOH pellets,

and presumably NaOH pellets, may contain a significant mass of CO2 even in freshly

opened, laboratory grade materials. The mass and isotopic composition of this CO 2

must be accounted for in the interpretation of isotopic analyses.

Contrary to past assumptions, the capture of CO 2 in a base solution beneath a

surface enclosure is not necessarily quantitative. Fractionation at the solution surface

must be quantified so that appropriate corrections can be applied.

The influence of contamination by the atmosphere and base solution, and the

effects of fractionation can all be minimized by increasing the time of sample

collection. The fraction of carbon from each undesired source will decrease with

increasing capture of soil-respired CO2 .

The accuracy of calculated 8'3C values using equation (14) will depend, in part,

on which variable is measured. Soil CO2 samples represent the isotopic composition

of the soil atmosphere at one moment in time, making it possible to capture short

duration fluctuations. Soil-respired CO2 samples, on the other hand, represent the

average isotopic composition of CO2 flux over a several day period. Short term
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variability is smoothed out. The potential error using a single measurement of 8, to

predict Sj will thus be larger than if a single measurement of 5j is used to predict Ss.
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CHAPTER FOUR

VACUUM DISTILLATION: A NEW METHOD FOR COLLECTING 14C
FROM UNSATURATED-ZONE PORE WATER

4.1	 Introduction

DSB-1 core was selected during this study from depths associated with

potential water-bearing fractures and from intermediate depths to determine if fracture

flow could be identified based on elevated "C or 3f1 in pore waters near the fractures.

The need for a new method of obtaining carbon from unsaturated-zone pore water

arose from the inability to squeeze water from most of the core selected.

Carbon recovery by distillation is incomplete, resulting in an isotopically

fractionated sample, but the total fractionation is small enough to cause a relatively

minor error in the measured "C activity. Total carbon yield, though incomplete, is

higher than anticipated based on carbon concentrations in squeezed pore waters. The

unexpected yields may be evidence of a large reservoir of carbon adsorbed to mineral

phases.

4.2 Fractionation Theory 

If the partial pressure of CO2 is lowered over a solution in equilibrium with the

previous higher partial pressure, the solution will begin to degas CO 2. As CO2 is

transferred to the gas phase, the solution pH begins to rise as dictated by the following

equation:



HCO; + H + H2CO3 u H20 + CO2

As bicarbonate is converted to carbon dioxide, the H+ concentration falls resulting in

a rise in pH.

With a rise in pH, the solubility of calcite is lowered according to

Kcal _ a Ca 2+ Pco,

Kt 	a 2
H +

(15)

where Kcal is the equilibrium constant for the dissociation of calcite, a is the activity

of the dissolved species in solution (approximately equal to molality at low ionic

strength), Pc02 is the partial pressure of CO 2, and K t is the combined equilibrium

constant for the transfer of CO 2 to H2CO3 , for the dissociation of H2CO 3 to HCO 3 -, and

for the dissociation of HCO 3" to CO 32-. The decrease in the denominator in equation

(19) is greater than the decrease in P 02 as a result of squaring the all+ term. The

activity of Ca2+ must also decrease for the right side of the equation to equal the

constant on the left. This is the mathematical description of the fact that calcite is less

soluble at higher pH. If a solution is at equilibrium with respect to calcite, an increase

in the pH will result in supersaturation and probable precipitation of calcite.

Calcite solubility is also affected by temperature changes. Calcite is unusual

among minerals because its solubility decreases with increasing temperature.

Precipitation of calcite due to a decrease in P 02 and an increase in pH will be

enhanced by an increase in temperature.

92

(18)
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All three of these phenomena occur during vacuum distillation of core. By

drawing a vacuum on the core, the partial pressure of CO 2 drops dramatically. As

CO2 moves into the gas phase, the pH of the pore water rises, lowering the solubility

of calcite. When the temperature is elevated, the decrease in solubility is magnified.

Before distillation, pore waters from all measured DSB-1 core were undersaturated

with respect to calcite. At some point during the distillation, saturation is achieved

due to the combined effects of lowering the P 02, increasing the pH and temperature,

and increasing the concentration of dissolved species through the selective removal

of water.

This means that the recovery of dissolved inorganic carbon from pore water

by vacuum distillation will not be complete. Once saturation of calcite is achieved,

dissolved carbon will be removed from solution both by degassing and by

precipitation as calcite. The relative proportions will be determined by the initial

composition of the water, the P 02 micro-gradients in the deeper pores, the rate of

water transfer, and the timing and magnitude of the temperature increase.

Incomplete carbon recovery will likely result in a gas-phase sample that is

isotopically fractionated relative to the original aqueous phase. The heavier isotopes

are enriched in the aqueous phase during aqueous-gas interactions, and in the solid

phase during solid-aqueous interactions (Friedman and O'Neil, 1977; Wigley, 1978).

Under non-equilibrium conditions, fractionation is often enhanced. As carbon

is evolved to the gas phase during distillation, it is removed from the system by the
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traps with no opportunity to equilibrate with the aqueous phase. This effect may be

dampened by the increase in temperature, however, because fractionation between all

three phases diminishes significantly with increasing temperature (Wigley, 1978).

If distilled samples are used to determine the stable carbon isotope abundances

of in situ pore water, one of the following phenomena must be demonstrated: (1) total

fractionation is insignificant, (2) fractionation is significant but consistent, allowing

accurate corrections to be made, or (3) if no calcite is initially present in the core, the

solid phase precipitated during distillation can be sampled and used together with the

recovered gas phase to calculate the in situ pore-water composition.

Fractionation of 14c/
12C is roughly twice the magnitude of 13C/12C fractionation

(Fritz et al., 1978; Fritz and Mozeto, 1980; Mook, 1980), but it is less of a problem

obtaining representative samples due to current measurement capabilities and

interpretational application. Stable carbon measurements are reported as per mil shifts

(%0) relative to a standard (Chapter 2, equation (3)). Current analytical techniques

permit measurements with precisions routinely less than 0.2°/00, and with some

instruments as low as 0.02%0 (current work at the AMS facility at the University of

Arizona). Identifying the state of isotopic equilibrium between gas, aqueous and solid

phases often requires the ability to measure 5 13C differences of 1%0 or less, so

fractionations resulting in shifts of several per mil or more become very significant.

Carbon-14 measurement is much less precise. 	 Carbon-14 activity

measurements typically have precisions on the order of 0.6% or 6%0. In addition, a
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change of 1% or 2% in 14C activity means very little when interpreting ' 4C results.

As a result, a process that causes a 5 13C fractionation of tens of per mil may prove to

be a relatively small error for interpretations using the measured 14C activity. If

vacuum distillation produces uninterpretable stable carbon measurements,

representative '4C measurements may still be possible if the total fractionation is not

extremely large.

4.3 Time-Series Measurements of Mass and 6 13C

All of the fractionating phenomena mentioned above are time dependent.

Temperature, P 02, pH, and pore-water solute concentration all change over the course

of a distillation. The point at which a distillation is terminated may then affect the

isotopic composition of the collected sample. This was investigated by collecting

carbon splits over time for three different core samples.

Figures 4.1 through 4.4 show the results of splits collected from core taken

from depths of 9.0, 15.0, and 69.3 m respectively. The mass of rock used at each

interval was 3326, 2883, and 5268 g with total yields of 3.40, 5.68 and 3.35 g carbon

respectively.

Figure 4.1 (a) is the cumulative mass of carbon per kilogram of rock collected

over time. Figure 4.1 (b) is the same data but plotted as cumulative mass fraction to

show the relative proportion of the total mass collected at various times for each core.

Figure 4.2 is the heating history. The maximum temperature used on the 69.3 m core
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Figure 4.1 (a)	 Cumulative mass of carbon per kilogram rock collected during
vacuum distillation of select DSB-1 core.
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Figure 4.1 (b)	 Cumulative mass fraction of carbon collected during vacuum
distillation of select DSB-1 core.
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Figure 4.2	 Temperature of the stainless-steel cell during vacuum distillation of
select DSB-1 core.
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was only 150°C compared to maximum temperatures of 180°C for the other two with

no apparent affect on the mass yield. The 9.0 and 69.3 m core both required six

hours to reach 70% of the final yield even though they had different heating histories.

The 15.0 m core, which had the same heating history as the 9.0 m core, required only

two hours to reach 70%. The differences in the final yield (mass per kilogram rock)

are probably attributable to differences in original pore-water composition and

variations in the calcite precipitation rate during each distillation. All the remaining

cores were heated to 180°C with yields that varied from 0.28 to 3.42 g carbon per

kilogram rock with an average of 1.8 ±0.9 (la).

In each case, the distillation was continued well beyond the point where water

ceased to be released from the rock, but carbon was still being extracted at the point

of termination. For all three samples, the rate of extraction approaches zero over time,

but more carbon could have been obtained if the distillations had been extended.

Stable carbon isotope measurements were also made on each split. Figure 4.3

(a) is 5 13C vs. time, and (b) is 8 13C vs. the cumulative mass fraction. The dotted lines

for the 9.0 m core are due to loss of the sample at the fourth data point during 8 13C

analysis. The value at this point was extrapolated using points two through six in

order to calculate the total 8' 3C for the sample.

The shaded bar in Fig. 4.3 (a) shows the interval of temperature elevation. The

6'3C of individual splits are increasing through this time, and decreasing after. The

most likely explanation is that the first carbon to distill off is isotopically light (more
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Figure 4.3 (a) The 6 '3C of individual splits collected during vacuum distillation of
select DSB-1 core. The center point on the dashed line is extrapolated from the other
points. The shaded bar identifies the period of increasing temperature.
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Cumulative Mass Fraction (C)

Figure 4.3 (b) The S BC of individual splits as a function of the cumulative mass
fraction of carbon collected during vacuum distillation of select DSB-1 core. The
center point on the dashed line is extrapolated from the other points.
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negative) relative to the pore water. As '2C is preferentially removed from the pore

water, the pore water becomes enriched in ' 3C. Subsequent carbon removed to the gas

phase will continue to be isotopically lighter than carbon in the pore water, but as this

reservoir becomes heavier, the gas fraction will also trend heavier over time. This

phenomenon can account for the increase in 5 13C early in the distillation.

As water is driven off and the pH increases, the pore water approaches calcite

saturation. When the temperature is raised, this is accelerated both due to the

increased rate of water removal, concentrating dissolved species, and due to calcite's

decreasing solubility with increasing temperature. Once saturation is reached, calcite

will begin to precipitate, creating a second carbon sink from the pore water. This sink

preferentially removes ' 3 C, resulting in an isotopically lighter pore water. If the rate

of calcite precipitation sufficiently exceeds the rate of degassing, the net effect will

be a depletion of 13 C in the pore water. As the pore-water reservoir becomes lighter,

the CO2 fraction degassing from that reservoir will also become lighter. This could

explain why the 8 13C values of individual splits begin decreasing after the temperature

is raised.

A comparison of Figs. 4.3 (a) and (b) demonstrates that the changes in 5' 3C

over time are probably a result of the phenomena described above rather than a

function of how much carbon was removed from solution. The relative changes have

no correlation with mass fraction removed, but a high correlation with time and

temperature.
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Figure 4.4 shows what the 8' 3C of the total sample would be if terminated at

each split. Each point represents the sum of all points previous using the following

equation:

V3Ctotal = (813Cd (n i )
 

(20)

where 5 13 C t0ta1 is equal to the sum of the 6 13C of each previous split (6 13 C 1 ), multiplied

by the mass fraction of each split (m, ).

Beyond the first three hours, the 15.0 and 69.3 m core experience relatively

minor change, but the 9.0 m core continues to decrease significantly for several more

hours. All four of the final data points for this core are connected with a dashed line

because the calculation of each value depends on all the previous values, and the VC

of the fourth point is an estimate. Table 4.1 lists the final values compared with 6 13 C

values from pore water obtained by compressing core from nearby depths.

Although the early 8 13C composites from Fig. 4.4 appear fairly erratic with

spreads of up to 20%0, the later composites stabilize and approach somewhat similar

values. The spread in the final values is just under 6`)/00. The range for all 18 vacuum

distillations is -19.2 to -35.7%0 with an average value of -25.4 ±3.9%0 (1a). Individual

data are given in Appendix D.
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Figure 4.4	 Cumulative 5 13C of carbon collected during vacuum distillation of select
DSB-1 core. Each point represents the composite of all carbon collected up to that
point using equation (20). The dashed line reflects uncertainty in the fourth data
point. The shaded bar identifies the period of increasing temperature.
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Table 4.1	 Pore-water 6 13 C using uni-axial compression and vacuum distillation.
Analytical precision is ±0.2%0 (145).

Depth
(m)

Total 5' 3 C (%0)
Distillation

613C (%0)
Compression

9.0 -27.6

11.0 -13.7

12.0 -14.9

15.0 -21.7

21.0 -18.5

69.3 -25.8

From these data, it is clear that vacuum distillation will not provide reliable

information on the in situ stable-carbon isotopic composition of pore water under

either of the first two conditions described in section 4.2. For condition one, the

fractionation is not insignificant, and for condition two, the degree of fractionation is

not consistent enough to allow a simple correction to be applied.

For "C, the assessment is better. The maximum possible stable-carbon

fractionation, based on all 18 of the vacuum distillations and the squeezed water

values from Table 4.1, is on the order of 20%0, with most values being much lower.

This corresponds to a maximum "C fractionation of about 4%. For samples ranging

from modern to 3500 years old (oldest apparent age of data in this study), the

maximum error will be an apparent age 300-500 years too old (older samples having

the larger error) using:
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Age = 8270 In (—a°
a 14

where Age is years before the present, a14 is the current 14C activity of the sample, and

14 • 	init ial   14ao is the 	 C activity (equal to 1 for this exercise).

An error of this magnitude is not insignificant, but it is a relatively minor

drawback if the only option is no data at all. In a system where the oldest samples

are 3500 years old, measurements made using vacuum distillation will show all the

trends and relative changes accurately, with the actual ages falling somewhere between

the measured values and 300-500 years younger. This is assuming that simple

fractionation is the only source of error.

The above hypothesis was tested by comparing 14C activity from vacuum

distillation with 14C activity from squeezed pore water from nearby core. Uni-axial

compression attempts below about 20 m did not yield water, so comparisons were

possible only in the upper portion of the formation. The shaded line in Fig. 4.5

indicates where the distillation points would lie if the 14C activities were corrected by

the maximum 4%.

The top three distillation samples plot as predicted relative to the squeezed

pore-water samples. The lower data are also similar, but the anticipated relationship

is reversed. Other factors may have influenced these samples. Fractionation may

have been minimal during distillation and local heterogeneities in the formation may

106
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Figure 4.5	 Comparison of measured ' 4C activities 6f pore water obtained by uni-
axial compression (triangles) and by vacuum distillation (circles). Vertical bars show
the length of core sampled. Horizontal bars represent the analytical precision (± I a).
The shaded/thicker line shows where the distilled samples would fall if the maximum
correction of 4% is applied.
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have been sampled. Adjacent core samples distilled from deeper in the formation

demonstrated considerable variability.

4.4 Isotopic Analysis of Calcite Precipitated During Vacuum Distillation 

Three distilled core samples from the white unit were crushed and acid leached

under vacuum to collect the carbon that had precipitated as calcite during distillation.

Two core from section 4.3 (9.0 and 15.0 m) plus a sample from 20.5 m were crushed

and split into homogeneous fractions. Carbon dioxide evolved from acidified splits

was measured for mass and 6'3C. If no calcite was present in the core before

distillation, it is theoretically possible to calculate the in situ isotopic composition of

the pore water using the following equation:

o l3Cin situ = ( 813 Cdlled)(ldistilled) + (8 13Cleached) (fleached)

	
(22)

where f is the mass fraction from each source.

Average values from several analyses were used to calculate the in situ isotopic

compositions shown in Table 4.2. These values are compared with the measured

pore-water compositions from squeezed water (same data as Table 4.1). The

calculated 8 13C are similar to the measured values, but potential spatial heterogeneity

in the formation prevents conclusions from being drawn on the relative accuracy of

this method.
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Table 4.2 Recovery efficiency is the proportion of carbon originally in the core
that was collected by vacuum distillation. Calculated pore-water 3 13C values were
determined using equation (22) and are compared here with the measured values from
pore water obtained by uni-axial compression. Precisions are ±1a.

Depth

(m)

Recovery
Efficiency

(0A)

Calculated
Pore-Water 5 13C

(%0)*

Measured
Pore-Water 5 13 C

(%0)

9.0 30 ±4 (n=5) -18.9 ±0.5

11.0 -13.7 ±0.2

12.0 -14.9 ±0.2

15.0 47 (n=1) -11.6 ±0.5

20.5 61 (n=2) -15.5 ±0.5

21.0 -18.5 ±0.2

* standard deviation is approximate

4.5 Mass Balances

Calculated DIC concentrations based on water recovery from distillation and

carbon recovery from distillation and leaching were much higher than any of the DIC

concentrations measured in pore waters obtained by compression. Table 4.3 gives the

calculated concentrations and the factor by which these values exceed the average

measured DIC concentration of squeezed pore waters.
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Table 4.3 Calculated pore-water DIC concentrations based on distillation and
leaching yields. The final column (Ka) is the factor by which the calculated values
exceed the average measured DIC concentration of squeezed pore waters (16.6 mg
CIL).

Depth

(m)

Distillation/Leaching Yield
(mg C/liter H20)

Ka

9.0 59.9 3.6

15.0 64.3 3.9

20.5 75.6 4.6

Distillation generated a significantly greater mass of carbon than can be

accounted for by the pore-water concentration. If the highest carbon concentration

measured from pore water from the unsaturated zone is used (-20 mg/L as C), the ratio

of collected vs. expected carbon still ranges from 3.0 to 3.8. If a generous recovery

efficiency of 50% is assumed for all the remaining distilled cores, the ratio of

collected vs. expected carbon ranges from 0.4 to 14.9 with an average of 6.5 +4.0

(la). Only one value is less than 2. These numbers are only as accurate as the

recovery efficiency estimate, but even if recovery was 100%, all but one of the ratios

are greater than one. Individual data are given in Appendix E.

The simplest explanation would be that the vacuum system leaked, thereby

adding atmospheric carbon to the sample. Atmospheric water will also be added, but

with a smaller impact on the results. At 20°C and 50% humidity, the partial pressure

of water vapor in the atmosphere is approximately 1%. Carbon dioxide is about

0.035% (Berner and Berner, 1987). Using the ideal gas law, this translates to 7.5 mg
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water and 0.17 mg carbon per liter of air. A leak will contribute more water than

carbon, but the large water reservoir compared to the carbon reservoir in the core

reverses the relative impact. For a core with a total yield of 2.5 mg of carbon and

150 g of water (16.6 mg C/liter), a leak equal to one liter of atmospheric air would

increase the carbon yield by 6%, while the water yield would increase by only

0.005%.

To explain a four-fold increase, the above core would require an addition of

7.5 mg of carbon. This is equivalent to 44 liters of atmospheric air at STP. Such a

leak would have made it impossible to evacuate the line below typical final pressures

of 10-5 torr. With dry ice sublimating from the water traps, however, the partial

pressure of CO2 in the lab was probably much higher than atmospheric. With a partial

pressure 10 times atmospheric, a leak of only about 4 liters would be required. This

possibility was investigated.

Water gained from such a leak would not contribute a distinguishable mass.

Even from 44 liters of air, the mass gain would be only about 0.3 g. Increases in

tritium would also be below detection. If 0.3 g of water with a tritium content of 5

TU is added to 150 g of water with no tritium, the final tritium concentration would

be only 0.01 TU. At least 0.1 TU is required before any change is measurable. Leak

investigation is limited to the carbon result.

If a consistent leak were present throughout all the distillations, longer

distillations should result in younger ' 4C ages and isotopically heavier 5' 3C values
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from atmospheric contribution. Figure 4.6 plots "C activity vs. distillation time. The

data points are labeled according to increasing depth (the higher the number the

deeper the sample). The same labels refer to the same samples in subsequent figures.

No correlation appears from these data.

Figure 4.7 is a similar plot, but the "C activities are plotted relative to the ratio

of collected vs. expected yields (Ka). If proportionally larger carbon yields are due

to longer exposure to a leak, then this figure should show a correlation of higher "C

activities with higher nominal yields. Again, no correlation exists. Finally, Fig. 4.8

plots the 8' 3C of each distilled carbon sample with respect to extraction time. Longer

distillations should show a trend toward isotopically heavy samples. There is no

apparent correlation.

A final possibility is that water removal was incomplete. If most of the carbon

was removed before all the water was collected, calculated pore-water carbon

concentrations would appear falsely high. The data in Fig. 4.9, however, clearly show

that the anticipated mass of water was collected for each sample. In addition, it was

observed that water transfer from the core dropped to nearly zero after the first six

hours of distillation. These data, coupled with the close match between the "C

activity of squeezed and distilled samples, suggests that the excess carbon is not from

a leak, but is from the core samples.

Striegl (1988) and Striegl and Armstrong (1990) carried out a series of

experiments in which three types of unconsolidated sediments were dried and isolated
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Figure 4.6	 Carbon-14 activity of carbon extracted from DSB-1 core by vacuum
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increasing depth.
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Figure 4.8	 The 8 13C of carbon extracted from DSB-1 core by vacuum distillation
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in glass vacuum vessels. The air was withdrawn from these samples and an artificial

atmosphere was injected with CO2 partial pressures typically found in unsaturated

soils. Water was added to half of these to simulate the effect of soils with a 10%

water content. After 10 to 100 hours, the artificial atmosphere was removed and the

CO2 concentration measured. It was found that a significant mass of CO 2 was

removed from the artificial atmosphere by all soils, wet and dry. The mass was much

larger than could be explained by thermodynamic equilibrium relationships between

gas/aqueous/mineral carbonate phases.

Striegl (1988) and Striegl and Armstrong (1990) concluded that there is a large

reservoir of carbon sorbed onto surfaces in the soil, with the sorbed reservoir being

8 to 17 times larger than the dissolved phase. These figures match very closely with

the results of the distillations presented here and may be evidence that this is a real

phenomena.

A number of papers have been published investigating the effects of CO2

adsorption on surface charge and ion adsorption on the surface of iron oxides and

hydroxides (Russell et al., 1975; Evans et al., 1979; Zachara et al., 1987; Zelner and

Anderson, 1988; Riemsdijk and Hiemstra, 1993). Riemsdijk and Hiemstra (1993)

reported calculated adsorption of CO 2 for a range of solution pH, PCO2 and ionic

strength. At conditions similar to pore waters squeezed from DSB-1, adsorption falls

near 4 ilmol CO 2 per m2 of iron oxide surface area.
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A tuff with 5% porosity at 80% saturation will hold 10 cc of water in 250 cc

of bulk rock. At 16.6 mg CIL (1380 p.mol/L), 10 cc of water will hold 13.8 [tmoles

of carbon. If twice this mass is adsorbed onto surfaces (Ka 3), enough iron oxide

(or similar substrate) must be present in 250 cc of bulk rock to adsorb 27.6 lmoles

of carbon. According to the calculations of Riemsdijk and Hiemstra (1993), this will

require about 7 m2 of iron oxide surface area (2.8x104 m2 of surface per m 3 of bulk

rock). Further investigation is required to evaluate this possibility.

4.6 Summary 

Extraction of DIC from matrix pore water by vacuum distillation is an effective

method when extraction is not possible by other means. Approximately 30 to 60%

of the carbon in the rock pores is recovered during distillation with the rest

precipitating in the pores as calcite. Incomplete recovery results in isotopic

fractionation favoring the lighter isotopes in the recovered phase. The degree of

fractionation in this study was too variable to allow corrections to be made for

calculating the stable isotopic composition of the pore waters. Isotopic variability of

carbon recovered during the first few hours is especially high, but can be minimized

by continuing the distillation to the point where water recovery is nearly complete.

In this study, essentially complete water recovery was achieved within six hours.

Attempts to determine the original isotopic composition of pore water by comparing
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the mass and isotopic composition of recovered gas and precipitated calcite were

inconclusive.

The effect of fractionation on 14C measurements is much less significant. The

maximum fractionation in this study, based on calculations using stable isotope

fractionation, is approximately 4%. Recovered samples have ' 4C activities up to 4%

lower than true. The error is not trivial, but it is relatively small. Carbon-14

measurements on pore waters obtained by uni-axial compression and by distillation

of core from adjacent intervals produced similar results.

The carbon mass recovered from each sample was several times greater than

anticipated based on DIC concentrations in pore waters from squeezed core.

Comparisons of stable and radioactive carbon measurements with extraction time

eliminated the possibility of a leak in the distillation system. The high yield may be

the result of baking off a significant reservoir of adsorbed carbon.
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CHAPTER FIVE

FORMATION GAS SAMPLING AND THE ADEQUACY OF SF 6 AS A TRACER GAS

5.1 Purging SF 6  from DSB-1 

Formation gas samples were collected after isolating selected one-meter

intervals and purging the formation of atmospheric air. Ideally, just enough gas

should be purged to ensure that the air injected during drilling is removed, but not so

much that air is being drawn from a long distance away in the formation or from the

atmosphere. In practice, the appropriate mass of air to purge is difficult to determine.

Peters et al. (1993) found that SF 6 concentrations in borehole USW UZP5 at

Oak Flats dropped to background levels after removing 3300 m 3 of air (STP).

Divided by the depth of the borehole (68 m), this equals 48.5 rn 3 of air per meter.

How this applies to purging one-meter intervals in the same borehole is uncertain.

Fractures have a much higher air permeability than matrix pores, so most of the air

drawn from a large fractured interval will come from the fractures. Purging a fracture

alone may require almost as much air removal as purging the fracture plus a large

unfractured interval. A select one-meter interval in the borehole could require a purge

of much less or much more than 48.5 m3 of air.

Figure 5.1 (a) through (h) plot the SF 6 concentration vs. pumping time. The

mass of air removed for each interval purged is shown in Fig. 5.2. The gas

chromatograph was typically re-calibrated using SF 6 standards before each analysis.
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Figure 5.1 (c) and (d) Sulfur hexafluoride concentration of purged formation air over
time. Open circles are approximations as described in the text. Filled circles are
calibrated measurements.
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During a period when the standard gas was not available, an approximate calibration

was established by using the ratio of the SF 6 response relative to the 0 2 response.

Approximated measurements using this method are plotted as open circles. Figure 5.1

(d) shows the results using both the approximation and the results using a fresh

calibration with SF 6 standards. The approximated data points show greater fluctuation,

but general concentrations and trends appear to be accurate.

Peters et al. (1993) observed a generally decreasing trend in SF 6 concentrations

during pumping. The results shown in Fig. 5.1 are very different. Many of these

plots show rising SF 6 concentrations over time. Two significant differences are

apparent between this work and Peters et al. (1993). First, Peters et al. (1993) was

able to control the SF 6 input rate fairly precisely. With a uniform distribution of SF 6

in the formation, concentrations should fall monotonically with pumping. In the

current study, SF 6 input rates varied substantially during drilling. In this case, SF6

concentrations could increase if the air drawn from farther away comes from a region

with a higher input level.

The second difference is that Peters et al. (1993) began pumping as soon as the

borehole was completed. Equipment difficulties prevented sampling in the current

study for over a year. The long delay allowed SF 6 to move deeper into the formation.

Over time, SF 6 and other gases will diffuse into smaller pores. During advective

removal of gas from the formation, the smaller atmospheric gases will escape these

pores more readily than SF 6. This will not produce increases in SF 6 concentrations
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during pumping, but will be a mechanism for delayed removal of SF 6 relative to

atmospheric gases.

Dissolution into pore waters will also be more significant with time as a result

of further migration of SF 6 and longer exposure to the water. During pumping, SF 6

will begin to degas in response to the drop in pressure. In the less fractured intervals

where the total mass removal was small, degassing could have contributed significant

SF 6 . Increasing concentrations with time could result from a delayed pressure response

through the formation and time required for degassing SF 6 to reach the borehole.

Sulfur hexafluoride may also adsorb to the rock matrix. Glass syringes

exposed to SF 6 and then purged with nitrogen produced measurable SF 6 peaks from

pure nitrogen injections days after the initial SF 6 exposure. Syringes used for sample

measurement had to be baked under vacuum to remove adsorbed SF 6. Adsorption

may be limited, however, by the presence of water. Pore surfaces are moist in the

formation, so SF6 must first dissolve into solution before interaction with a solid

surface is possible. If this is a significant phenomenon, it could provide an additional

mechanism by which SF 6 is delayed.

Peters et al. (1993) observed that atmospheric 14C levels were measured in their

second interval before the SF 6 concentration had reached background levels. This

means that the danger of over-pumping is not eliminated by monitoring SF 6 . For

carbon sampling, the potential impact of over-pumping is more severe than under-

pumping.
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If atmospheric air displaces a volume of formation air, a CO 2 gradient will be

created. Carbon dioxide partial pressures in the unsaturated zone are typically more

than 10 times greater than atmospheric levels resulting in a migration of formation

CO2 into the volume containing atmospheric air. If a sample is collected after re-

equilibration with no purging, the sample will contain a maximum of 10%

atmospheric carbon. Over-pumping, on the other hand, could draw in air with a far

higher atmospheric contribution.

5.2 Time-Series Measurements of  14C and 6 13 C

One interval with intermediate permeability (130.4 m) was monitored for

changes in 5 13 C and 14C activity during a five-day purge (Fig. 5.3). The first sample

was collected from the open borehole before the packers were inflated. Minimum

values for both 6 13C and 14C activity were achieved by the second day of pumping.

Figure 5.4 shows the 8 13 C and Pc02 measurements for all sampled intervals. At 130.4

m, the time series values are plotted to show the shift in composition as air was

removed. The PC values after two and three days are similar to samples from all the

higher intervals.

The shift toward heavier 8 13C values after the first two days combined with

increasing 14C activity suggests that atmospheric air was incorporated into the sample.

The heavier 6 13 C values for the intervals below 130.4 m are also probably the result

of over-pumping. Permeabilities in the lower intervals were much higher than in the
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upper intervals and larger air masses were purged (Fig. 5.2). Isotopic equilibrium

calculations using the pH and temperature of the perched aquifer predict gas-phase

PC values more consistent with measurements from the upper intervals.

Stable carbon isotope values of -16.7 and -16.9%0 were measured for two DIC

samples from the perched aquifer. Using equilibrium relationships given in Wigley

et al. (1978), gaseous CO 2 in isotopic equilibrium with these samples should have a

6 13C of-23 to -24%0. The average 6' 3C of formation air down to 130.4 m is -21.8

±0.4%0 (la), while the lowest two intervals are -20.4 and -18.0%0.

The Pc02 of the aquifer is also higher than the measured Pc02 of the lowest

interval, but consistent with measurements from higher intervals. Calculated log PCO2

values, using the chemical equilibrium computer code PHREEQE (Parkhurst et al.,

1980), for three aquifer samples are -2.17, -2.36, and -2.41. Average log PCO2 of

formation air down to 130.4 m is -2.13 ±0.13. Log Pc02 at 133.8 m is still high at

-2.07, but at 145.8 m, it is down to -2.91.

Low P 02, high 8'3 C and high "C activity relative to the intervals above and

relative to the aquifer all suggest that atmospheric air contributed to the two deepest

intervals. Plans to re-sample these intervals were prevented when the packers became

lodged in the borehole. Interpretation of the "C data is given in Chapter 6.

5.3 The Isotopic Composition of Soil CO2 and Formation CO2

The average 5'3C of 25 surface soil-0O 2 samples taken at various locations and
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seasons is -20.2 ±1.2%0 (1a). This is slightly heavier than the average value of

formation air mentioned above (-21.8 ±0.4%o). This shift could be caused by

dissolution of CO 2 into solution from a limited reservoir of formation air.

Surface runoff infiltrating into the unsaturated zone dissolves additional CO 2

as a result of silicate hydrolysis and exposure to higher Pc02 levels. The final mass

of DIC in pores is about four times greater than the mass of carbon in the air-filled

porosity at 50% saturation. The disparity increases with increasing saturation. If a

significant reservoir of adsorbed carbon exists, as discussed in Chapter 4, the disparity

will be greater still. Exchanges between the gas and aqueous phase are thus more

likely to result in larger changes in the isotopic composition of the gas phase than in

the aqueous phase. Diffusive transport of CO 2 to depth must be many times greater

than the rate of water transport in order to reverse the affect.

The rate of diffusive gas transport can easily exceed the rate of advective water

transport in the unsaturated zone, but several conditions may exist that diminish the

rate of gas transport or enhance the rate of water transport. High saturation will

diminish gas transport by both restricting the available pathways, and by increasing

the aqueous/gas carbon ratio. Gas transport will also be diminished if the

concentration gradient is small. A change in 5' 3C of less than 2%0 with no change in

total CO2 concentration results in a ' 3 CO2 gradient that is quite small. Diffusive

transport will be slow. Finally, advective transport of water may be enhanced by
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imbibition of fracture flow into the matrix. Each phenomenon is possible at DSB-1

and is discussed in greater depth in Chapter 6.

5.4 Summary 

The results of this study suggest that SF 6 is not an adequate tracer for use in

monitoring the removal of drilling air from a formation. In the deeper intervals where

air permeability was high, air samples contain evidence of atmospheric contamination

drawn from the surface even though SF 6 concentrations were not diminished, and in

some cases were increasing. At one interval monitored over time, minimum "C and

6 13C and maximum P 02 values were measured by the second day of pumping.

Carbon-14 and 6 ' 3C then began to approach atmospheric levels while SF 6 remained

high. Slower removal from small pores, dissolution into pore water, and adsorption

on solid surfaces may result in retardation of SF 6 relative to atmospheric gases in the

drilling air.

The 8'3C of formation air was consistent down to 130.4 m with an average

value of -21.8 ±0.4%0 (la). Log Pc02 of formation air to 130.4 m averaged -2.13

±0.13 (la), with no observable trend with depth. Intervals below 130.4 m were over-

pumped. The lighter 5 13 C of formation air relative to soil zone CO 2 may result from

carbon exchanges between the gas and aqueous phase below the soil zone.
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CHAPTER SIX

OCCURRENCE AND SIGNIFICANCE OF FLUID FLOW THROUGH FRACTURES

6.1	 Introduction 

The occurrence and significance of water and gas flow through fractures is

investigated in this work using geochemical and isotopic measurements from surface

water, soil gas, formation gas, pore waters, and perched aquifer water. Carbon-14 and

tritium measurements, obtained primarily by distillation (Chapter 4), provide evidence

that half the water in the aquifer in a mixing zone beneath DSB-1 may be derived

from nearby fractures. Geochemical models further suggest that older aquifer water

moving into the local mixing zone is also derived largely from fracture recharge.

Gaseous diffusion of "CO2 has been offered as a possible mechanism by which "C

distribution is established in the unsaturated zone, but the DSB-1 system is shown to

be controlled by flow of water through fractures with partial imbibition into the

surrounding matrix.

6.2 Sampling Schedule 

The occurrence and significance of fracture flow in unsaturated fractured rock

is difficult to document for several reasons. In the absence of a tunnel network

beneath the surface, relatively small diameter boreholes provide the only access to

water flowing through a fracture. Flows are often episodic with preferential pathways
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within each fracture plane or set, and water may bypass an intersecting borehole

without entering it. Flows that do enter a borehole may be of short duration, making

them difficult to locate and sample. Collection of water, when it is found, poses its

own set of problems. Simply collecting a sample can be a major undertaking. For

radioisotope work, additional difficulties are added by requiring isolation from the

atmosphere and larger sample volumes relative to geochemical measurements.

An attempt was made to circumvent these difficulties by extracting water for

radioisotope analyses from core samples located adjacent to suspected ephemerally

water-bearing fractures. If water flows rapidly through a fracture with some loss into

the adjacent matrix, pore waters from these core should appear younger than core

from unfractured zones.

Sampling sites were identified using video and geophysical logs of the

borehole. The highlighted bands in Fig. 6.1 identify three intervals where fracture

flow was suspected. Other intervals could also have been selected, but time and

monetary constraints limited the investigation to the most promising intervals.

At 72 m, the video log recorded water seeping into the borehole. The

geophysical logs at this depth show an increase in neutron capture, coupled with sharp

drops in resistivity and density readings. Increasing neutron capture and decreasing

resistivity readings can be caused by increased saturation in the formation.
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Figure 6.1	 Neutron, density, and resistivity logs of DSB-1. Highlighted bands are
shown at depths where ephemeral water-bearing fractUre zones were suspected based
on video and geophysical logs. Additional zones bound by the two dashed lines were
not specifically targeted, but their influence is also observed in the isotope data. The
two locations where the borehole narrows are marked as bn (geophysical data from
E. Hardin, 1994, written communication).
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Sharp, short-duration drops in density are typical of isolated fracture sets. When

occurring together, these records may indicate that water flowing through fractures has

partially imbibed into the local matrix resulting in increased saturation.

At 47 m, no resistivity data are available because of the casing remains in the

borehole at that depth, but the neutron and density logs are consistent with the

readings at 72 m. Gravimetric and vacuum-distillation results also demonstrate

anomalously high water content at this depth (Fig. 4.9).

Below 120 m, the formation becomes much more fractured. Although matrix

porosity is considerably lower in the gray unit relative to the white unit, air

permeability below 120m is much higher due to the high frequency of open fractures

(Fig. 5.2). The geophysical data reflect the increased fracturing with greater

fluctuation in the neutron and density logs. Maximum neutron capture, and minimum

resistivity and density readings occur at 134 m. Core records also indicate particularly

high fracture density here. Only 0.3 meter of core was retrieved from a 3 meter

interval at this depth due to the highly fractured condition of the rock.

Sampling points from unfractured intervals were selected by locating areas on

the geophysical logs with lower neutron capture, higher density and higher resistivity

responses. The physical condition of the core demonstrated close agreement between

log depths and recorded core depth.
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6.3 Radioisotope Measurements from DSB-1 

6.3.1 Aqueous 14C and 3H Distribution

Uncorrected 14C activity and tritium results are plotted in Figs. 6.2 and 6.3 with

the same fracture zones from Fig. 6.1 highlighted. A table of all isotopic data is given

in Appendix D. The vacuum-distilled samples provide the most complete record of

the borehole. Carbon-14 trends reverse direction toward increasing activity five times

in these data. Three of the reversals occur at or near the highlighted zones. The other

two reversals occur in the upper 30 m and just above the water table. At 20.5 m, the

reversal is probably caused by flow through an unidentified fracture zone.

Increased 14C activity in pore water from the perched aquifer may result from

additions of recent water to the aquifer through fractures. Similarity between the two

points below the water table and the nearest point above suggests that the elevation

of the water table may have been higher in the past. This is consistent with

speculation that pumping from a nearby mine has caused a drop in the perched water

table.

Several possible water-bearing fractures are identified between the dashed lines

at 89 and 98 m in Figs. 6.1 - 6.3. These fractures were not specifically targeted for

sampling, but the influence of flow through at least the lowest feature can be seen in

the peak activity at 101.8 m.

Several other observations are of interest: (1) the smallest increase in activity

is near the only zone flowing at the time core was collected, (2) the fracture zones are
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data points.
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not anomalous points along an otherwise monotonically decreasing activity plot, (3)

though the increase in activity is always near the predicted zones, the increase does

not always fall within the zone, and (4) the pore waters extracted from core within the

saturated zone have much higher activities than perched water samples drawn from

the open borehole. These observations are discussed in the following sections.

6.3.1.1 Limitations on imbibition of fracture flow into the matrix

Pores in the matrix surrounding an ephemerally water-bearing fracture will

contain water from many discrete flow events. The "C activity of this water is an

integrated value representing the proportional contribution from each event. If the

pores adjacent to the fracture are already near saturation when flow begins, imbibition

will be low. Most of the flow will continue down the fracture. These pores will

contain a smaller portion of the most recent flows relative to less saturated pores

surrounding other fractures.

At 129-133 m, the formation is highly fractured. Successive flows may take

variable routes allowing adjacent matrix pores more time to drain between flows. At

72.3 m, the fracture density is much lower. Successive flows at this depth will be

forced to take similar routes each time allowing less time for pores to drain between

flows. This may explain why this interval is associated with the smallest increase in

"C activity, even though it is the only depth where flow was directly observed from

the video log.
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An upper limit on the magnitude of imbibition of fracture flow can be

calculated using the tritium data. The results from distilled samples are all close to

zero (Fig. 6.3), indicating that the contribution of water to the matrix from each

fracture flow is small. The contribution per flow may be smaller still if some portion

of the measured tritium is a result of in situ production. (In situ production should

be less than 0.07 TU based on Andrews et al., 1989.) For the purpose of calculating

an upper limit on imbibition, it will be assumed that all the tritium found in pore

waters is a result of imbibition of fracture flow with a maximum final concentration

of 0.3 TU.

Calculations are made using two simplifying assumptions: (1) the matrix

adjacent to a fracture is represented as a box with a constant aqueous volume, and (2)

input to the box occurs from fracture flow and from matrix flow with discharge equal

to total input (steady state). The average tritium content of water in the box will

depend on the initial content of each input water, the relative proportion of water from

each source, and the residence time of water in the box:

a - qm
LT 

ame -ATdt

(

qF( 

gm+ qF)

LT 
aFe -1Tdt (23)

( qm+q4 T

where a is the radioisotope concentration (or activity) of the whole sample, am and aF

are the initial radioisotope concentrations of matrix and fracture flow respectively,

is the decay constant (ln 2/half-life), T is the average residence time of water in the
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box, and qm and qF are the flow rates (volume/time) input to the box from matrix and

fracture respectively.

The solution to equation (23) is

a-
 (amqm + aFqF)

1T[qm +qd 
(1 - e ') 	(24)

Equation (24) can be expressed as a function of the fractional volumes input into the

box per unit time by making use of the following relationships:

qm = mV	 (25)

qF = fV	 (26)

and

V T -
qm qF

such that

T-  1
m + f

where V is the volume of the box (static), and m and f are the fractions of water from

each source per unit time (time') relative to the volume of the box. The sum of m

and f cannot exceed one. Substituting equations (25) through (28) into equation (24)

and reducing yields

(27)

(28)
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Recent water imbibing into the matrix from a fracture must increase the total

tritium concentration of a pore-water sample by a minimum of about 0.3 TU before

it can be recognized. If all the water in the matrix comes from successive fracture

flows, m in equation (29) is zero. If the initial tritium concentration of fracture flow

(aF) is 5 TU, and the final water (a) is constrained to a maximum of 0.3 TU,f cannot

exceed 0.0033. This means a maximum of 0.33% of the volume of the box is

replaced with imbibed fracture water each year. The average residence time of water

in the box must be at least 300 years (equation (28)). Shorter residence times will

result in tritium concentrations greater than 0.3 TU.

Input from both fracture and matrix flow allows the total fracture contribution

to be slightly higher as a result of dilution by "dead" matrix water. In this case, am

will equal zero. Figure 6.4 is an iso-concentration plot of 0.3 TU for variable

contributions from fracture (5 TU initial) and matrix (0 TU initial). The lines labeled

m and f are the annual fractional contributions to the box, while the line labeled total

fracture contribution is the fraction of the total volume of the box derived from

fracture input. The total fraction is found by solving equation (23) for qF/(qm+qF):
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(29)
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Figure 6.4	 Iso-tritium-concentration plots of 0.3 TU for contribution of matrix and
fracture flow to a mixing zone of fixed volume vs. average residence time of water
in the mixing zone. Contribution is plotted as a fraction of the total volume of water
in the mixing zone. m is the annual contribution of matrix water (0 TU initial), f is
the annual contribution from fracture water (5 TU initial), and total fracture

contribution is the total volume of water in the mixing zone derived from fracture
flow (equation (31)).
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(30)

(31)

When am is equal to zero, equation (30) reduces to

	qF
	 alT 

qM +
 aF(1 - e -1 9

Longer residence times allow greater total contribution from fracture flow, but

smaller annual input. Maximum possible annual input from fracture flow with no

increase in tritium above 0.3 TU is about 6% with an unrealistic residence time of one

year.

A 300 year residence time for water traveling through a 50 cm section of rock

requires an unsaturated hydraulic conductivity of approximately 1.0x10 -m m/s.

Unsaturated hydraulic conductivities of samples from the white unit (upper -30 m)

range from 21x10 -9 to 3.3x10 -9 m/s for saturations of 0.96 to 0.70, respectively

(Rasmussen et al., 1990). No measurements have been made on core from the gray

unit, but the porosity is considerably lower (Table 1.1). A one order-of-magnitude

decrease in unsaturated hydraulic conductivity is a reasonable possibility.

These calculations suggest that fracture flow contributions are very small on

an annual basis, but could be a significant source of pore water over time. At 129.4

and 132.7 m, imbibition may be more significant, but no tritium measurements were
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made at these depths. The influence of non-steady-state conditions is discussed later

in this chapter.

	6.3.1.2	 Impact of fracture flow on the distribution of ' 4C in the matrix

The previous discussion leads to the second observation that measurements

from the fracture zones do not represent anomalous activities on an otherwise

monotonically decreasing activity plot. Rather, fracture flows appear to control the

14C distribution by establishing new "initial" conditions wherever they occur. Elevated

'4C activities many meters beneath producing fractures indicates that imbibition of

water flowing through fractures is a significant source of pore water throughout the

sampled unsaturated zone.

	6.3.1.3	 Observed vs. anticipated evidence of fracture flow imbibition

There are several possible reasons why the increase in 14C activity does not

always occur within the predicted zones. At 133.8 m, the predicted zone was a best

guess attempt that could simply be off by a small margin. A large interval at this

depth is fractured. High neutron and low resistivity readings suggest that water may

travel through fractures in any portion of this region. Routes may vary with duration

and magnitude of flow events. Larger flows could exceed the capacity of one

pathway forcing flow into new channels. Pathways may also change as preferred

routes become restricted due to secondary mineralization. The maximum and

minimum geophysical responses may reflect an older pathway with a high clay and

water content that is no longer a preferential pathway.
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The pore water associated with these peak responses could also have been

missed. Over half the core from a ten-meter interval at this depth was pulverized by

the drilling bit. The core thought to be associated with the maximum neutron readings

may have actually been lost. The sampled core could have come from a much less

transmissive interval.

At 72.3 m, the above explanations do not fit because flow is limited to a

narrow zone, if not to a single fracture. At this depth, smaller-scale lateral fractures

or joints may play a role where they intersect the primary fracture. If these fractures

transmit water farther away during longer duration flows, or if they transmit water

during some flows and not others, the pores in the adjacent matrix may behave like

the less saturated matrix described previously. These pores may have greater

opportunity to drain between the larger flows. Pores farther away from the primary

fracture could then contain greater proportions of recent flows (Fig. 6.5).

The sampling method could also play a role. A single core sample may

intersect multiple lateral joints some distance below the primary fracture. This core

would contain a greater proportion of recent water because it is encountering it at

more than one location.

6.3.1.4 Contribution of fracture flow to the perched aquifer

The final observation is that the "C activity of Pore water extracted from core

from the saturated zone is much higher than that of water pumped from the perched

aquifer. Water introduced to the perched aquifer by fractures may result in a localized
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Figure 6.5	 Cross-section of the DSB-1 borehole with suspected water-bearing
fractures (identified in the geophysical logs) extrapolated to the surface and to the
aquifer. The results from Fig. 6.2 are consistent with flow along these fractures with
minor imbibition into the matrix from each flow event. Highlighted zones from Fig.
6.1 through 6.3 are shown in heavier print. The horizontal dashed line identifies a
possible previous elevation of the water table.
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region with higher 14C activity. Core from this region would reflect that activity.

Samples pumped from the aquifer, on the other hand, represent the average

composition of water drawn from a large region. Samples were not collected until

many borehole volumes had been removed. The aquifer samples in Fig. 6.2 reflect

the average 14C activity of perched water drawn from some distance away, while the

pore-water samples reflect localized contribution from fracture flow.

The close match between the two points beneath the perched water table is

anticipated if the local aquifer is well mixed. Similarity with the data just above the

water table (142.7 m) may be evidence of a previous higher elevation of the water

table as discussed earlier. Limited water chemistry results do not fit with a well

mixed model, however. The total dissolved-solid content of the one sample squeezed

from the saturated zone is high relative to the perched aquifer samples (Table 6.1 and

6.2). Analysis of additional pore-water samples is required to address this question

adequately.

Boundaries can be placed on the contribution of fracture flow to the local

aquifer by using equation (30) for both 3H and 14C. Figure 6.6 is an iso-

concentration/activity plot for 311 and "C for variable contribution of fracture and

aquifer water in a local mixing zone. Input values for the older aquifer water are 0

TU and a "C activity of 0.6672. Input values for water traveling through fractures

are 5 TU and a 14C activity of 1. The point where the two lines cross is the common

solution for a mixed water with 0.3 TU and a "C activity of 0.8163 (average activity
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Table 6.1	 Chemical composition of pore water obtained by uni-axial compression.
Each heading refers to the average depth of several composited core samples.
Concentrations are given in mg/l.

8.5 m 11.0 m 12.0 m 15.6 m 21.0 m 152.8 m

pH 7.3* 6.7** 6.8** 7.5* 6.5** 7 •5*

HCO 3 69.9 102.5 102.6 82.7 63.0 121.5

SO4 55.9 30.5 70.6 18.8 26.7 34.1

NO3 14.2 <0.5 <0.5 9.7 19.1 23.5

PO 4 5.2 10.5 <0.5 2.2 <0.5 <0.5

Cl 22.6 37.1 40.8 33.7 45.2 46.0

Na 52.9 47.1 58.8 51.2 56.4 47.7

K 2.6 3.5 3.1 2.7 2.8 18.0

Ca 22.3 27.8 35.1 21.9 15.8 35.9

Mg 5.4 4.5 7.4 5.8 4.0 7.1

Si02 37.4 67.4 68.7 43.2 60.3 43.0

TDS 288 331 387 272 293 377

Ch. Bal. 17.7% 10.9% 13.9% 25.5% 13.0% 10.9%

pH measured on 9/22/94
** pH measured on 8/12/94

Charge balance is calculated according to

E megcations E mega.. Ch. Bal. -	 100%	 (32)
E megeafions E met/anions

where meq is milli-equivalents per liter.
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Table 6.2	 Chemical composition of perched aquifer water. Concentrations are
given in mg/l.

6/11/93 7/8/93 11/2/93

T (°C) 23 23 22.4

pH 7.2 7.4 7.44

HCO 3 122.6 121.7 118.3

SO4 1.9 1.9 1.9

F bda bd bd

Br bd bd bd

NO3 0.9 1.0 1.3

PO4 bd bd bd

Cl 4.4 4.0 4.1

Na 22.5 22.1 21.0

K 0.9 0.9 0.9

Ca 20.7 20.6 19.3

Mg 3.8 3.8 3.5

Al <0.05 <0.05 ndb

Si02 51.8 54.8 52.4

DOC 7.3 6.0 5.0

Dissolved 02 nd nd 6.4

TDS 229 231 223

Ch. Bal. 6.8% 7.0% 2.9%

a bd = below detection limit of 0.25 mg/1
b nd = no data available
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	Figure 6.6	 Iso-"C-activity and iso-tritium-concentration plots for contribution of
water from fractures and from the aquifer to a mixing zone of fixed volume vs.
average residence time of water in the mixing zone. Contribution is plotted as a
fraction of the total volume of the mixing zone. Fracture water is assumed to contain
5 TU and a "C activity of 1. Aquifer water contains 0 TU and a "C activity of
0.6672. Theoretically, the fraction of water in the mixing zone derived from fracture
flow is anywhere along the "C plot to the right of the intersection between the two
lines (shown in heavier print).
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of the three lowest distilled samples). If the mixed water contains no measurable

tritium, the common solution is anywhere on the 14C line to the right of the 3F1 line

(shown in heavier print).

The common solution suggests a residence time of water in the mixed zone of

at least 140 years and a total contribution from fracture flow of at least 47%. The

actual values will be altered by contributions from bomb-elevated levels of 14C and

3H. These are impossible to quantify because of the lack of local historical data, and

large uncertainty in the yearly variability of actual recharge. Both lines in Fig. 6.6

will be shifted downward by bomb "C and 3H. Total possible contribution to the

aquifer from fracture flow will decrease, while residence time could decrease or

increase depending on the magnitude of 3H increases relative to "C increases.

6.3.2 Gas-Phase "C and 3H Distribution

Casing in the borehole prevented gas sampling from the upper 54 m with one

exception where a 5 m gap near the surface permitted a sample to be collected at a

depth of 4.3 m. This sample contained post-bomb "C activity and may have drawn

atmospheric air.

The "C activity of the first three data points below the casing (69.2, 72.1 and

86.3 m; Fig. 6.2) closely match the activity of the pore-water samples. The slightly

lower activity of the pore-water samples fits anticipated error introduced by the

distillation technique (Chapter 4). Below these points, the match between gas and

pore-water activity is much more variable.
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The agreement between gas and pore-water samples may be a function of air

permeability and pumping history. At 69.2, 72.1 and 86.3 m, air permeability was

low compared to deeper intervals (Fig. 5.2). Air drawn from these intervals had to

come from pores in the nearby matrix which should be in isotopic equilibrium with

water from pores sampled by the core at those depths. At 101.4 and 114.1 m, air

permeability was slightly higher. Air samples collected from these intervals represent

air some distance away from where the core was collected.

At 130.4, 133.8, and 145.8 m, air permeabilities were quite high due to

extensive fracturing. At these depths, most of the air withdrawn came from the

fractures, possibly drawn from large distances. Chapter 5 documents large changes

in stable and radioactive carbon as a function of pumping time at 130.4 m. These

samples represent air that may have had no physical connection with the pore water

sampled from core at these depths. The minimum 14C activity from Fig. 6.3 is plotted

in Fig. 6.2. The lowest two points, connected by a broken line, were collected after

withdrawing almost 100 m 3 of air (STP) from each interval (Fig. 5.2).

Only two tritium samples were collected from formation air (133.8 and 145.8

m; Fig. 6.3). A minimum of 100 ml is required for sensitive tritium analysis. This

volume could only be obtained by collecting water vapor continuously during

pumping of the most permeable intervals. The resulting samples are composites of

all the air withdrawn. Although the match between gas and pore water is close in Fig.
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6.3, the air sampled was probably drawn from a large distance away and is not a

reliable measurement.

If atmospheric air was incorporated into the lowest CO 2 samples, it may be

anticipated that water vapor samples should contain measurable tritium. If

atmospheric air was drawn late in the pumping history, high tritium vapor would have

been collected during a short period near the end of sampling. After integrating with

the rest of the sample, the final tritium concentration could still be below detection.

Carbon samples, on the other hand, represent the gas composition at the end of

pumping where atmospheric contamination may be high.

Murphy (in press) suggested that "C distribution in unsaturated zones in arid

to semi-arid climates might be controlled by gas phase diffusion of 14CO2. In his

model, "CO 2 diffusion takes place in response to a decay induced concentration

gradient with a final steady-state distribution influenced by exchange with the aqueous

phase. Advective flow is limited to barometric effects. If aqueous transport is slow,

the activity of pore waters will reflect the time required for "CO 2 to diffuse to depth

rather than the actual age of the water or air.

Ideally, this phenomena should produce monotonically decreasing "C activity

with depth. Open fractures could provide a pathway for faster diffusion, resulting in

local increases as a borehole intersects these fractures, but it cannot explain post-bomb

activity at 129.4 m. Visual observation of water entering the borehole at 72.3 m, and

geophysical evidence of increased saturation at this and other depths further supports
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the conclusion that water flowing through fractures controls the distribution of

radiocarbon in the unsaturated zone rather than gaseous diffusion.

Gas/aqueous equilibrium appears to exist between pore waters and the air

sharing those pore spaces, as evidenced by the data from 69 to 86 m. On a slightly

larger scale, differences between the mC activity in pore waters from adjacent core

suggests that physical barriers exist within the formation, or that recent flows have

introduced a fresh supply of "C that has not yet equilibrated with nearby gas and

water. Physical isolation may occur if the imbibition of fracture water results in zones

of near saturation.

6.3.3 Impact of Non-Steady-State Conditions

Small-scale annual variability in the frequency and duration of the flow of

water through fractures will not significantly alter the results of the steady-state

models discussed for pore water or aquifer recharge as long as mean conditions do not

change over the course of a few hundred years. Long-term variability on the order

of several hundred or more years will have greater impact.

If climate changes result in extremely infrequent, short-duration rainfalls,

moisture content will decrease within the unsaturated zone. Water entering fractures

under these conditions will experience increased imbibition. Short-duration flows may

not reach the aquifer in significant quantity. Fracture flow could continue to be a

primary source of pore water in the unsaturated zone, but subsequent recharge to the

aquifer might be through slow percolation through the matrix. The tritium
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concentration, and, to a lesser extent, the 14C activity of pore water adjacent to a

fracture will vary depending on how long ago the last flow occurred. The rate of

gaseous diffusion of 14CO2 could also exceed the rate of aqueous transport, shifting

the control of the distribution of '4C in the unsaturated zone.

Under wetter conditions than currently observed, water flowing through

fractures will be more frequent and possibly of longer duration. Imbibition per flow

will decrease as higher saturation in the adjacent matrix restricts additional input, but

total contribution to the matrix over time will increase. Higher water content in the

unsaturated zone will result in increased matrix flow and shorter pore-water residence

times. Pore waters adjacent to a fracture should contain higher ' 4C activities and 3H

concentrations relative to the current system. Total contribution to the aquifer from

matrix flow will increase, but recharge directly from fractures should increase by a

larger factor. The result will be a larger fractional contribution to the aquifer from

flow through fractures than currently observed. If fractional contribution from

fractures flows is already very large, however, the fractional increase under wetter

conditions may not be as significant as the increase in the total volume of annual

recharge.

6.4 Age Corrections 

Quantitative corrections for this system are impossible due to the complex

history of mixing. Every sample collected potentially represents a mixture of waters
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of different ages interacting with a gas phase that may have been influenced by

previous aqueous mixtures. Analysis of the data is thus limited to the qualitative

interpretation offered in the previous sections.

Added factors that could make even qualitative interpretation difficult, such as

dissolution of carbonate minerals or oxidation of old organic material, are not

significant. Although calcite has been identified in other boreholes on the Apache

Leap to the east (Weber and Evans, 1988; Davis et al., 1991), no carbonate minerals

have been found in DSB-1 core. Carbonate dissolved from wind-blown dust or from

minor surface deposits are rapidly equilibrated with soil CO 2. One sample of surface

runoff was measured for 14C and found to have post-bomb activity (Fig. 6.2). Four

runoff samples measured for 6 13C were also found to be at or near isotopic

equilibrium with soil CO 2 .

Organic carbon was found in the perched aquifer at concentrations of 4 to 7

mg C/1 (Table 6.2). Dissolved organic carbon concentrations taken from two saturated

soils at the surface were 20 mg/1, indicating a potential gradient. Significant DOC

concentrations were also found in pore water from squeezed core, but variable

contamination from the compression system prevented quantitative determination.

Oxidation of organic carbon will take place over time, but the rate is slow enough to

be of minimal impact. Other sites where the oxidation of organic material is known

to contribute significant inorganic carbon to the system generally have decreasing

oxygen concentrations with depth, increasing CO 2 concentrations with depth, and/or
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sub-surface methane production (Wood and Petraitis, 1984; Fritz et al., 1989; Szabo

and Kyser, 1990; Keller, 1991). These phenomena were not observed at DSB-1.

One '4C measurement was made on DOC from the perched aquifer (Fig. 6.2).

Organic material percolating through matrix pores is likely to experience retardation

relative to DIC. The similar '4C activities of DOC and DIC samples in the aquifer,

however, indicate that the transport of organics to the aquifer is not significantly

delayed. This is consistent with the hypothesis that substantial recharge occurs

through fractures where the probability of retardation of organic material is greatly

reduced.

6.5 Geochemical Evolution

6.5.1 Introduction

Radioisotope data indicate a significant percentage of the aquifer beneath

DSB-1 is derived from fracture flow. Models simulating the geochemical evolution

of water from the surface to the aquifer suggest that the older aquifer water may also

be derived largely from recharge through fractures. The results of this investigation

are preliminary because of uncertainty in the actual chemical composition of mineral

phases and pore waters found in the Apache Leap Tuff. Small pore-water sample

volumes prevented multiple analyses for most dissolved species resulting in poor

precision and large charge imbalances (Table 6.1). Variation in pH is probably a

result of measurement error. Samples measured on the same day have roughly the
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same value, but the samples measured on 8/12 are significantly different than the

samples measured on 9/22. Calculated Pc02 values for these samples match measured

formation CO 2 concentrations much better for the higher pH measurements.

6.5.2 Reaction Pathway Models for the Evolution of Perched Aquifer Chemistry

It is clear from a general comparison of TDS values of pore waters (Table 6.1)

and aquifer water (Table 6.2), that dilution of pore water is required if it is a source

of water in the aquifer. Some fraction of the aquifer must come from a more dilute

source, such as surface runoff (Table 6.3) delivered through fractures. Comparison

of individual dissolved species further shows that the aquifer is not a result of pure

dilution, nor of simple mixing between surface runoff and any of the pore waters.

Reaction with CO 2 and mineral phases must also be considered to account for the

chemical composition of aquifer water.

NETPATH (Plummer et al., 1991) is a computer code which simulates changes

in the concentration of dissolved aqueous species from an initial water to a final

water. Changes are simulated by dissolving primary silicate minerals *and CO 2 gas,

precipitating secondary minerals, and allowing for evaporation, dilution or mixing with

another water.

The DSB-1 system was modeled using average surface runoff and individual

pore waters as possible initial source waters. Average surface composition was used

because runoff reaching the aquifer will be a composite of many different events.

Since the pore-water results are variable and of uncertain quality, individual pore



162

Table 6.3	 Chemical composition of surface runoff. Concentrations are given in
mg/1. Sample locations are shown in Fig. 1.3.

1/18/92 8/26/92

AQ-U AQ-M AQ-L AQ-U AQ-M AQ-L

T (°C) 3.5 7.5 8.5 23.3 27.3 28.1

pH 6.17 5.78 5.75 6.00 5.96 5.50

HCO3 4.2 2.3 2.3 3.7 1.9 2.3

SO 4 17.6 19.4 17.8 16.8 19.0 17.2

F bda bd bd bd bd bd

Br bd bd bd bd bd bd

NO3 bd bd bd bd bd bd

PO4 bd bd bd bd bd bd

Cl 2.8 2.4 2.3 1.8 2.5 2.0

Na 4.0 3.8 3.7 3.7 3.8 3.4

K 1.2 1.0 0.9 1.3 1.7 1.6

Ca 4.9 4.4 3.9 5.9 5.9 5.1

Mg 1.4 1.4 1.3 1.5 1.6 1.3

Al 0.2 0.2 0.2 ndb nd nd

Fe 0.01 0.06 0.08 nd nd nd

Si02 27.6 29.7 29.7 31.4 37.2 38.1

TDS 64 65 62 66 74 71

Ch. Bal. 12.4% 7.4% 7.3% 24.6% 21.7% 17.8%

a bd = below detection limit of 0.25 mg/1
b nd = no data available
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waters were considered as possible sources of aquifer water to evaluate the effect of

significantly different initial pore-water compositions. Table 6.4 gives minerals

considered for possible dissolution or precipitation in this investigation. Default

mineral compositions within NETPATH were used where provided.

Table 6.4	 Minerals considered for dissolution or precipitation by NETPATH
(Plummer et al., 1991).

Mineral Composition
,

plagioclase Ano to An ioo user defined

biotite KMg3A1Si3010(OH)2 NETPATH default

hornblende CaNa2M83A14Si6022(OH)2 user defined

CO2 gas CO2 ---

kaolinite Al2Si205(OH)4 ---

chlorite Mg3Al2Si3010(OH)2•Mg2(OH)6 NETPATH default

smectite K0.33Mg0.33A11.67Si4010(OH)2.nH20 user defined

illite 1(0.6Mg0.25Al2.3Si3.5010(OH)2 NETPATH default

Si02 SiO2 ---

There are no significant mineral sources of chloride, sulfate or nitrate in the

Apache Leap Tuff. Sulfate and nitrate have anthropogenic sources that contribute to

some samples, but increases in chloride must be due to evaporative concentration.

Chloride can substitute for OH" in biotite and 'hornblende, but preliminary

compositional analyses suggest that chloride substitution is not significant. Even with

measurable substitution, there is an insufficient mass of biotite and hornblende present
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in the Apache Leap Tuff to account for the observed aqueous-chloride concentrations.

This is consistent with the findings of an investigation on the loss of halogens from

other volcanic rocks by Noble et al. (1967).

In the following models, chloride is brought to the concentration found in the

aquifer by mixing low-chloride surface runoff with high-chloride pore waters, and by

additional evaporation of the mixed water if necessary. Sulfate and nitrate are altered

in proportion to their concentrations in the two initial waters.

NETPATH solutions are not unique. For any set of input minerals and water

compositions, there are generally multiple possible solutions. Evaluation to determine

the most plausible solutions requires specific knowledge of mineral compositions and

abundances in the system being modeled. Table 6.5 gives example solutions for the

geochemical evolution of water in the perched aquifer beginning with average surface

runoff and a specific pore water, and allowing possible reactions involving the

minerals listed in Table 6.4.

The most striking result shown in Table 6.5 is the low contribution from pore

water. All three examples limit the contribution of pore water to less than 2%. Trials

using each of the remaining pore waters from Table 6.1 produce similar results given

the mineral constraints listed in Table 6.5. Maximum contribution from pore water

is less than 2.4% for all possible solutions.
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Table 6.5 Example NETPATH (Plummer et al., 1991) solutions for the
geochemical evolution of perched aquifer water beginning with average surface runoff
and a pore water from 15.6 m. Positive and negative signs indicate mmol/L dissolved
or precipitated, respectively.

average surface
runoff

98.2% 98.2% 98.1%

pore water from
15.6 m

1.8% 1.8% 1.9%

evaporate 1.45X 1.45X 1.43X

plagioclase (An32) +0.975 +0.975 +0.889

biotite +0.532 +0.044

hornblende +0.029

CO2 +1.881 +1.881 +1.880

chlorite -0.260

smectite -0.207 -0.073

illite -0.927

Si02 -1.737 -2.076

The result of varying the Ca/Na content of plagioclase for input in NETPATH

is of interest. The contribution of surface runoff and the evaporation factor in this

model are both inversely proportional to the calcium content of plagioclase. Surface

runoff contribution and the evaporation factor both decrease with increasing calcium

content up to a maximum calcium composition of An 36 where the evaporation factor

equals one. With no evaporation, the final chloride concentration is reached only by

mixing the two initial waters. This allows a maximum contribution of just under 10%

from the pore water with the lowest chloride concentration. Calcium content greater
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than An36 requires higher pore water contribution which elevates chloride above

measured aquifer concentrations.

Maximum evaporation factors of 1.8 are observed at plagioclase compositions

of An29 with no contribution from pore water. No solutions are found using

plagioclase with a Ca content less than An29 for the suite of minerals used in this

study. The maximum evaporation factor is determined by the difference between the

chloride concentration of surface runoff and the perched aquifer. With no contribution

from pore water, surface runoff must be concentrated by a factor of 1.8 to achieve the

chloride concentration observed in the aquifer.

Realistic solutions are constrained to a narrow range of plagioclase

compositions from An29 to An36. Plagioclase composition in Apache Leap Tuff is

reported by Peterson (1961) to be between An 22 and An40, in agreement with the

findings above. Conclusions from these results are tentative. The precise range of

plagioclase composition producing realistic reaction-pathway solutions will change as

the Ca or Na content of other minerals such as hornblende are altered. Further

investigation is required to determine the actual composition of minerals present.

The only dissolved species that are not adequately accounted for by the

reaction pathway models are nitrate and sulfate. Altering nitrate and sulfate by simple

mixing and evaporation results in nitrate concentrations about 4 times too low relative

to measured values in the aquifer, and sulfate concentrations about 14 times too high.
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Low nitrate is best explained by large variability in individual samples,

including the aquifer itself. No nitrate was present during the initial purge of DSB-1,

but nitrate appeared in subsequent sampling. The evolution of nitrate cannot be

reasonably modeled without greater knowledge of its spatial and temporal sources.

High sulfate in surface runoff is due to dissolution of sulfate minerals deposited

on the surface as dry fall from copper smelting. Magma Copper Company operated

a smelter 3 Km NW of DSB-1 from 1924 to 1972 (Evans and Rasmussen, 1990).

Although the smelter has not operated for over 20 years, the soil still retains

significant dry fall from that era. Bassett et al. (1994) documented that the 634S

signature of precipitation is altered by dissolution of dry fall resulting in a significant

difference between precipitation and runoff. Surface runoff has a 534S ranging from

about -4 to +1%0, while precipitation is about +8%0. (Analytical precision is ±0.4%0.)

A recent source of sulfate at the surface means that the system is not at steady-

state with respect to sulfate. Reaction pathway models cannot simulate the changes

in the concentration of a dissolved species if the source varies with time. This

explains why the large discrepancy exists between measured and modeled sulfate

levels.

Sulfur isotope values (534S) from two perched aquifer samples from DSB-1

were 5.8 and 6.7%0. These values are fairly close to that of precipitation, suggesting

that most of the water in the aquifer near DSB-1 was recharged prior to 1924. This

is consistent with radioisotope data indicating that annual recharge through fractures
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is small. Insufficient time has passed for current surface-runoff sulfate concentrations

to have significantly elevated perched water concentrations.

6.6 DSB-1 Data Relative to the Regional System 

6.6.1 Gaseous Diffusion of "CO2

Data collected from DSB-1 indicate that the distribution of "C in the local

unsaturated zone is controlled by fracture flows. Exchange between aqueous and gas

phases results in increased gas phase "C activity where imbibition of fracture flow

occurs.

Data from the perched aquifer on a regional scale is sparse. Samples have

been collected at two other locations believed to be part of the perched system

intersected by DSB-1. Carbon-14 activity from the Oak Flats borehole several

kilometers down-gradient east of DSB-1, and from seepage into Magma Mine's Never

Sweat haulage tunnel beneath a perched aquifer to the north (Fig. 1.1) have "C

activities of 0.6827 ±0.0046 and 0.6885 ±0.0044 respectively (Bassett et al., 1994).

These are essentially the same as the activity measured at DSB-1. Tritium

concentrations from Oak Flats and the tunnel, however, are reported as 1.86 ±0.22 and

1.20 ±0.41 TU, respectively (Bassett et al., 1994). Tritium is below detection at

DSB-1.

The similarity in "C activity could simply be fortuitous. Aquifer water

sampled at the tunnel and Oak Flats may represent a mixture of aquifer water that is
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older than at DSB-1 with more substantial contribution from fracture flow. This could

produce a mixed water with "C activity similar to DSB-1, but with measurable

tritium.

A second possibility is that the 14C activity of the regional aquifer is controlled

by gaseous diffusion of 'CO 2. The DSB-1 borehole is located beneath an ephemeral

stream at the bottom of a drainage basin. Fractures transecting the basin are

periodically exposed to water under positive pressure initiating fracture flow. Flow

events are frequent enough to control the 14C distribution in the unsaturated zone and

to significantly increase the 14C activity of the local aquifer.

Away from stream beds, which is most of the surface area of the region,

significant fracture flow may be far less common. If gaseous diffusion is more rapid

than aqueous flow through the matrix, pore water will take on 14C from the gas phase,

as discussed in section 6.3.2. If gas phase diffusive transport exceeds the flow rate

of water through the aquifer, the aquifer will also acquire 14C from the gas phase. The

result is an aquifer that has a uniform 14C activity regardless of the actual age of the

water so long as formation parameters, and the distance between the surface and the

aquifer do not widely vary. Gaseous diffusion of 3f1 is irrelevant in this model

because the gas to liquid ratio for water under atmospheric conditions is exceedingly

small.
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Diffusive transport is represented by Fick's second law in Chapter 3, equation

(5). If a term is added to account for radioactive decay, the steady-state solution for

constant boundary conditions is (modified from Murphy, in press):

where the terms and values for this system are given in Table 6.6.

Table 6.6	 Terms and values used to model gaseous "CO 2 diffusion (modified from
Murphy, in press).

term definition value - units

a
g

"C activity of the gas at depth x

aatm "C activity of the atmosphere 1

awt "C activity at the depth of the water table 0.6672

L distance between surface and lower boundary arbitrarily large

x depth 14800 cm

X radioactive decay constant for "C 3.831x10-12/sec

Ow and Oa water and air filled porosity, respectively arbitrary

Kd ratio of aqueous/gaseous carbon for
equivalent volumes

4.18

Ka ratio of aqueous+adsorbed/aqueous carbon 1 - 6.5

D. diffusion coefficient of "CO 2 in air at STP 0.144 cm 2/s

T and T. measured and standard temperature, respect. 293° K both

P and P. measured and standard pressure, respectively 12.4 and 14.7 psi

D = D. (130/P)(T/T0) 1.823 0.161 cm2/s

t tortuosity 1 - 2

Q = [X (1 + Ka Kd st•w /(1)a)/(D/T)]1/2
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If a large value of L is chosen instead of the depth to the aquifer such that ag

approaches zero at x < L, maximum equilibrium ' 4C activities can be determined at

the depth of the aquifer for a range of formation parameters. The measured activity

of the aquifer can then be compared with the model to determine if diffusion could

realistically produce the observed phenomena. Murphy (in press) proposed setting L

equal to the depth of the water table and modifying formation variables to fit observed

data, but there is no unsaturated zone data at present from a region where fracture

flow does not dominate.

Of the terms in Table 6.6, the most variable or uncertain are tortuosity (t), the

significance of adsorbed carbon (Ka), and the saturation. Saturation is not directly

stated in the equation, but the ratio of water to gas filled porosity in the Q term is

related to saturation.

A range of values were used for tortuosity, Ka, and saturation (by varying the

porosity terms) in equation (33) with each result set equal to an activity of 0.6672 at

148 m (14800 cm). Figure 6.7 plots the resulting relationships between saturation,

tortuosity and Ka as iso-activity lines for various Ka values. Figure 6.8 plots

calculated saturation in the formation with depth based on gravimetric water content

and porosity data (Geddis, 1994; E. Hardin, 1995, written communication).

Unidentified measurement bias places the mean saturation at 0.97. If a proportional

correction is applied by dividing each value by 1.3, only a few points are left above

saturation with a mean of 0.74. This correction is highly speculative, but is useful for
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Tortuosity

Figure 6.7	 Iso-"C-activity plots (activity = 0.6672) at a depth of 148 m using
equation (33) with saturation and tortuosity as independent variables for several values
of Ka (see Table 6.6 for definition of Ka).
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Saturation

Figure 6.8	 Uncorrected, calculated saturation of DSB-1 core based on gravimetric
water content and porosity measurements (Geddis, 1994; Hardin, 1995, written
communication). The mean is shown as a dashed line at 0.97. The dotted line at 1.0
is the maximum saturation physically possible.
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a rough assessment of the conditions governing gaseous diffusion. At 70% saturation,

diffusive control of the system is plausible for values of Ka ranging up to about 3

(Fig. 6.7).

Measurable tritium concentrations are problematic for this model. Tritium

requires an aqueous source of recent water. If recent water is recharged near a

sampling well in enough volume to produce measurable tritium, the same water will

be a source of modern "C. This source will supply mC to the aquifer at a much faster

rate than gaseous diffusion. The diffusion model can account for the regional

radiocarbon results only if the tritium concentrations are a result of contamination

during sampling or handling.

6.6.2 Evidence of Fracture Recharge from Regional 3H, 634S, and Cl/SO 4 Data

If the tritium data from the haulage tunnel and the Oak Flats borehole are

accurate, significant modern water has been added to the aquifer through nearby

fractures in the last 50 years. Sulfur concentrations and isotopes prove to be useful

tools at the ALRS for evaluating the reliability of the tritium data. Surface runoff

introduced to the aquifer within the last 50 years should have had elevated sulfate

concentrations and decreased 834S values relative to older water residing in the aquifer,

as discussed in the previous section. If enough modern surface water has been

introduced to the aquifer to elevate the 311 concentration of the mixed water above 1

TU, decreases should be observed in the 534S value, along with increases in the sulfate

concentration relative to a conservative species such as chloride.
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The Cl/SO 4 ratios for surface runoff within the DSB-1 drainage basin range

from 0.11 to 0.16. Ratios observed for runoff in other drainage basins and from

Queen Creek just to the north range from about 0.07 to 0.17 (Bassett et al., 1994).

The perched aquifer sampled from DSB-1, where tritium concentrations are below

detection, has a Cl/SO4 ratio ranging from 2.11 to 2.32. Aquifer samples with

measurable tritium resulting from larger recent contributions of surface runoff should

also have Cl/SO4 ratios and 8 34S values intermediate between surface runoff and the

aquifer at DSB-1.

Water seeping into the tunnel beneath the aquifer to the north has CUSO 4 ratios

ranging from 0.38 to 0.88 and 834S values ranging from approximately 2 to 4%0

(Bassett et al., 1994; sample locations T-CB1 and T-CB2). Both indicators are

intermediate, suggesting that the measured tritium concentration of 1.20 TU is

plausible. The 311, 834S and Cl/SO4 data at this location all indicate that modern

surface runoff has been introduced to the aquifer in significant quantity.

Results from the first perched aquifer encountered at the Oak Flats borehole

are less definitive. The Cl/SO4 ratios for the two samples collected are 1.2 and 2.4.

The 834S of the only sample analyzed is approximately 7%0 (Bassett et al., 1994).

These values, with the exception of the first Cl/SO 4 ratio, are very similar to DSB-1,

suggesting that contribution to the aquifer from modern surface runoff is low here

relative to where the aquifer overlies the tunnel. The measured tritium concentration
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of 1.86 TU from the Oak Flats borehole is thus suspect and should be verified with

additional sampling.

6.7 Summary 

Radioisotope measurements and geochemical modeling indicate that the

perched aquifer is recharged primarily by surface runoff delivered through fractures.

Isotopic data from the saturated zone beneath DSB-1 suggest the presence of a local

mixing zone with equivalent contributions from the aquifer and from nearby fractures.

Aquifer water flowing into this region also appears to originate from fracture flows.

Preliminary reaction pathway modeling, considering surface runoff and pore waters

sampled from the white unit as possible sources of aquifer water, limit the

contribution from pore water to less than 10%. Actual contribution may be

considerably less.

Data from the unsaturated zone at DSB-1 identify at least four fracture sets

conducting water. Water was visually observed entering the borehole at 72 m, and

matrix pore water collected from a fracture zone near the water table contained post-

bomb "C. Intervals at 47 and 101 m also contained anomalously high "C activity in

association with suspected water-bearing fracture zones.

Near saturation of the matrix immediately stirrounding fractures limits the

imbibition of flowing water and encourages transport to greater depth. Fracture water

entering the matrix is mixed with water from previous flows resulting in a composite
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of young and old water. Annualized contribution to the matrix from fractures in most

cases is small based on tritium concentrations, but may be the primary source of

matrix water over time. The influence of fracture-flow imbibition can be observed in

the "C activity of pore waters many meters below producing fracture zones.

Carbon-14 distribution beneath ephemeral streams appears to be controlled by

the magnitude and frequency of fracture flows. Carbon-14 in formation air samples

from most depths follow the same trends as "C in pore water demonstrating active

exchange between the two phases. Rapid transport of water relative to the gas phase

results in replenishment of "C from the aqueous phase to the gas phase.

Processes governing the distribution away from sources of concentrated surface

runoff are uncertain. Gaseous diffusion of ' 4CO2 is capable of generating the observed

MC activity of the regional perched aquifer if there is not a faster pathway for u

replenishment. Tritium, 534S and Cl/SO4 data from water seeping into the haulage

tunnel beneath the perched aquifer indicate that fracture flow also provides the fastest

pathway at this site. At the Oak Flats borehole, the reported 311 level is high, but it

is not substantiated by the 634S or Cl/SO 4 data.
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CHAPTER SEVEN

SUMMARY AND CONCLUSIONS

7.1 Summary of Results 

This investigation documents the occurrence of aqueous fracture flow through

the unsaturated zone to a perched aquifer at the Apache Leap Research Site. Isotopic

data from the saturated zone beneath DSB-1 suggest the presence of a local mixing

zone with equivalent contributions from the aquifer and from nearby fractures.

Aquifer water flowing into this region appears to originate from fracture flows

recharged at an earlier time. Preliminary reaction pathway models, considering pore

waters sampled from the white unit and surface runoff as possible sources of aquifer

water, indicate over 90% of the aquifer is derived from surface runoff.

Data from the unsaturated zone at DSB-1 identify at least four fracture sets

conducting water. Water was visually observed entering the borehole at 72 m, and

matrix pore water collected from a fracture zone near the water table contained post-

bomb 14C. Two additional intervals also contained anomalously high 14C activity in

association with suspected water-bearing fracture zones.

Near saturation of the matrix immediately surrounding fractures limits the

imbibition of flowing water and encourages transport to greater depth. Fracture water

entering the matrix is mixed with water from previous flows resulting in a composite

of young and old water. Annualized contribution to the matrix from fractures in most
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cases is small based on tritium concentrations, but may be the primary source of

matrix water over time. The influence of fracture-flow imbibition can be observed in

the 14C activity of pore waters many meters below producing fracture zones.

Carbon-14 distribution beneath ephemeral streams appears to be controlled by

the magnitude and frequency of aqueous flow through fractures. Carbon-14 in

formation air samples from most depths follow the same trends as 14C in pore water

demonstrating active exchange between the two phases. The 5' 3 C of formation air is

consistent down to 130 m with an average value of -21.8 ±0.4%0, while near-surface

soil CO 2 values average -20.2 ±1.2°/00 (la). The slightly lighter 5' 3 C of formation CO2

is consistent with the hypothesis that aqueous transport exceeds gas transport here.

Rapid transport of water relative to the gas phase results in replenishment of ' 4C from

the aqueous phase to the gas phase, and stable carbon exchanges that influence the gas

phase more than the aqueous phase because the gas-phase carbon reservoir is smaller.

Processes governing the distribution of 14C away from sources of concentrated

surface runoff are uncertain. Gaseous diffusion of '4CO 2 is capable of generating the

observed '4C activity of the regional perched aquifer if there is not a faster pathway

for 1-4C replenishment. Tritium, 534S and Cl/SO4 data from water seeping into Magma

Mine's Never Sweat haulage tunnel beneath a perched aquifer to the north of DSB-1

indicate that fracture flow also provides the fastest pathway at this site. At the Oak

Flats borehole east of DSB-1, the reported 3I1 level is also high, but it is not

substantiated by the 534S or Cl/SO 4 data.
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Analysis of the "C content of unsaturated-zone pore water was made possible

for this study by the development of a new method for extracting carbon. The water

content of most of the core from DSB-1 was below the zero-yield threshold of the

uni-axial compression method, so a vacuum-distillation method was developed to

remove carbon and water from the pores. Distillation is shown to be an effective

method when carbon extraction is not possible by other means.

Approximately 30 to 60% of the carbon in the rock pores is recovered during

distillation with the rest precipitating in the pores as calcite. Incomplete recovery

results in isotopic fractionation favoring the lighter isotopes in the recovered phase.

The degree of fractionation in this study was too variable to allow corrections to be

made for calculating the stable isotopic composition of the pore waters. Isotopic

variability of carbon recovered during the first few hours is especially high, but can

be minimized by continuing the distillation to the point where water recovery is nearly

complete. In this work, essentially complete water recovery was achieved within six

hours. Attempts to determine the original isotopic composition of pore water by

comparing the mass and isotopic composition of recovered gas and precipitated calcite

were inconclusive.

Carbon-14 is also fractionated, but the impact on interpretation is relatively

minor. The maximum fractionation in this study, based on calculations using stable

isotope fractionation, is approximately 4%. Recovered samples have "C activities up

to 4% lower than true. The error is not trivial, but it is relatively small. Carbon-14
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measurements on pore waters obtained by uni-axial compression and by distillation

of core from adjacent intervals produced similar results.

The carbon mass recovered from each sample was several times greater than

anticipated based on DIC concentrations in pore waters from squeezed core.

Comparisons of stable and radioactive carbon measurements and mass yields with

extraction time ruled out the possibility of a leak in the distillation system. The high

yield may be the result of baking off a significant reservoir of adsorbed carbon.

Formation air sampling conducted during this work was compromised in the

intervals of highest air permeability by incorrect assumptions about the conservative

nature of SF 6. Sulfur hexafluoride was added to the air-stream during drilling of

DSB-1 and monitored during the initial purge at each sampling depth to determine

when drilling air was removed. In the deeper intervals where air permeability was

high, air samples contain evidence of atmospheric contamination drawn from the

surface even though SF 6 concentrations were not diminished, and in some cases were

increasing. At one interval monitored over time, minimum "C and PC and

maximum P 02 values were measured by the second day of pumping. Carbon-14 and

8' 3C then began to approach atmospheric levels while SF 6 remained high. Slower

removal from small pores, dissolution into pore water, and adsorption on solid

surfaces may result in retardation of SF 6 relative to atmospheric gases in the drilling

air.
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An independent investigation of the carbon isotopic composition of soil zone

CO 2 demonstrates that the 8'3C of soil CO2 and soil-respired CO2 have a theoretical

minimum difference that is a function of the 5' 3 C of soil organic material rather than

being a fixed value of 4.4%0 as previously thought. A simple equation is given

allowing soil CO2 or soil-respired CO2 to be calculated from four measurable

variables. A study of soil-respired CO2 sampling methodology demonstrates that

potential contamination must be considered from atmospheric CO2 and from CO 2

adsorbed on solid base reagents. Absorption of respiring CO2 into a base solution is

also shown to be a potentially fractionating process which must be taken into account.

7.2 Implications for Yucca Mountain, Nevada

The occurrence of significant flow of water through fractures at the Apache

Leap does not necessarily mean that fracture flow is of equal significance at Yucca

Mountain. It does document, however, that transport of water through fractures can

be substantial in fractured, unsaturated tuff. Evaluation of the significance of fracture

flow at Yucca Mountain will require an investigation similar to the one described in

this document at that site.

The exploratory tunnel under construction beneath Yucca Mountain will

provide a unique opportunity for direct observation of aqueous fracture flow if it

occurs during monitoring. If no flow is observed, however, it cannot be assumed that

fracture flow is insignificant. Fracture transport of water to the depth of the repository
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may only occur as a result of rare precipitation events of high intensity or long

duration. Geochemical investigations, as described in this work, have the advantage

of providing information on previous phenomena that may not be active during the

short period of observation.
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APPENDIX A - CORE RECOVERY

Table A.1	 Core recovery from DSB-1. Negative numbers in the "Lost" column
mean the core recovered was greater in length than the distance drilled. This can
happen when core lost from one run is recovered on the following pass. Depth
measurements are linear distance along borehole. Recovery documentation did not
begin until 30.69 m.

Start
(m)

End

(m)
Distance

Drilled (m)
Core

Recovered (m)
Core Lost

(m)

30.69 33.68 2.99 2.74 0.24

33.68 36.64 2.96 3.11 -0.15

36.64 39.74 3.11 3.14 -0.03

39.74 42.91 3.17 3.11 0.06

42.91 45.81 2.90 3.11 -0.21

45.81 49.10 3.29 3.14 0.15

49.10 52.30 3.20 2.96 0.24

52.30 55.17 2.86 3.14 -0.27

55.17 58.24 3.08 3.14 -0.06

58.24 61.44 3.20 ? ?

61.44 64.16 2.71 2.59 0.12

64.16 67.36 2.99 3.08 -0.09

67.36 70.50 3.14 3.14 0.00

70.50 73.58 3.08 3.14 -0.06

73.58 76.74 3.17 3.08 0.09

76.74 79.64 2.90 2.93 -0.03

79.64 82.72 3.08 3.05 0.03

82.72 85.74 3.02 3.14 -0.12

85.74 88.88 3.14 2.96 0.18
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Table A.1 - Continued

Start
(m)

End

(m)

Distance
Drilled (m)

Core
Recovered (m)

Core Lost
(m)

88.88 91.89 3.02 3.14 -0.12

91.89 94.97 3.08 3.08 0.00

94.97 98.11 3.14 3.14 0.00

98.11 100.98 2.86 2.77 0.09

100.98 104.02 3.05 2.80 0.24

104.02 106.80 2.77 3.08 -0.30

106.80 107.92 1.13 1.28 -0.15

107.92 110.70 2.77 2.50 0.27

110.70 113.78 3.08 3.11 -0.03

113.78 116.82 3.05 3.02 0.03

116.82 119.87 3.05 2.96 0.09

119.87 122.92 3.05 3.11 -0.06

122.92 125.97 3.05 2.96 0.09

125.97 129.02 3.05 3.05 0.00

129.02 132.06 3.05 3.14 -0.09

132.06 135.11 3.05 3.11 -0.06

135.11 138.16 3.05 2.96 0.09

138.16 141.21 3.05 2.96 0.09

141.21 144.25 3.05 2.96 0.09

144.25 147.30 3.05 2.96 0.09

147.30 150.35 3.05 2.93 0.12

150.35 153.40 3.05 3.05 0.00

153.40 156.45 3.05 3.05 0.00

156.45 157.63 1.19 1.28 -0.09
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Table A.1 - Continued

Start
(m)

End

(m)

Distance
Drilled (m)

Core
Recovered (m)

Core Lost
(m)

157.63 159.80 2.16 2.22 -0.06

159.80 162.51 2.71 2.44 0.27

162.51 165.68 3.17 2.19 0.98

165.68 168.09 2.41 2.59 -0.18

168.09 171.05 2.96 2.74 0.21

171.05 172.02 0.98 0.61 0.37

172.02 174.98 2.96 0.85 2.10

174.98 176.17 1.19 0.79 0.40

176.17 176.65 0.49 0.49 0.00

176.65 178.09 1.43 1.01 0.43

178.09 180.83 2.74 0.98 1.77

180.83 180.98 0.15 0.00 0.15

180.98 181.13 0.15 0.27 -0.12

181.13 182.66 1.52 1.31 0.21

182.66 183.57 0.91 0.82 0.09

183.57 184.88 1.31 0.98 0.34

184.88 186.53 1.65 1.92 -0.27

186.53 188.08 1.55 1.43 0.12

188.08 190.28 2.19 1.31 0.88

190.28 191.16 0.88 0.70 0.18

191.16 191.95 0.79 0.73 0.06

191.95 192.69 0.73 0.76 -0.03

192.69 195.58 2.90 1.83 1.07

195.58 196.37 0.79 0.82 -0.03
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Table A.1 - Continued

Start
(m)

End

(m)

Distance
Drilled (m)

Core
Recovered (m)

Core Lost

(m)

196.37 197.29 0.91 0.76 0.15

197.29 197.44 0.79 0.15 0.00

197.44 198.51 0.91 0.98 0.09

198.51 199.12 0.15 0.55 0.06

199.12 199.15 1.07 0.03 0.00

199.15 201.80 0.61 2.41 0.24

Depths along borehole

(m)

Vertical Depths
(m)

Percent Recovery

2.4 - 30.5 1.7 - 22.6 100 (estimated)

30.5 - 50 22.6 - 36.8 98.6

50 - 75 36.8 - 56.2 101.1

75 - 100 56.2 - 76.0 99.9

100 - 125 76.0 - 95.9 99.3

125- 150 95.9- 115.7 98.6

150 - 175 115.7 - 135.5 85.4

175 - 201.8 135.5 - 156.8 78.4

Total core lost 10.0 m

Total Recovery 95.0%
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APPENDIX B - WATER YIELDS FROM UNI-AXIAL COMPRESSION

Table B.1	 Water yields from uni-axial compression of 8 to 12 cm segments of
DSB-1 core. Depth ranges indicate the total length of core preserved in a single
Protec Core® package (measured along the borehole). Chemical and isotopic analyses
were usually performed on composites of several compression attempts. "Sample ID"
is the average vertical depth of composite samples. (Yields with the same Sample ID
were combined.) Attempts with no Sample ED either produced no water or were used
in contemporaneous research by E. Hardin. Lost or contaminated samples are
identified as "ct"

Attempt
#

Depth Range
(m - linear)

Sample ID
(m - vertical)

Water Yield
(m1)

Average
Yield	 (m1)

73 5.1-5.9 3
6.574 5.1-5.9 10

75 6.1-6.8 1 1

43 11.4-12.3 9.5

6.9

44 11.4-12.3 8.5 7.5

47 11.4-12.3 5.5

52 11.4-12.3 4

53 11.4-12.3 ct 8

54 13.0-13.8 7

7.1

55 13.0-13.8 6.5

56 13.0-13.8 7

57 13.0-13.8 8

58 13.0-13.8 8

59 13.0-13.8 ct 7

60 13.0-13.8 5.5

61 13.0-13.8 ct 8



189

Table B.1 - Continued

Attempt
#

Depth Range
(m)

Sample HD
(m)

Water Yield
(ml)

Average
Yield	 (ml )

21 14.5-15.2 11.0 12.5

22 14.5-15.2 11.0 9.5

8.723 14.5-15.2 11.0 7

24 14.5-15.2 8

25 14.5-15.2 11.0 6.5

8.8

4.4

45 21.3-22.1 15.6 5.5

6.3

46 21.3-22.1 15.2 6.5

48 21.3-22.1 7

49 21.3-22.1 15.2 8

50 21.3-22.1 8

51 21.3-22.1 3
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Table B.1 - Continued

Attempt
#

Depth Range
(m - linear)

Sample ID
(m - vertical)

Water Yield
(ml)

Average
Yield	 (m1)

62 22.9-23.7 6

5.5

63 22.9-23.7 8

64 22.9-23.7 6.5

65 22.9-23.7 4.5

66 22.9-23.7 5

67 22.9-23.7 5

68 22.9-23.7 3.5

29 28.6-29.4 21.0 6

4.8

30 28.6-29.4 21.0 3.5

31 28.6-29.4 21.0 6

32 28.6-29.4 21.0 5

33 28.6-29.4 21.0 ?

34 28.6-29.4 21.0 5

35 28.6-29.4 21.0 3.5

9 29.4-30.2 5

5.7

10 29.4-30.2 5.5

11 29.4-30.2 7.5

12 29.4-30.2 7

13 29.4-30.2 3.5
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Table B.1 - Continued

Attempt
#

Depth Range
(m - linear)

Sample ID
m - vertical)

Water Yield
(ml)

Average
Yield	 (m1)

14 56.0-56.7 0

42 61.4-62.3 0

41 116.8-117.6 0

3 176.2-176.5 0 0

36 192.2-192.6 0 0

15 195.7-196.1 0 0

37 196.4-197.3 152.8 1

0.3
38 196.4-197.3 0

39 196.4-197.3 0.1

40 196.4-197.3 0
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APPENDIX D - ISOTOPE DATA

Table D.1
	

5 13C of pore water obtained by uni-axial compression.

Depth (m) 8'3C (%0)

11.0 -13.7

12.0 -14.9

21.0 -18.5

Table D.2	 5 13C of pore water obtained by vacuum distillation.

Depth (m) 513C (960)

9.0 -27.6

15.0 -21.7

20.5 -22.0

39.9 -35.7

42.2 -30.6

47.1 -24.8

69.3 -35.6

72.3 -25.2

86.0 -25.8

101.8 -22.0

102.5 -25.7

114.6 -19.2

129.4 -23.3

132.7 -25.8

133.8 -21.5

142.7 -26.3

150.0 -29.6

155.4 -24.2
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Table D.3	 8 13 C of formation air.

Depth (m) 513C (%o)

4.3 -21.2

69.2 -21.8

72.1 -22.3

86.3 -22.2

101.4 -21.4

114.1 -21.4

130.4 (open hole) -21.6

130.4 (1 day) -21.6

130.4 (2 days) -21.9

130.4 (3 days) -21.2

130.4 (5 days) -20.5

133.8 -20.4

145.8 -18.0

Table D.4	 5 13C of perched aquifer.

Sample Date 313C (%o)

6/11/93 -16.7

7/8/93 -16.9

Table D.5	 8 13C of surface runoff. Sampling locations are shown in Fig. L3.

Sample lD/Date 513C (%0)

AQ-U 1/18/92 -17.9

AQ-L 1/18/92 -17.3

AQ-U 8/26/92 -18.9

AQ-L 8/26/92 -19.9
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Table D.6	 5 13 C of soil CO 2 collected during different seasons at various locations
on the Apache Leap. Sample locations are shown in Fig. 1.3.

Sample ID 11/4/91 1/18/92 4/23/92 9/1/92

SG-C -20.0 -19.3

SG-L -22.0 -18.2 -20.2 -22.1

SG-L -20.3 -19.8

SG-MN -21.6

SG-MS -18.1 -21.7 -20.4

SG-U -20.0 -22.0 -19.9

SG-U -19.0

SG-LNB -20.3

SG-CON -20.9
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Table D.7
	

"C activity of pore water obtained by uni-axial compression.

Depth (m) fraction modem
carbon

1sa

11.0 0.8740 .±0.0054

12.0 0.8594 ±0.0057

21.0 0.8754 ±0.0054

Table D.8
	

"C activity of pore water obtained by vacuum distillation.

Depth (m) fraction modem
carbon

1a

.
7.8 0.8899 ±0.0054

9.0 0.8555 ±0.0055

15.0 0.8173 ±0.0055

20.5 0.8934 ±0.0054

39.9 0.8075 ±0.0097

42.2 0.7430 ±0.0048

47.1 0.8421 ±0.0070

69.3 0.8749 ±0.0054

72.3 0.8495 ±0.0066

86.0 0.8794 ±0.0057

101.8 0.9339 ±0.0110

102.5 0.8504 ±0.0055

114.6 0.8144 ±0.0070

129.4 1.0248 ±0.0064

132.7 0.9946 ±0.0062

133.8 0.7426 ±0.0053

142.7 0.8089 ±0.0058

150.0 0.8130 ±0.0055

155.4 0.8196 ±0.0098
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Table D.9
	

14C activity of formation air.

Depth (m) fraction modern
carbon

la

4.3 1.0209 ±0.0064

69.2 0.9059 ±0.0056

72.1 0.8745 ±0.0057

86.3 0.9018 ±0.0058

101.4 0.8028 ±0.0053

114.1 0.7814 ±0.0052

130.4 (open hole) 0.9236 ±0.0059

130.4 (2 days) 0.6613 ±0.0047

130.4 (5 days) 0.7235 ±0.0050

133.8 0.7016 ±0.0085

145.8 0.7286 ±0.0047

Table D.10 14C activity of perched aquifer.

Sample Date fraction modem
carbon

la

6/11/93 0.6648 ±0.0065

7/8/93 0.6709 ±0.0053

11/2/93 0.6635 ±0.0066

11/2/93 (DOC) 0.6430 ±0.0137

Table D.11 14C activity of surface runoff. Sampling location is shown in Fig. 1.3.

Sample ID/Date fraction modem
carbon

' AQ-M 8/26/92 1.1759 ±0.0073
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Table D.12 Tritium concentration of pore water obtained by vacuum distillation.

Depth (m) TU la

42.2 0.19 ±0.12

47.1 0.03 ±0.07

69.3 0.00 ±0.13

72.3 0.28 ±0.08

101.8 0.13 ±0.08

133.8 0.13 ±0.12

142.7 0.00 ±0.08

150.0 0.14 ±0.12

Table D.13 Tritium concentration of formation air.

Depth (m) TU la

133.8 0.08 ±0.06

145.8 0.00 ±0.06

Table D.14 Tritium concentration of perched aquifer.

Sample ID. TU la
.

6/11/93 0.00 ±0.09

7/8/93 0.00 ±0.09
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APPENDIX E - VACUUM DISTILLATION MASS YIELDS

Table E.1	 Calculated DIC concentrations of pore waters using distillation data
assuming 50% recovery for all samples; Ka is the calculated DIC concentration
divided by 16.6 mg CIL (average measured DIC concentration of pore waters obtained
by compression). Sample ID is average depth of sample.

Sample ID

(m)

Distilled C
(mg)

Water
Extracted

Calculated
DIC conc.

Ka

(I-) (mg/L)

7.8 7.89 0.312 50.6 3.0

9.0 3.40 0.200 34.0 2.0

15.0 5.68 0.187 60.7 3.7

20.5 16.14 0.350 92.2 5.6

39.9 6.82 0.164 83.2 4.5

42.2 12.48 0.126 198.1 5.0

47.1 9.94 0.191 104.1 11.9

69.3 3.35 0.138 48.6 2.9

72.3 4.08 0.166 49.2 9.6

86.0 7.88 0.146 107.9 3.0

101.8 16.74 0.172 194.7 6.5

102.5 8.50 0.154 110.4 11.7

114.6 4.84 0.162 59.8 6.6

129.4 15.63 0.126 248.1 3.6

133.8 2.49 0.135 36.9 14.9

142.7 7.64 0.168 91.0 2.2

150.0 7.74 0.135 114.7 6.9

155.4 9.38 0.180 104.2 6.2
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