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Abstract

Soils result from complex interactions amongst the biosphere,
atmosphere, hydrosphere, and lithosphere. In this project oxygen isotopes
were used to trace the movement of water in soils and to determine the
conditions of mineral formation during pedogenesis. Incoming rainwater
and soil-water 8O values were monitored for two seasonal cycles in a series
of soils along an arid-to-humid transect in Hawaii. The §%0O values of
halloysite separated from the soil profiles was related to depth profiles of soil-
water §'°O values. This is the first oxygen isotopic investigation of soil water
and pedogenic clays from the same soil profiles.

A direct CO, equilibration method was developed to measure the §"O
value of soil water. This method also has the advantage of requiring only
one step compared with two steps for existing methods. Reproducibility of
measurements using this method is as good as existing methods. Tests
designed to investigate factors controlling equilibration determined that
biological respiration, water content, and soil type were important. Samples
should be irradiated to eliminate CO,-respiring organisms. These results
imply that water in soils can be partitioned into compartments such as bulk
liquid water and adsorbed water and that these compartments may have
unique isotopic compositions.

Application of this method to the soils in Hawaii showed that seasonal
wetting and drying cycles affected the §®O value of soil water. During the dry

season, the soil-water §°O values decrease with depth in the soil profile due
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to evaporation of water from the surface. During the rainy season, they
increase with depth as water infiltrates through the surface from storms. The
8'°0 values of rainwater and soil-water generally increased as annual rainfall
increased. Rainwater 8O values were 5% more negative soil-water §°O
values at low rainfall sites and about 2%. to 3% more negative at high
rainfall sites. These trends are consistent with the current understanding of
parameters that influence these §"*O values.

The chemical treatments used to separate halloysite from bulk soil
material did not alter the §"°O values. Halloysite §"°O values at low rainfall
sites ranged between +20.4%o to +23.6%0 and the two values at a high rainfall
site ranged from +18.0%o to +18.7%.. The data suggest halloysite formation
in isotopic equilibrium with its environment and imply that it forms in a
restricted range of conditions. A straightforward comparison of these data to
soil-water 8O values suggests that halloysite formed between 50°C and 60°C,
obviously an unrealistic circumstance. It is possible that independently
calibrated mineral-water fractionation factors for low-temperature systems

are incorrect or that climatic conditions in Hawaii are poorly constrained.
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Chapter 1. Introduction to the Project.

Soils are formed at the interface of the biosphere, atmosphere,
hydrosphere, and lithosphere. Variations in any of the four systems can be
potentially recorded in a soil. Conversely, by examining soil properties, we
may be able to learn about the history of those systems. Because the soil
system is a complex mixture of organic material, mineral matter, and water,
there is no simple way to isolate the effects of the biosphere, atmosphere,
hydrosphere, and lithosphere. However, detailed characterization of soil
material will lead to a better understanding of the process of soil formation.
In this thesis project, I used the oxygen isotopic ratio, *O/*O, to trace the
movement of water as it interacted with soil profiles and to determine the
temperature and isotopic composition of the water present during pedogenic

clay mineral formation.

1.1. Oxygen isotopic studies in modern soils.

Previous stable isotopic studies of soil material have primarily focused
on soil water or on mineral matter in separate studies. In this project, I have
combined these two types of studies. The incoming rainfall and soil-water
§'°0 values were monitored for two seasonal cycles ih a series of soils along
an arid-to-humid transect in Hawaii. From these same soils, halloysite, the
dominant clay mineral, was separated from the bulk soil material and its 5O

value was measured. This is the first project to investigate oxygen isotopes in
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coexisting soil water and pedogenic clay minerals at different depths in the
same soil profiles.

Arid and semi-arid soils have been used to test theoretical models that
describe the effect of soil-water evaporation on its stable isotopic composition
(e.g. Allison et al.,, 1983). However, models which describe the effect of
evaporation on soils formed in humid environments have not been fully
investigated, in part because the process of evaporation is often interrupted by
frequent rain storms. This project is the first documentation of soil-water
80 values in humid soils.

Most stable isotopic studies of pedogenic minerals have focused on the
carbon isotopes of pedogenic carbonate (e.g. Cerling, 1992) to investigate
possible changes in vegetative cover. Investigations of the role of oxygen
isotopes in the process of mineral formation in soils have been few and have
primarily focused on older soils composed of a significant amount of
" kaolinite (Bird et al., 1989, 1993; Giral, 1994; Giral et al., in prep.; Elliot et al,, in
| prep). Critical to the interpretation of those values is the isolation of
relatively pure kaolinite separate. In this project, I have investigated, for the
first time, the oxygen isotopic behaviour of halloysite separated from bulk soil

material.

1.2. Why study soils in Hawaii?
The soils studied for this project are located on the leeward side of the

Kohala peninsula on the island of Hawaii. This location was chosen initially
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to minimize the amount of clay material added through continental eolian
dust. Hawaii is located in the middle of the Pacific ocean, far from large
continental masses. The amount of eolian material is minimal, although
there is some quartz and mica blown in from Asia and some locally reworked
material. Furthermore, the basalt parent material in Hawaii also contains no
naturally occurring clays. Thus, the amount of inherited clay material is also
minimized. Halloysite, the dominant crystalline clay material in these soils is
thus very likely to have formed in situ.

Other factors that influenced the site selection process can be visualized
using the state factor theory of soil formation (Jenny, 1941):

S=flel, o, 1, prtyes)

where S denotes the characteristics of the soil, ¢l the climatic factor, o the
biotic factor, » the topographic factor, p the parent material factor, and ¢ the
time factor. The dots after ¢ represent additional factors that might be
important locally. In the approach used here, the importance of a single
factor may be resolved by examining a suite of soils in which only that factor
varies and all others have been held constant. By choosing sample sites with
similar micro-topographic locations on lava flows of the same age, the factors
t, p, and r are held constant. All sites were chosen in grassland environments
and thus, o is also held constant. Therefore, the climate factor is the only one
that varies among this series of soils, and this factor is primarily expressed as
a difference in annual rainfall. By using the series of soils along an arid to

humid transect, the effect of increasing annual rainfall on pedogenic
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processes can be investigated through the use of oxygen isotopes as a

geochemical tracer.

1.3. Description of chapters.

The standard technique by which soil-water §°O values are measured
has been to first extract the soil water and then to measure its isotopic
composition. However, the most widely used methods for water extraction
from soils, namely azeotropic distillation and vacuum distillation can result
in significantly different 8O values for the same sample when different
temperatures and durations of extraction are used (Walker et al., 1994). For
this project, a direct equilibration technique was successfully developed which
avoids the errors intrinsic with bulk water extraction. This technique is
presented in Chapter 2 and has been submitted as a paper to the journal
Geoderma with co-authors Sam Savin, Gene Kelly, and Oliver Chadwick.

The idea of direct equilibration was suggested previously for soils
(Jusserand, 1980) and tested more recently for the measurement of 8O values
of plant material (Scrimgeour, 1995). The present study is the first application
of the direct equilibration technique to soil material. Experiments were
designed to test the effect of biological respiration, water content, and soil type
on equilibration. Specific questions that were answeted included: How does
this method compare to standard methods in terms of reproducibility?

Which is the most appropriate method to use? Are measurements of the
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isotopic composition of soil water affected by the amount of water in the soil
or by the type of soil?

After testing this technique, it was applied to samples of soil from the
arid to humid transect in Hawaii. The §°O value of soil water and incoming
precipitation, and the volumetric water content of the soil, were monitored
for two seasonal cycles. The results of that study are presented in Chapter 3
and have been submitted to Geoderma with co-authors Oliver Chadwick,
Gene Kelly, and Sam Savin. Questions that were answered in this
investigation included: Do the observed patterns at the arid sites match
theoretical calculations? What are the patterns at the humid sites? Are these
patterns related to macroenvironmental parameters such as annual rainfall
or evaporative demand? Are there any changes in the values through the
year and if so, what causes them? What is the relationship between rainfall
and soil-water §'°0 values?

The final part of this project is an investigation into the §°O values of
pedogenic halloysite. It is presented in three chapters. Chapter 4 provides the
background information regarding isotopic studies of clay minerals in soils.
Chapter 5 describes the sample preparation techniques for separating
halloysite. Chapter 6 presents the results from the soils on Kohala and our
interpretations. The questions that were answered for this part of the project
include: Can halloysite be separated from the bulk soil material? Is the §"O

value affected by the separation treatments? Is there any systematic pattern in
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the soil profiles? How do they compare to soil-water values? Is it possible to
understand the conditions of formation from these 5O values?

Finally, the conclusions of all parts of this project are summarized and
discussed in Chapter 7. The general questions addressed there include: Is
annual rainfall important in controlling pedogenic processes? Are oxygen
isotopes appropriate for tracing pedogenic processes? What have we learned

about the formation of soils on Hawaii?

1.4. Definitions of isotopic terms.

A few basic definitions will be given here in lieu of a detailed
discussion of the chemistry of oxygen isotopes which can be found in
numerous sources (e.g. O'Neil, 1987, Sheppard, 1987, Savin and Lee, 1988,
Sheppard and Gilg, 1996).

Isotope ratios are reported in 3-notation,
R e — R,
6 - [ sample std ] % 1000
std

R, 15 the isotope ratio, e.g. O/"O ratio, of the sample and R, is the
isotope ratio of the standard to which the measurement is referred. All
oxygen isotope ratios in this study are reported relative to Standard Mean
Ocean Water (SMOW). Carbon isotope ratios are reported relative to the Pee
Dee Belemnite (PDB) standard. The units of § are permil (%o).

When a system is in isotopic equilibrium, an isotopic fractionation

factor, o, can be defined:
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)

1+1000 1000 + 6,
O = =
6; 1000 +6,
1000

where R, and R; are isotope ratios of the same element in two compounds or
phases, i and ii. In this dissertation, the term fractionation factor will be used
to mean equilibrium oxygen isotopic fractionation factor. In fact,
demonstrating that systems are actually in isotopic equilibrium is a
ubiquitous problem in isotope geochemistry. This study is no exception. Like
other preliminary investigations of new mineral-fluid systems, it is necessary
to simply presume equilibrium, in the absence of direct evidence of
disequilibrium, in order to establish preliminary patterns in the data.

Another term, A, ; (sometimes referred to informally as "big delta"), is

A, =1000 ln[—Ri]
Rii

there is no connotation of isotopic equilibrium.

expressed as:

When using A,

Specific details about oxygen isotopes will be given when appropriate

in later chapters.
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Chapter 2. Method for Measuring Soil-Water §®0 Values.

The purpose of this chapter is to describe and test an alternative
method for measuring the §°O value of soil water. This method uses direct
equilibration with CO, instead of the standard two step procedure of soil-
water extraction and subsequent isotopic measurement of the water. The
reproducibility of the equilibration method is investigated, and other
experiments were designed and performed to test the effect of irradiation

treatment, soil type, and water content on the equilibration process.

2.1. Introduction.

The 8“0 value of soil water is commonly measured in a two step
procedure. First, the water is extracted. Next, its isotopic composition is
determined using a CO,-water equilibration (Cohn and Urey, 1938; Epstein
and Mayeda, 1953) or direct analysis by fluorination of the water (O'Neil and
Epstein, 1966). The most widely used methods for water extraction are
vacuum distillation and azeotropic distillation (Litaor, 1988; Revesz and
Woods, 1990; Araguas-Araguds et al., 1995). For reasons explained below, the
isotopic composition of water extracted using those methods may not be
appropriate for use in studies where oxygen isotope (*O/'O) ratios of
pedogenic minerals are to be related to the isotopic composition of soil water

in the presence of which they formed or grew.
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This method is a variant of the direct equilibration technique, first
mentioned by Jusserand (1980) for soil material and more recently tested by
Scrimgeour (1995) on plant materials. In this modification, CO, is
equilibrated with soil that has been sterilized by radiation but is otherwise
unmodified following collection in the field. Results of tests done using soils
of different types and water content are reported. The results of the
equilibration technique are compared with those obtained using azeotropic
and vacuum distillation methods, and differences between the results of the
methods are interpreted in terms of the existence of isotopic fractionations
among the different physico-chemical forms of H,O within the soil.

Water in soil can be visualized as a number of physico-chemically
different, thermodynamically distinct forms (termed compartments), each of
which can be described or identified on the basis of its relationship to the solid
phase of the soil (Figure 2.1). The bulk liquid phase (which is called liquid
water) moves about in response to a gradient in tension. Adsorbed water,
which is held by mineral surfaces, and structural water, which is held loosely
(as in smectite) or tightly (as in gypsum) in the crystal lattice of minerals, have
different chemical and physical properties than liquid water (Sposito, 1984;
Dunitz, 1994). In general, one may expect water in each compartment to have
an *O/*0 ratio distinct from that of water in each of the other compartments.

The isotopic fractionations among different compartments of water are
readily understood by analogy with brine systems that have received detailed

study (Taube, 1954; Truesdell, 1974; Sofer and Gat, 1972, 1975; Horita and Gat,
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1989). When a series of brines of varying solute concentrations is made by
dissolving salts in distilled water, it is clear that the §180 values of the bulk
solutions must be the same as that of the distilled water. However, the
activity of ®O in the liquid (as measured, for example, by the 5O value of
water vapor or CO, in equilibrium with the solution) can indeed differ from
that of the bulk solution. This reflects the fact that the water that forms
coordination spheres around solute ions does not have the same isotopic
composition as the "free" liquid water. Isotopically, the solution can be
thought of as consisting of water in two compartments, free water and
coordination water. If coordination spheres are enriched in **O relative to the
free liquid, the free liquid becomes depleted in O, and vice wversa. If a
significant fraction of total water occurs in spheres of coordination, the
isotopic composition of the free water fraction may be significantly different
(by a few %) than that of the total water of the solution. Similarly, in soils,
the thermodynamic properties of water in the different compartments, and
thus the 8O values of those compartments, ought to be different from one
another and from that of the bulk water of the soil. Some evidence of
fractionation is suggested by Araguas-Araguds et al. (1995) and Scrimgeour
(1995).

If the water in each compartment is isotopically uniform, and if all of
the compartments are in oxygen isotopic equilibrium with one another

(conditions that seem reasonable except in the case of tightly held water of
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crystallization), then the isotopic compositions of water in all of the

compartments are related by the equations:

8total = Z xi(si
al—Z = RI/RZ
a1—3 = RI/RS

%) = R/Ry,
where X; is the mole fraction of water in the ith compartment (Zx;=1)

3, = [(R;/Ryq) =1] x 1000
R, is the "®*O /"0 ratio of the ith compartment, and R_, is the
80O /0 ratio of Standard Mean Ocean Water; and
o, is the equilibrium fractionation factor between the water in
the ith and jth compartments.
As a result of the partitioning of water among compartments within the soil,

d  should approximate §  when most of the water is present in the liquid
total liquid

phase, but the two may differ significantly from one another when most of
the soil water is not in the liquid phase.

In isotopic studies of mineral matter, a fractionation factor between the
mineral and water is used to relate the two phases. Often, these fractionation

factors are determined by isotopic measurement of the mineral and the liquid
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water in which it was synthesized. Thus, when interpreting mineral §%0
values, the most appropriate value to use for the isotopic composition of the
water is the §°°0 value of liquid water. It is that value which is mostly likely

obtained using the equilibration method.

2.2. Materials and methods.

Soils of three different types were used in this study: a clay loam, a silt
loam and several coarse sandy loams. The clay loam is composed mainly of
quartz and feldspar in the sand size fraction and smectite, kaolinite and
minor amounts of iron and aluminum oxides in the clay size fraction. The
silt loam is composed mainly of organic matter, non-crystalline material and
poorly crystalline material such as ferrihydrite, imogolite and allophane in all
size fractions. The coarse sandy loams are composed mainly of quartz and
feldspar in the sand size fraction and illite in the clay size fraction. None of
the soils contain carbonates. The clay loam and silt loam have high surface
areas on which there can be a significant amount of adsorbed water (Hillel,
1980). The coarse sandy loams have less surface area. The clay loam also
contains smectite, which has structural interlayer water. The silt and coarse
sandy loams have relatively little smectite, and therefore little structural
water.

Undisturbed soil samples were collected in the field, sealed in air-tight
glass containers and coated with liquid Saran™ to further protect against loss

of water by evaporation. In this study, some samples were also prepared by
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adding water to dry soil. These were sealed in air-tight glass containers. To
eliminate CO,-respiring or metabolizing organisms, samples were sterilized
by exposure to gamma radiation as soon as possible after collection; samples
were refrigerated prior to irradiation to slow respiration. Each sample
container was exposed to '’Cs gamma radiation for a minimum dosage of 24
kGy at room temperature (Sparrow et al., 1967). To prevent reinnoculation of
sterilized soil samples, all glass and metal equipment was autoclaved prior to
use in the analysis.

An aliquot weighing 6 to 10 g is placed in a glass vacuum vessel fitted
with a rubber septum (Figure 2.2). A larger soil sample is needed if the water
content is low. This vessel is placed on a vacuum line and the soil is frozen
with an ethanol-dry ice slurry. Once the sample is frozen (approximately 5
minutes), the vessel is opened to vacuum and evacuated. The stopcock to the
vacuum is then closed and the sample is allowed to thaw, releasing any
trapped gases into the head space. It is assumed to be thawed when it is not
visibly frozen. Thawing time is variable and may take up to 30 minutes. The
freeze-thaw process is repeated until no significant noncondensible gas is
detected by a thermocouple vacuum gauge. At least 3 repetitions are required
to release most of the soil gas. During the freeze-thaw process, the top of the
glass vessel should be kept warmer than the soil to prevent condensation of
water on the vessel walls. The top of the vessel is wrapped with electrical
heating tape for this purpose. During freeze-thaw repetitions, water

sometimes distills from the sample onto the sides of the vessel where it
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freezes. This is most common for soils with higher water contents. Upon
melting, it moves back into the soil. It is possible that this could result in
some change in the distribution of water among different compartments that
could affect the 8'°0 value of the liquid water in the sample. This has not yet
been investigated.

Tank CO, at a measured pressure (between 0.25 and 0.33 atm) is
introduced into the vessel and allowed to exchange with the soil water in a
thermostated bath at 25°C. To determine the time necessary for equilibration,
an aliquot of CQO, is taken with a gas-tight syringe through the rubber septum

every few hours and analyzed on a mass spectrometer.
Isotopic results are reported in d-notation as permil (%.) deviations

from a standard. ®O/™O values are given relative to Standard Mean Ocean
Water (SMOW) (Craig, 1961) and “C/“C values are relative to the PDB
standard. All soil-water contents (total water) are reported as a weight %
(grams of water per gram of soil). The water contents are measured by
weighing before and after drying in an oven at 110° overnight (Gardner, 1986)
or fixed by adding known amounts of water to dry soil.

The §"0 value of the water following equilibration with CO, may be
calculated from the measured §"°0 value of CO, and o g, o (1.0412 at 25°C

according to Friedman and O’Neil, 1977). Because of isotopic exchange

between CO, and water, however, &,,, is not identical to &', the initial §"°O
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value of the water. §p,, can be calculated from material balance

considerations and the appropriate fractionation factors.

% oo * 2X; 8ino;‘ = X cordcop + ZX j8fH20j
where the subscripts i and f denote initial (before equilibration) and final
(after equilibration) conditions. The subscript j is used to index different
compartments of water. Mole fractions of oxygen are indicated by x,
appropriately subscripted.

In the simplest case, in which all of the water is present as liquid, the

mass balance equation reduces to

g i
Xc020'cor + X0 00 = xcozsfcoz 4 ¥ Vi

and the initial value of the water is

S'ta20 = [8cor = 1000(0tcz - 120 "D / Olcon- 120 + (¥ con/ X1120) o2 = Fcn)-
Xcop and xy,o are calculated from n.,, and ny,, the number of moles of
oxygen in H,O and CO, during equilibration. These, in turn, are calculated
from sample weight and density, water content, volume of the equilibration
vessel, pressure of CO, introduced into the vessel, and the ideal gas law.

sample weight (g) X water content (g H20 / g sample)
n —
20 18 g/mole H.0

and
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where P is the pressure of CO,, T is the absolute temperature, V is the volume
and R is the gas constant. The factor of 2 is included because each molecule of
CO, contains 2 atoms of oxygen.

V=V V

vessel sample

and
Vmple = Sample weight / bulk density

Bulk density is the ratio of the mass of solids to the total volume (Blake and

Hartge, 1986).
When water exists in more than one compartment, it is necessary to

know the fractionation factors among the different compartments to solve for

80 exactly. In the case of two water compartments, liquid and non-liquid,

; 1 X 1 1 X ‘ 1
511,'(, =7 i '5502_—'"‘“‘2%‘“'5!002‘*'1000 —1
L (1=x¢p) & cor-iig L (1=xcp, X cor-1ig
where
L= xliq + 1 . xnnnliq
xli{[ + xn(mliq aliq—-nonliq xliq + xn(mliq

Neither the mole fractions of liquid and non-liquid water in a soil nor
the fractionations among the different components are known. However, it

is possible to estimate the magnitude of error introduced by
intercompartmental fractionations on the value of 8y, calculated using the

equilibration technique. It is unlikely, by analogy with what is known about
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fractionations between liquid water, ice, and vapor, that the fractionation

between liquid and non-liquid water in a soil is greater than 10%.. Using

values of Oiguignoniquia PEtWeen 0.99 and 1.01 and other values typical for the
analyses reported in this paper (§co, +20%0 to +40%0, &'co, +4%0, and Xxp,0

between 0.5 and 0.9), we calculate errors in &), ranging from 0 (when all of

liqui
the water is liquid) to 0.36%. (when all of the water is nonliquid). Errors in
8iliquid increase with increasing i quid-nonliquid” xnonliq/ (xliq + xnonliq) and (§e; = o)
Errors as large as 4.5% were calculated in a worst-case scenario in which a
50%o fractionation between liquid and non-liquid was assumed, all of the
water in the soil was non-liquid, x,, was 0.5, and the isotopic composition of
the CO, shifted by 100% during the equilibration. These conditions are
unlikely to occur in the analysis of naturally occurring samples.

The calculations for the case of two water compartments are equally
valid when there are multiple compartments and the proportions of water in
the various non-liquid compartments remain constant. For this study,
because none of the fractionation factors between water compartments are

known, all calculations were made assuming only one compartment of water.

2.3. Results and discussion.
2.3.1. Reproducibility.
Several aliquots taken from a single sample were analyzed to

determine reproducibility of the method. Samples were prepared by adding
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water to soil that had been oven dried at 110°C for 48 hours. The standard
deviation was 0.4%. (n=8) for the clay loam and 0.3%. (n=7) for a coarse sandy
loam. Revesz and Woods (1990) and Ingraham and Shadel (1992) reported a
reproducibility of 0.2%. for the azeotropic distillation method, Araguas-
Araguas et al. (1995) reported a precision of 0.5%. for the vacuum distillation
method while Walker et al. (1994) reported an average precision of 0.3%. for

all methods that they compared.

2.3.2. Time of equilibration between CO, and soil water.

The time for oxygen isotope equilibration between CO, and soil water
in three samples (two silt loams and a clay loam) was determined by
analyzing a series of aliquots of CO, taken from each equilibration vessel. The
two phases were deemed to be in equilibrium when the 8°O of the CO,
reached a value which did not change more than about 1%. over a period of
several days. Results are shown in Figure 2.3. The wetter silt loam reached
oxygen isotope equilibrium in about 12 hours while it took about 24 hours for
the clay loam and about 48 hours for the drier silt loam to reach equilibrium.
We have not investigated the factors that affect equilibration time, but they
probably include water content, pore size distribution, and the distribution of
water among different compartments. = We speculate that soils with
significant amounts of liquid water may equilibrate with CO, more quickly
than soils with only adsorbed and/or structural water. This is because of the

rapidity with which dissolved HCO; (formed by dissolution of CO, in liquid
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water) exchanges with H,O. We conclude that the time for oxygen isotope
equilibration between CO, and soil water of each new soil needs to be

determined prior to analyses of many samples of the same type.

2.3.3. Influence of biological respiration.

Biological respiration can affect the isotopic composition of soil water
prior to analysis and biogenic CO, can exchange with the sample during
analysis. Prior to analysis, respiration processes, illustrated schematically
with glucose

CH,,0, + 60, = 6CO, + 6H,0O

result in formation of both H,O and CO,. If sufficient H,O is produced and
soil-water contents are low, the §°O value of the soil water may be changed
prior to analyzing the sample. In addition, CO, produced within the sample
jar will exchange with the soil water, possibly altering the isotopic
composition of H,O. Any CO, produced later in the equilibration vessel will
also affect the §"°C value of the CO,. If the rate of production (or consumption
if conditions in the vessel become anaerobic) of CO, in biological processes
should be greater than the rate of equilibration of CO, and H,O, the possibility
also exists that the CO, will not come into oxygen isotopic equilibrium with
the H,O.

To test the necessity and efficacy of using gamma radiation to destroy
any CO,-producing or CO,-consuming organisms prior to analysis, we

analyzed a series of sterilized and unsterilized pairs of soil samples. Isotopic
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analyses of the samples were done between 4 and 8 weeks after irradiation.
Results are in Table 2.1.

The 8O values of all non-irradiated samples are more negative than
those of irradiated samples, in some cases by as much as 2%.. No significant
differences were noted in §”C values between the two sample sets. We
tentatively conclude that these results are the consequence of respiration in
the untreated samples after the irradiation of the treated samples but prior to
analysis. During the analytical procedure, any respired CO, is removed prior
to introduction of tank CO,. The absence of differences in §°C values of the
irradiated and untreated samples indicates that the amount of respired CO,
produced during the 24 to 48 hours allowed for equilibration between CO, and
soil water is small compared to the amount of tank CO, added to the
equilibration vessel. However, any respired water produced between the time
of sampling and the time of analysis of the untreated sample (or time of
sampling and time of irradiation of the treated sample) is added to the
original soil water. Thus, all soil samples should be refrigerated between the
time of collection and time of irradiation, and be irradiated as soon as
practical after collection to minimize production of respired water. This
recommendation is made regardless of the technique that is to be used to

analyze the soil water.
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2.3.4. Long term changes in the isotopic composition of CO, in equilibrium
with soil water.

One of the samples, a wet silt loam, was allowed to equilibrate with CO,
for over three months. During that interval, the §°O value increased by
approximately 1%o from -11.8%. to -10.7%. and the §°C value increased by
approximately 5%o. from -41.0%o to -35.5%.. Soil organic matter is enriched in
PC relative to tank CO, and the oxygen of the organic matter may be enriched
in '*O relative to the soil water. This suggests that the long term shifts in the
isotopic ratio of the CO, were the result of very slow degradation of organic

matter in the equilibration vessel even though the soil was sterilized.

2.3.5.  Comparison of distillation extraction methods and the CO,

equilibration method.

In many previous studies of the isotopic composition of soil water,
water has been removed from soil samples prior to analysis. The 8O of the

water is typically measured using the CO,-water equilibration method of
Epstein and Mayeda (1953).

The azeotropic distillation method is described by Revesz and Woods
(1990) and Ingraham and Shadel (1992). A soil sample is placed in a flask of
toluene and attached to a distillation apparatus. Water and toluene form an
azeotropic mixture at 84.1°C but are immiscible at room temperature. The

azeotrope is distilled from the soil sample by heating, after which it is
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condensed and cooled to room temperature. The water and toluene can then
be separated in a separatory funnel.

In the vacuum distillation technique (Ingraham and Shadel, 1992;
Aragués-Araguas et al., 1995), a soil sample is frozen in a vessel on a vacuum
line and non-condensables are pumped away. The sample is then heated and
the water evolved is frozen in a separate vessel. Heating temperatures are
variable ranging from 100°C for most samples up to 350°C (Araguéds-Araguas
et al., 1995).

The results of both the azeotrope and vacuum distillation methods are
sensitive to operational details. @ Walker et al. (1994) conducted an
interlaboratory comparison and reported that waters of different amounts,
types and isotopic compositions were extracted when the same sample was
analyzed in different laboratories. Variations in the details of the technique
among the laboratories include the temperature and duration of the
distillation process. Walker et al. (1994) concluded that there was a need for
standard protocols for both the azeotropic and vacuum distillation methods.

In the direct soil-CO, equilibration method, the §®O value of liquid
water is presumably measured while distillation extractions may remove
some of the more strongly held water (Araguds-Araguds et al., 1995;
Scrimgeour, 1995) resulting in a composite 8O value. To determine the
significance of this, samples were sent to Dr. K. Revesz (U.S. Geological
Survey) for analysis by azeotrope extraction and to A.H. Jahren (University of

California at Berkeley) for analysis by vacuum distillation. All of these
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samples were ones that had been dried and re-wetted with waters of known
isotopic composition for a series of experiments discussed in more detail in
the subsequent section.

Results are shown in Table 2.2. The 8°O values obtained using
azeotropic distillation range from 4.1%. higher to 2.8%. lower (n=4) than
those obtained with direct CO, equilibratibn. Those obtained using vacuum
distillation were between 3.4%. higher and -0.5%. lower than values obtained
by the direct equilibration method. There is no systematic pattern in the
discrepancies between the two methods and the water contents (16 or 32
weight %), or the nature of the samples (clay loam vs. coarse sandy loam).
Part of the discrepancy probably reflects the factors responsible for
interlaboratory differences in the results of the distillation methods (Walker
et al., 1994) such as length of time of distillation, temperature of distillation,
and complete recovery of water vapour. Another part of the discrepency
probably reflects the fact that the direct equilibration technique measures the
80O value of only the liquid water while the distillation methods measure all
extractable, more mobile water. A comprehensive comparative study is

currently underway.

2.3.6. Results of adding water of known isotopic composition to previously
dried soils.
In order to test the CO, equilibration method, analyses were made on

soil samples that contained waters of known isotopic compositions. A series
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of experiments were desinged in which two soils, a clay loam and a coarse
sandy loam, were oven dried in air at 110°C for 12 hours and then re-wetted

with waters of known amounts and isotopic compositions. Samples were
incubated for an interval of between two weeks and two months prior to
isotopic analyses. Results are given in Table 2.2 and, for the clay loam, are

plotted in Figure 2.4.
The result for addition of 32% water of 80O +63.4%. to the clay loam is

clearly aberrant for reasons we do not understand, and is not considered
further. With the exception of that result, as the water content of the soil
increases, the measured isotopic composition of the soil water approaches
that of the water added to the dried sample. In almost every case, however,
measured 8O value of the soil water only approximated the §°O value the
water added at the highest water content. In all other cases, forthe additions
of "®*O-rich waters, measured 8O values were always at least 12%. lower than
that of the water added.

The data must reflect, in part, that some water remained in the samples
dried at 110°C for 12 hours. However, mass balance calculations for a simple

two-component system do not provide a satisfactory solution for the amount
and isotopic composition of that water. Comparison of the results for
addition of the heavy and light water indicates that the amount of residual
water must be small (no more than 3 or 4 weight %) and of low §°O value

(perhaps between -5%. and -20%.). Failure to obtain consistent solutions for
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material balance calculations indicates that, especially at low water contents,
the soil must contain water in more than one compartment, and that isotopic
fractionations must exist among the different compartments. Because the
fractionations among compartments are not known, it is not possible to write
and solve the appropriate material balance equation for the soil water. The
reasonable agreement noted in the foregoing discussion of comparisons
between the direct equilibration technique and the distillation technique for
samples to which 32% *O-rich water was added supports the contention that
soil water is partitioned among compartments and that water extracted by the
distillation method is roughly comparable to the liquid water analyzed by the
direct equilibration method.

These data may also reflect, in part, subtle differences in how the water
was added into the dry soil. When small amounts of water are added to the
soil, the adsorption of water onto the mineral surface is so rapid that water
might be fractionated kinetically. Such small amounts of water also makes
the physical mixing of the samples difficult. Because the soil is still very dry
after introducing water, the isotopic exchange among waters of different
compartments might be very slow. The poorer agreement among the results
for the samples re-wet with small amounts of water may reflect a relatively
slow rate of equilibration of water among the different compartments of those

soils, especially for the lowest water contents (0.5%).
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2.4. Conclusions.

Three main conclusions can be made from this study. The first is that a
direct equilibration is a feasible method for measuring the §®O value of soil
water. The reproducibility of this method is about 0.3% to 0.4%.,
approximately the same as extraction methods. The single step of analysis
and the lack of dangerous chemicals are advantages of this method.

A second conclusion is that biological respiration can cause significant
changes in the measured §°0 value of soil water. For this reason,
sterilization of the sample is recommended prior to analyses. Samples
should also be stored at low temperatures prior to sterilization to inhibit
biological activity.

Finally, the effect of different amounts of water and soil type on the
§"0 value of soil water is an important discovery. The measured §°0 value
changes as water content and soil texture is changed. The most likely
explanation for this is that soil water occurs in several forms or
compartments such as bulk liquid water and adsorbed water. Each of these
forms may have a different isotopic composition and they are likely in
isotopic equilibrium with one another. The §°O value measured by the
equilibration method is operationally defined as the §°O value of the bulk
liquid water because the CO,-liquid water fractionation factor is used to relate
the two phases. Thus, changes in the measured §°O value are due to
different proportions of liquid water relative to the amount of total water as

water content and soil texture are varied. The liquid water §"°O value should
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be used when mineral-water fractionation factors are used to interpret the

conditions under which pedogenic processes occur.

2.5. References.

Aragudas-Araguas, L., Rozanski, K., Gonfiantini, R., and Louvat, D., 1995.
Isotope effects accompanying vacuum extraction of soil water for stable
isotope analyses. Journal of Hydrology, 168: 159-171.

Blake, G.R., and Hartge, K.H., 1986. Bulk density. In: (A. Klute, editor)
Methods of soil analysis. Part 1. Physical and mineralogical methods.
American Society of Agronomy, pp. 363-382.

Cohn, M., and Urey, H.C, 1938. Oxygen exchange reactions of organic
compounds and water. Journal of the American Chemical Society, 60:
679-687.

Craig, H., 1961. Standard for reporting concentrations of deuterium and
oxygen 18 in natural water. Science, 133: 1833.

Dunitz, J.D., 1994. The entropic cost of bound water in crystals and
biomolecules. Science, 264: 670.

Epstein S., and Mayeda, T., 1953. Variations of O content of waters from
natural sources. Geochimica et Cosmochimica Acta, 4: 213-224.

Friedman, I, and O'Neil, ]J.T., 1977. Compilation of stable isotope
fractionation factors of geochemical interest. USGS Professional Paper,

440-KK.



30
Gardner, W.H., 1986. Water content. In: (A. Klute, editor) Methods of soil

analysis. Part 1. Physical and mineralogical methods. American Society
of Agronomy, pp. 493-544.

Hillel, D., 1980. Fundamentals of Soil Physics. Academic Press. 413 pp.

Horita, J., and Gat, J.R., 1989. Deuterium in the Dead Sea: remeasurement
and implications for the isotopic activity correction in brines.
Geochimica et Cosmochimica Acta, 53: 131-133.

Ingraham, N., and Shadel, C., 1992. A comparison of the toluene distillation
and vacuum/heat methods for extracting soil water for stable isotopic
analysis. Journal of Hydrology, 140: 371-387.

Jusserand, C. 1980. Extraction de 1'eau intersticielle des sediments et des sols.
Comparaison des valeurs de l'oxygene 18 par differentes methodes.
Premiers resultats. Catena, 7: 87-96.

Litaor, M.I,, 1988. Review of soil solution samplers. Water Resources
Research, 24: 727-733.

O'Neil, J.R., and Epstein, S., 1966. A method for oxygen isotope analysis of
milligram quantities of water amd some of its applications. Journal of
Geophysical Research, 71: 4955-5961.

Revesz, K., and Woods, P.H., 1990. A method to extract soil water for stable
isotope analysis. Journal of Hydrology, 115: 397-406.

Scrimgeour, C.M., 1995. Measurement of plant and soil water isotope

composition by direct equilibration methods. Journal of Hydrology,

173: 261-274.



31

Sofer, A. and Gat, J.R., 1972. Activities and concentrations of oxygen-18 in
concentrated aqueous salt solutions: analytical and geophysical
implications. Earth and Planetary Science Letters, 15: 232-238.

Sofer, A., and Gat J.R., 1975. The isotope composition of evaporating brines:
effect of the isotopic activity ratio in saline solutions. Earth and
Planetary Science Letters, 26: 179-186.

Sparrow, A.H., Underbink, A.G., and Sparrow, R.C., 1967. Chromosomes and
cellular radiosensitivity. I. The relationship of D, to chromosome
volume and complexity in seventy-nine different organisms.
Radiation Research, 32: 915-945.

Sposito, G., 1984. The surface chemistry of soils. Oxford University Press. pp.
234.

Taube, H., 1954. Use of oxygen isotope effects in the study of hydration of
ions. Journal of Physical Chemistry, 58: 523-538.

Truesdell, A.H., 1974. Oxygen isotope activities and concentrations in
aqueous salt solutions at elevated temperatures: consequences for
isotope geochemistry. Earth and Planetary Science Letters, 23: 387-396.

Walker, G.R.,, Woods, P.H. and Allison, G.B., 1994. Interlaboratory
comparison of methods to determine the stable isotope composition of

soil water. Chemical Geology, 111: 297-306.



o2

Table 2.1. Effect of different soil types and radiation treatment on the
measured §"°O and §"C values by the direct CO,-equilibration method.

8% water 8% water 4% water
content content content
not irradiated irradiated
Sample §°C 80 §°C 80 §°0O
Clay Loam -40.6 -12.4 -41.0 -11.8 -10.6
Coarse Sandy Loam 1 -40.6  -11.2 -40.6 9.2 9.2
Coarse Sandy Loam 2 -40.7  -10.3 -40.7  -9.2 -8.8

Coarse Sandy Loam 3 -40.6 ~11.3 -40.7 -94 -5.9
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Table 2.2. Results of drying/rewetting experiments (including comparisons of
analyses done using different techniques).

80 of
water 644 644 634 654 654 -105 -105 -11.3 -9.8 -9.8
added
Months
between
wetting 2 2 0.5 2 2 2 2 0.5 2 2
and
analysis
Sample Water Measured isotopic composition of soil water
content
(%)
5180‘ 6180\;1 8180' 8180" 8180# 8180* 8180w 6180" 6180" 8180#
Clay b -9.5 50.1 224 -21.6 1.0 4.2
Loam 1 0.5 41.6 284 -18.0 -7.4 7.8
2 15.4 46.4 59.2 -15.7 -10.1  -3.5
4 23.3 51.9 53.8 -10.6 -9.8  -6.4
8 555 464 -11.8 -9.3 5.2
16 50.4 60.1 54.6 -10.5 99 -71
32 541 50.0 398 521 526 -134 -73 -13.6 -7.5 -10.9
Coarse 5 -8.3 -20.4
Sandy il 2.5 -17.9
Loam 2 15.2 -15.1
4 29.8 -8.8
8 41.6 -9.2
16 49.2 52.0 -10.2  -7.4

Notes: measured by CO, equilibration
¥ measured using the azeotropic distillation method by Dr. K. Revesz, U.S. Geological
Survey
* measured using the vacuum distillation method (average of 3 analyses) by A.H.
Jahren, University of California, Berkeley
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Figure 2.1. Different forms of water found in soils.
a) bulk liquid phase (liquid water);
b) adsorbed water;
c) structural water bound in minerals (e.g., interlayer water in clays)
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