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1. Introduction

A variety of physical processes affect solute concentrations within catchment waters. The isotopic
compositions of the solutes can indicate which processes have determined the observed concentrations.
These processes together constitute the physical history of the water. Many solutes in natural waters are
derived from the interaction between the water and the rock and/or soil within the system -- these are
termed "lithogenic" solutes. The isotopic compositions of these solutes provide information regarding
rock-water interactions. Many other solutes have their isotopic compositions determined both within and
outside of the catchment - i.e., in addition to being derived from catchment rock and soil, they are solutes
that are also transported into the catchment. Important members of this group include solutes that have
isotopic compositions produced by atomic particle interactions with other nuclides. The source of the
atomic particles can be cosmic radiation (producing "cosmogenic" nuclides in the atmosphere and land
surface), anthropogenic nuclear reactions (producing "thermonuclear" nuclides), or radioactive and
fission decay of naturally-occurring elements, principally 238U (producing "in-situ" lithogenic nuclides in
the deep subsurface). Current language usage often combines all of the atomic particle-produced nuclides
under the heading "cosmogenic nuclides", and for simplicity we will often follow that usage here,
although always indicating which variety is being discussed. This paper addresses the processes that
affect the lithogenic and cosmogenic solute concentrations in catchment waters, and how the isotopic
compositions of the solutes can be used in integrative ways to identify these processes, thereby revealing
the physical history of the water within a catchment system.

The concept of a "system" is important in catchment hydrology. A catchment is the smallest landscape
unit that can both participate in all of the aspects of the hydrologic cycle and also be treated as a mostly
closed system for mass balance considerations. It is the near closure of the system that permits well-
constrained chemical mass balance calculations to be made. These calculations generally focus of
lithogenic solutes, and therefore in our discussions of lithogenic nuclides in the paper, the concept of
chemical mass balance in a nearly closed system will play an important role. Examination of the isotopic
compositions of solutes provides a better understanding of the variety of processes controlling mass
balance. It is with this approach that we examine the variety of processes occurring within the catchment
system, such as weathering and soil production, generation of stormflow and streamflow (hydrograph
separation), movement of soil pore water, groundwater flow, and the overall processes involved with
basinal water balance.

In this paper, the term "nuclide" will be used when referring to a nuclear species that contains a particular
number of protons and neutrons. The term is not specific to any element. The term "isotope" will be used
to distinguish nuclear species of a given element (atoms with the same number of protons). That is to say,
there are many nuclides in nature - for example, 36Cl, 87Sr, 238U; the element Sr has four naturally-occurring
isotopes - 84Sr, 86Sr, 87Sr, and 88Sr.

This paper will first discuss the general principles that underlie the study of lithogenic and cosmogenic
nuclides in hydrology, and provide references to some of the more important studies applying these
principles and nuclides. We then turn in the second section to a discussion of their specific applications in
catchment-scale systems. The final section of this paper discusses new directions in the application of
lithogenic and cosmogenic nuclides to catchment hydrology, with some thoughts concerning possible
applications that still remain unexplored.

2. Processes That Affect Lithogenic and Cosmogenic Isotopic Compositions in Hydrologic Systems
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2.1  Lithogenic and cosmogenic solutes used in hydrologic analysis.

Lithogenic solutes that have isotopic compositions useful in hydrology include: 1) those that have
varying isotopic ratios due to radioactive decay of other nuclides: Sr, Pb, Nd, and U-decay series
elements; 2) those that have varying isotopic ratios due to fractionation by natural processes: Li, B, C, S,
Cl (35Cl, 37Cl) , and perhaps Fe (hydrogen and oxygen are in this group as well, although they are not
"solutes"); and 3) those that have varying isotopic ratios due to particle-induced changes in the nucleus of
the atom: Cl, Ca, Ar, and I. Cosmogenic solutes available for hydrologic studies include 7Be, 10Be, 14C,
22Na, 24Na, 36Cl, 39Ar, 41Ca, and 129I. Many of these also have a lithogenic origin ("in-situ" production), and
so are also listed with the lithogenic solutes.

In this paper we will discuss the isotopes of Li, Be, B, Na, Cl, Ca, Sr, I, Nd, Pb, as well as the lithogenic
aspects of the U-decay series: the 234U/238U ratios. Because the isotopes of Li, Be, B, Na, Ca, stable Cl, and
Nd have only recently been used in hydrology, they will be discussed under the heading "New
Directions" in catchment hydrologic studies.

2.2  Origin of lithogenic nuclides in natural waters: mineral reactions.

Catchment water originating as precipitation is dilute to the extent that it is undersaturated with respect
to the minerals that make up the rock and soil. Under these unsaturated conditions, the minerals begin to
react with the water until saturation is reached. Often, when several minerals are simultaneously
reacting, the water will become saturated in minerals other than those dissolving. The saturated phases
will likely precipitate from the water, leading to decreased saturation of those phases originally reacting
and thereby continuing the dissolution process.

Two approaches are commonly used to assess mineral-water reactions: the "mass-balance" approach, and
the "thermodynamic" or "reaction-path" approach. The mass balance approach models the reactions in the
system on the basis of observed minerals and measured water solute concentrations. Garrels and
MacKenzie (1967) were the first to make rigorous use of this approach, and it has been used often since
that time (Cleaves et al., 1970; Miller and Drever, 1977a; Plummer and Back, 1980, Paces, 1983; Drever and
Hurcomb, 1986). Garrels and MacKenzie were able to quantitatively demonstrate that solutes in
groundwater within granitic rocks in the Sierra Nevada mountains were derived from reactions
involving the major mineral phases of the granitic rocks, plagioclase, biotite, and alkali feldspar. Kaolinite
and smectite, commonly observed "weathering" minerals, were products in the reactions.

The reaction-path approach models observed differences in solute concentrations within groundwaters
on the basis of thermodynamic stabilities (Helgeson et al., 1969; Plummer et al., 1983). When the water
passes from one lithology to another along a flow path, the reaction-path approach provides a means of
calculating the water-solute-rock reactions that would occur (i.e., that are thermodynamically favored).
The mass-balance approach alone cannot make predictions concerning these reactions. In the reaction-
path approach, the inferred minerals may not be known to exist in the system (due to, for example, the
inability to obtain rock samples from depth), and water samples containing inferred intermediate solute
concentrations may not have been collected. This is the typical situation in regional groundwater studies
and often makes the reaction-path approach the most useful of the two. However, the two approaches are
complimentary: the mass-balance approach cannot violate thermodynamic considerations, and the
reaction-path approach cannot violate system mass-balance considerations. Further, the mass-balance
approach can suggest the reaction equations to be used in ("tested" by) thermodynamic calculations.
Whether thermodynamically favored reactions actually occur in a groundwater system can be tested by
mass balance calculations involving measured solute concentrations. The most thorough studies combine
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the two approaches to model the chemical evolution of a groundwater system (e.g., Plummer et al.,
1991b).

2.3  Origin of lithogenic nuclides in natural waters: trace element exchange.

Most of the nuclides of interest in catchment hydrology are isotopes of elements that occur in trace
concentrations in the minerals within the system, and consequently within the waters of the system as
well. Neither the mass-balance nor the reaction-path approaches are able to completely characterize the
solute concentrations of trace elements. This is primarily because both approaches focus on stoichiometric
mineral reactions, while trace element concentrations are not primarily controlled by the stoichiometry of
the minerals within the system. Trace elements can be considered to be in "solution" within the crystal
lattice, and therefore to exhibit Henry's Law behavior. They often reside within the crystal lattice in sites
where "Pauling's Rules" are violated (Pauling, 1960), leading to local charge imbalances or to local
structural defects in the crystal lattice. This permits them to be easily replaced by other ions. The behavior
of trace elements in hydrologic systems must therefore be treated differently from the behavior of
elements that are stoichiometric constituents of the common minerals.

There are five predominant mechanisms by which trace element concentrations can vary within a
mineral-water system: 1)   co-precipitation  , in which the trace element is incorporated into a precipitating
mineral (as Sr is incorporated into calcite); 2)   dissolution   (or "co-dissolution", a term rarely used), in
which a trace element is dissolved into water during the dissolution of a mineral phase (the reverse
process to co-precipitation), 3)  incongruent solution  , in which a mineral reaction is occurring whereby
one mineral type is being altered to produce another mineral type (e.g., kaolinite altering to gibbsite, or
calcite altering to dolomite), 4)    mineral diffusion  , in which the difference in chemical potential between a
mineral and a surrounding fluid causes the trace element to diffuse into or out of the mineral phase
(Henry's Law equilibrium), 5)  ion exchange  , in which ions of one type are replaced by ions of a second
type creating greater thermodynamic stability. Ion exchange can occur within the crystal lattice, as when
sodium ions replace calcium ions in plagioclase during albitization, or within the ionic layers adsorbed
onto mineral surfaces (e.g., in the Stern and Gouy layers in clay minerals). The commonly used term
"leaching", when used to describe the removal of trace elements from the mineral phase, is generally
referring to one or more of the final three mechanisms.

Each of the five mechanisms can be described using distribution coefficients, which define the relative
concentrations of the trace elements in the mineral as compared to the fluid. Theoretically, each trace
element would have a distribution coefficient relative to a given mineral phase and fluid composition that
would define its equilibrium concentrations during any of the above five processes. For example, during
the precipitation of calcite, Sr will substitute for Ca in its crystallographic site at a fixed rate that will
produce a quantitative distribution of Sr between the calcite and the fluid. Knowing the concentration of
Sr within the fluid, one could calculate the equilibrium concentration within the calcite. In actuality,
water-rock systems are rarely in equilibrium in nature, and the distribution coefficient can be used only
as a guide to the relative concentrations. However, equilibrium is usually closely enough approached that
distribution coefficients have been used very productively to model trace element behavior in hydrologic
systems (Banner et al., 1989; Banner et al., 1990; Musgrove and Banner, 1993).

While neither the mass-balance nor the reaction-path approaches are directly capable of modeling trace
element behavior, both approaches can be useful when considering either co-precipitation, dissolution, or
incongruent solution. If it is assumed that a given trace element behaves in a manner similar to a certain
key stoichiometric element during these chemical reactions (e.g., Sr behaving like Ca during feldspar
weathering), the effect of the reaction on the trace element concentrations within the system can be
assessed by examining the behavior of the stoichiometric element. The distribution of the trace element in
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the system is monitored by the changes in concentration of the stoichiometric element in the fluid.
Resulting trace element isotopic compositions can then be estimated based on the redistribution of the
trace element in the system. Recent additions to the mass-balance and reaction-path approaches have
used similar methods to model the isotopic behavior of non-stoichiometric elements in water-rock
reactions (e.g., the mass-balance computer code NETPATH; Plummer et al., 1991a, 1992).

Models for the isotopic evolution of groundwater systems have also been developed that focus
specifically on trace element Henry's Law behavior during mineral reactions. Nabelek (1987) developed
equations for calculating the changes in trace element concentrations in rock due to infiltration of a fluid.
The equations permit the calculation of the concentration of trace elements in the coexisting fluid at any
point in the reaction process, provided that the initial and final concentrations in the rock, the initial and
final bulk distribution coefficients, and the fluid/rock ratio are known. The approach is similar to that
developed by Taylor (1977) for stable isotopes, allowing the Nabelek equations to be extended to stable
isotopes. The Nabelek approach is most useful for calculating the fluid/rock ratio in the system. The
equations do not explicitly define the associated changes in radiogenic isotopic compositions that occur in
conjunction with the changes in elemental concentrations. Instead, these changes would have to be
calculated separately based on the elemental exchange between the fluid and rock.

Banner and Hanson (1990) developed equations for calculating simultaneous trace element and isotopic
variations (including radiogenic isotopic compositions) during the interaction between minerals and
groundwater. These equations incorporate mineral-water distribution coefficients and fractionation
factors for stable isotopes. They rely on mass balance in the sense that concentrations within, and masses
of, minerals must balance concentrations within, and masses of, groundwater. However, like the Nabelek
equations, they are not based on dissolution or reaction equilibria, but on the distribution of trace
elements within the system. The methods have been demonstrated to be particularly valuable when used
in conjunction with either the mass-balance or the reaction-path approaches (Banner et al., 1990;
Musgrove and Banner, 1993).

Approaches based primarily on distribution coefficients within the system have the advantage that they
can model ion exchange and mineral chemical diffusion reactions as well as mineral
precipitation/dissolution reactions. Ion exchange, in particular, can be an important mechanism
controlling the behavior of nuclides within groundwater systems. For example, groundwater passing
through a clay-rich zone where Ca is exchanged for Na will also lose a significant proportion of its Sr,
according to the prevailing distribution coefficient. Subsequently emerging into a zone where Sr is
available for solution into the water (by any of the five mechanisms discussed above), the dissolved Sr
will now have the isotopic composition of Sr in the new zone. The observed Sr isotopic compositions
before the water passed through the clay layer can be very different from those observed after the clay
layer. The numerical approaches employing distribution coefficients could model this change in Sr
isotopic composition, whereas the approaches employing traditional mass balance and reaction path
equilibria could not.
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2.4 Origin of isotopic variations: radiogenic nuclides.

Many elements have isotopes that are produced in nature through the radioactive decay of parent
nuclides. The daughter nuclides are termed "radiogenic". Although we speak of "parent" and "daughter"
nuclides, there is really only one atom involved in the decay: the daughter atom is the same atom as the
parent, only after decay it has a different number of neutrons in its nucleus. The change in the number of
neutrons can occur in a variety of ways. First, a neutron can "release" an electron, thereby becoming
positive in charge, a proton. The number of protons in the nucleus is therefore increased by one. This is
called   beta decay   (an electron is a "beta" particle). Second, a neutron can be formed in the nucleus by the
"capture" of an electron by a proton, thereby becoming neutral in charge. The number of protons in the
nucleus is therefore decreased by one. This is called   beta capture  , or electron capture. Third, a nucleus can
discharge an alpha particle, which is composed of two neutrons and two protons. This is called   alpha
  decay  . These three forms of radioactive decay are by far the most common. Although there are several
other forms of decay, none of them produce the nuclides that we will discuss in this paper. Table 1
proivides the production mechanism, the half-lives, and the isotopic abundances for the nuclides
discussed in this paper.

Parent nuclides can be fractionated from the isotopes of the daughter element by natural processes at or
near the Earth's surface, leading over time to a wide range in daughter isotopic compositions. For
example, Rb (87Rb) can be separated from Sr by a number of processes, including crystal formation
(magmatic as well as aqueous precipitation), differential mobility during weathering reactions, and
differential adsorption of Sr and Rb cations to solids. This leads to a wide range of Rb/Sr ratios in nature,
producing a wide range of 87Sr/86Sr ratios. In systems with high Rb/Sr ratios, time-integrated decay of
87Rb to 87Sr will produce high 87Sr/86Sr ratios (86Sr is not radiogenic). Systems with low Rb/Sr ratios will
produce low 87Sr/86Sr ratios. In the same way, systems with high Sm/Nd ratios produce high 143Nd/144Nd
ratios, systems with high U/Pb ratios produce high 206Pb/204Pb ratios, and systems with high Th/Pb
ratios produce high 208Pb/204Pb ratios. Such radiogenic isotopic variations are ubiquitous in nature and
can be used to great advantage in hydrologic studies.

Water masses originating in different lithologies will likely have different Sr, Nd, and Pb isotopic
compositions due to isotopic differences in the lithologies themselves. The isotopic compositions of
dissolved Sr have been used to distinguish hydrostratigraphic units (Stueber et al., 1987; 1993), to
delineate groundwater flow paths and recharge locations (Collerson et al., 1988; Peterman et al., 1992;
Bullen et al., 1996), to recognize instances of groundwater mixing and distinguish the mixing
endmembers (Stueber et al., 1987; Lowry et al., 1988; Lyons et al., 1995; Katz and Bullen, 1996; Negrel et
al., 1997), to recognize paleohydrologic flow systems (Stueber et al., 1993), to track groundwater chemical
evolution (McNutt, 1987; Connolly et al., 1990; Bullen et al., 1996; Clow et al., 1997), to determine the
genesis of crude oils and oil-field brines (Starinsky et al., 1983a; Nakano et al., 1989), to assess petroleum
reservoir connectivity (Smalley et al., 1992), and to identify groundwater contributions in surficial runoff
(Aberg, 1995; Blum and Erel, 1995; Clow et al., 1997; Ben Othman et al., 1997). Allegre et al. (1996)
combined the use of Sr, Nd, and Pb isotopic compositions to identify the sources of solutes in portions of
the Amazon and Congo river basins. Although most of these studies are regional in scope, the principles
upon which they are based can also be useful on the catchment scale, as will be discussed below.

2.5  Origin of isotopic variations: the mineral weathering sequence.

Although many of the uses of lithogenic nuclides in hydrology, such as those just mentioned, are based
on differences in whole-rock isotopic compositions, perhaps the most useful characteristic of lithogenic
nuclides is that there are significant differences in isotopic compositions between minerals
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within the same rock or soil. This is because the ratios between the parent element (e.g., Rb) and the
daughter element (e.g., Sr) vary between the mineral phases within the same rock or soil. Through
geologic time, therefore, the relative abundances of the daughter nuclides will be different in each
mineral phase.

Figure 1 demonstrates variations within a granitic rock in strontium isotopic values resulting from inter-
mineralic variations in parent/daughter ratios. Biotite will have a Rb/Sr ratio of about 83, alkali feldspar
about 1.25, hornblende about 0.30; and plagioclase about 0.03. When the granite formed, the Sr isotopic
compositions would be the same in all of the mineral phases because Sr isotopes do not fractionate by
magmatic processes and would be homogenized within the magma. After formation of the rock, the Sr
isotopic compositions of the mineral phases would begin to change at a rate dependent on the Rb/Sr ratio
of the mineral. For a granite that formed 50 Ma ago (Eocene) and began with a δ87Sr value of -8.1
throughout the rock, the δ87Sr values in the mineral today would be: +232.43 (biotite), -4.48 (alkali
feldspar), -7.23 (hornblende), and -8.02 (plagioclase). See Table 1, note 2, for an explanation of the "δ87Sr"
terminology; Sr isotopic compositions have been normalized to the composition of the NIST Sr standard
NB987. Had this same granite instead formed 500 Ma ago (Ordovician), the δ87Sr values today would be:
+2406 (biotite), +28.12 (alkali feldspar), +0.60 (hornblende), and -7.28 (plagioclase). The δ87Sr value
present in groundwater associated with these granites could be very different depending on the mineral
source of the Sr in solution. The utility of this for hydrology is that not all mineral phases within any rock
or soil type weather at the same rate. Some mineral phases contribute solutes early in the weathering
process while others persist and contribute solutes very late in the process.
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Figure 1. The change in Sr isotopic composition with time in minerals of a typical granitic rock. For all minerals and
the whole rock (WR), initial (t¿) δ87Sr = -8.1. The Rb/Sr ratios depicted in this figure are: 83 (biotite), 1.25
(alkali feldspar), 0.30 (hornblende), 0.25 (WR), and 0.08 (plagioclase).

It has long been noted that the susceptibility of a mineral phase to weathering is related to its position in
Bowen's Reaction Series (Goldich, 1938). The Reaction Series was devised by Bowen (1928) to represent
the approximate crystallization sequence of minerals forming from an evolving magma, beginning with a
high-temperature basic magma and resulting in a low-temperature silicic magma (Figure 2). Two
crystallization series are actually present: the continuous series composed of the plagioclase compositions
(anorthite to albite), and the discontinuous series composed of minerals that have increasingly more
complex crystal structures (olivine, a nesosilicate, to biotite, a phyllosilicate). The final steps of the
Reaction Series involve alkali feldspar and quartz. During the weathering process, those mineral phases
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that form early in the Reaction Series (e.g., olivine and anorthite) weather more readily than those phases
that form late in the Series (e.g., quartz). In general, the discontinuous series weathers more readily than
the continuous series (feldspars). It is commonly observed that during the weathering of feldspars, the
plagioclase feldspars are much less resistant than the alkali feldspars. For relatively pure sandstones that
lack easily weathered minerals, the number of weathering cycles experienced by the minerals, the
"maturity" of the rock, is commonly judged first by the amopunt of (lack of) plagioclase, and then by the
ratio of alkali feldspar to quartz (Pettijohn, 1975, p. 212). Thus, Bowen's Reaction Series can also be
regarded as a weathering reaction series. A more elegant treatment of the weathering sequence as it
relates to Bowen's Reaction Series is given by Curtis (1976), where it is demonstrated that the free-energy
changes of the weathering reactions are more negative (more thermodynamically favored) for the mineral
phases early in the Series as opposed to those late in the Series.

Olivine

Pyroxene

Amphibole

Biotite

Anorthite

Labradorite

Andesine

Oligoclase

Albite

Alkali
Feldspar

Quartz

Andesite/
Diorite

Basalt/
Gabbro

Dacite/
Tonalite

Rhyolite/
Granite

Discontinuous Series Continuous Series

Low-T

High-T

Bowen's Reaction Series

Figure 2. Bowen's Reaction Series. Crystallization of minerals in an evolving magma generally follows two
simultaneous paths, represented by the Continuous Series (plagioclase feldspars) and the Discontinuous
Series (olivine through biotite). Crystallization of alkali feldspars and quartz occurs at low-temperatures
in more evolved, silicic, magmas. Magma types resulting from crystallization at each interval are
represented in the small boxes on the left portion of the figure. The minerals highest in the Reaction Series
(e.g., olivine and anorthite) are more susceptible to weathering than those lower in the Reaction Series
(e.g., quartz).

For the granitic rock depicted in Figure 1, the initial mineral phases that react during weathering will be
those of the discontinuous series, hornblende and biotite. For a rock older than a few tens of millions of
years, the hornblende δ87Sr value will be similar to the whole rock value, but the biotite values will be
extremely high (Figure 1). The initial Sr isotopic compositions released during weathering will be
dominated by biotite compositions. As weathering proceeds, the amount of biotite remaining will
decrease and the weathering of plagioclase will begin to dominate the Sr budget (and the Sr isotopic
composition). Higher degrees of weathering will deplete plagioclase, with the result that the Sr budget
becomes dominated by alkali feldspar. This sequence would characterize the evolution of a regolith soil
derived from the granite. Through the weathering cycle the isotopic composition of the released Sr will
change from high values (from biotite) to low values (from plagioclase) to moderate values (from alkali
feldspar). This progression can be regarded not only as a temporal sequence, but also as a sequence
occurring within the soil column. The isotopic compositions found in the upper, most weathered portion
of the column will be different from those found in lower portions of the column. Potential uses of this
isotope "stratigraphy" in catchment hydrology, as well as notable unexpected variations from it (Bullen et
al., 1996; 1997), will be discussed later in this paper.

2.6  Origin of isotopic variations: uranium isotopes and alpha recoil.



9

Uranium-238 undergoes radioactive decay to produce 234U through two very short-lived intermediate
decays (234Th with a half-life of about 24 days, and 234Pa with a half-life of about one minute). Uranium-
234 is also radioactive and decays to 230Th (the half-life of 234U is about 245,000 years). Over geologic time,
an equilibrium, termed Òsecular equilibriumÓ, is established between the production of 234U from 238U and
the decay of 234U. The uranium isotopes in any closed system will be in secular equilibrium after about
five half-lives of 234U (about 1.25 million years). The equilibrium is generally discussed in terms of the
activity ratio between the isotopes. The "activity" of a radionuclide is the average number of atoms
undergoing radioactive decay per unit time (for example, 10 decays/minute). For two nuclides to be in
secular equilibrium, the ratio of their activities must equal one; that is, for a given amount of time, as
many atoms are being produced as are decaying.

It has long been observed that the two uranium isotopes are seldom in secular equilibrium in natural
waters (Cherdyntsev et al., 1955). The activity ratio of 234U to 238U is generally greater than one, often
substantially greater. The cause of this is not entirely clear, although it is very likely a function of the
alpha decay process that produces 234Th. The alpha particle is ejected from the nucleus with sufficient
energy that the recoil of the atom (72 MeV recoil energy) causes damage to the crystal lattice, leaving a
path or track along its trajectory. The length of the typical track will vary with the density of the enclosing
material, but has been estimated to be between 10 nm (Huang et al., 1967) and 55 nm (Kigoshi, 1971),
perhaps typically about 30 nm (Andrews et al., 1982). The damage to the crystal provides an area of
weakness from which the atom can be more easily leached by water (Fleischer, 1988). This may account
for some of the increase in 234U relative to 238U in the water, particularly in newly-recharged water with
low uranium concentrations (Andrews and Kay, 1978). Another important mechanism for increasing the
activity ratio is the recoil ejection of 234Th from the crystal directly into the water. Although this would
require the decaying 238U atoms to be within 10-55 nm of the edge of the crystal, it can be easily
demonstrated that typical uranium concentrations in rocks would provide sufficient 238U atoms at this
depth to lead to the observed disequilibrium values (Fleischer, 1982; 1983; Andrews et al., 1982).

Another important consideration for 234U/238U disequilibrium is the redox condition of the groundwater.
Uranium is moderately soluble under oxidizing conditions, existing in the UO2

+2 state (Langmuir, 1978).
Under reducing conditions uranium is highly insoluble, and will tend not to enter into groundwater
through leaching or dissolution processes. Enhanced leaching of 234U from damaged sites will not be a
mechanism for increasing the 234U/238U ratio in the water. Uranium-234 may still enter by direct recoil
ejection; however, most of the ejected atoms will sorb onto mineral surfaces and not continue in solution
(Andrews et al., 1982). This process is facilitated by the fact that the ejected atom is actually 234Th rather
than 234U - thorium being even more insoluable than uranium - so that the ejected atom is quickly sited
onto the mineral surface. Unless the concentration of uranium in the mineral phase (or sorbing on
mineral surfaces in contact with the water) is extremely high in comparison with the concentration in the
water, the dissolved 234U undergoing radioactive decay is not replenished through recoil (Kronfeld and
Adams, 1974; Andrews et al., 1982). The 234U/238U ratio will gradually decrease as a function of time.
Under oxidizing conditions, therefore, the 234U/238U ratios in groundwater would be expected to increase
with time, whereas under reducing conditions the ratio would be expected to decrease with time. The
dependence of this decrease on the half-life of 234U has made the uranium system attractive for
groundwater dating purposes. While the many geochemical complications in the behavior of uranium
has often led to unsatisfactory results (Latham and Schwarcz, 1989), it nonetheless appears that if the
local hydrogeology and the behavior of uranium within the system are well enough characterized,
uranium activity ratios can be used to place constraints on the age of the groundwater (Andrews and
Kay, 1983; Fr�hlich and Gellerman, 1987; Ivanovich et al., 1991).

The observed variations in uranium activity ratios have been used for many purposes in hydrology. They
have been used to differentiate groundwater bodies and identify locations of interconnectivity (Guttman
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and Kronfeld, 1982; Ivanovich and Alexander, 1987), to place constraints on groundwater flow paths and
flow rates (Kronfeld et al., 1979; Ivanovich et al., 1991), to assess groundwater mixing, endmember
compositions, and mixing volumes (Ivanovich and Alexander, 1987; Banner et al., 1990), to identify
instances of pore-water mixing (Andrews and Kay, 1982; Cuttell et al., 1986), to quantitatively assess
water-rock chemical interaction (Andrews and Kay, 1983; Banner et al., 1990), to examine variations in
mobility of actinides in natural environments (Krishnaswami et al., 1982; Latham and Schwarcz, 1989;
Guthrie, 1991), to determine the geochemistry of uranium in particular hydrogeologic environments
(Kraemer and Kharaka, 1986), and to aid in prospecting for uranium mineral deposits (Osmond et al.,
1983).

2.7 Origin of isotopic variations: cosmogenic nuclides.

In addition to changing the configuration of the nucleus by means of radioactive decay, atoms can
undergo similar changes due to bombardment by nuclear particles (protons, neutrons, alpha particles).
The bombardment causes a change in the nuclear and electronic configuration of the atom, producing a
nuclide of another variety. There are three primary sources for the nuclear particles: cosmic radiation, U
and Th within the Earth (neutron radiation due to both alpha decay and the spontaneous fission of
uranium), and radiation released by nuclear weapons detonation. Nuclides produced from radiation
from all three sources have important applications within hydrology.

Cosmic Radiation Source

Most of the cosmic radiation on Earth originates in the sun, although a significant amount also comes
from outside of the solar system. The radiation particles are primarily protons and alpha particles, but
their interactions with atoms in the Earth's atmosphere produce neutrons which also are capable of
bombarding other atoms and producing new nuclides. The nuclides produced from cosmic radiation are
termed "cosmogenic" nuclides, and are created either within the Earth's atmosphere or within minerals on
the Earth's surface. Atmospheric interactions produce 3H, 7Be, 10Be and 14C (produced primarily from
oxygen and nitrogen), 32Si and 36Cl (primarily from argon), 41Ca and 81Kr (primarily from stable krypton)
and 129I (primarily from xenon). Surface interactions produce 3H, 10Be, and 14C (from oxygen), as well as
36Cl (from 35Cl) and 41Ca (from 40Ca). For all of these nuclides, surface production is very minor compared
to atmospheric production, and it is the atmospheric component that is important in hydrology.

U and Th Source

There are two mechanisms by which U and Th become sources for neutron radiation: ejection of alpha
particles during radioactive decay, and ejection of neutrons during spontaneous fission of uranium. The
alpha particle mechanism is indirect. The neutron radiation is produced when the alpha particles
bombard lighter elements, such as aluminum and sodium. This causes a release of secondary neutrons
through (α,n) reactions. Although silicon and oxygen are not highly susceptible to (α,n) reactions, their
great abundance within the lithosphere makes them the most significant sources of neutron radiation by
this mechanism.

Spontaneous fission is the natural process whereby an atom splits into two atoms of smaller mass, each
about half the mass of the original atom. It is this process that, when artificially induced, produces the
release of energy in atomic weapons. When fission occurs, neutrons are freed from the nucleus. These
bombard other elements in rock or water, such as oxygen and silicon, producing even more free neutrons.
In the natural environment, most of the effects of spontaneous fission are due to the most abundant
uranium isotope, 238U. The half-life for natural spontaneous fission decay of 238U is about 6 orders of
magnitude longer than the half-life for its radioactive decay. For typical rock matrices in the lithosphere,
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the rate of neutron production due to spontaneous fission of 238U is about 5 or 6 times less than that due to
alpha decay.

The neutrons produced by alpha decay or spontaneous fission are then capable of being incorporated into
the nucleus of yet other atoms, creating atoms of increased mass (by one unit), i.e., creating a different
isotope of that element. This process is termed Òneutron activationÓ. In rock and water, 36Cl is produced
from 35Cl by this process. Alternatively, the incorporated neutron can ÒdisplaceÓ a proton in the nucleus,
creating an atom of the same atomic mass, but one unit lower in atomic number - i.e., an element one
position lower on the periodic table. In rock and water, 39Ar is produced from 39K by this process.
Nuclides produced by these processes are termed Òin-situÓ lithogenic nuclides.

Anthropogenic Thermonuclear Source

The third setting for nuclear particle bombardment is a thermonuclear event. The most significant of
these for modern hydrologic studies are the atmospheric nuclear weapons tests of the 1950's and 1960's.
The "bomb-pulse" hydrologic nuclides produced by particle bombardment include 3H and 14C (both
produced from nitrogen and oxygen in the atmosphere), and 36Cl (produced from 35Cl in seawater). These
nuclides were dispersed worldwide and although they are present in very small quantities, are detectable
in all modern environments such as young groundwater. The atmospheric concentrations of 3H, 14C, and
36Cl returned to pre-1950Õs levels during the 1980Õs. Groundwater currently being recharged is no longer
fingerprinted by these bomb-pulse nuclides.

Commonly, the above three groups of nuclides (true cosmogenic, in-situ lithogenic, and bomb-pulse
nuclides) are lumped together and jointly referred to as "cosmogenic nuclides". For simplicity, we will
follow that usage as well. Table 1 provides the production mechanisms, the half-lives, and typical isotopic
abundances for the cosmogenic nuclides of current importance in hydrology.

2.8 Origin of isotopic variations: fission products.

The atoms of smaller mass resulting from the splitting of the atom during nuclear fission, either natural
spontaneous fission of uranium or man-induced thermonuclear events, are another source of isotopic
variation in nature today. Most of these Òfission productsÓ are nuclides with very short half-lives, but
those with long half-lives have become important hydrologic tracers. The fission products resulting from
spontaneous fission are termed Òin-situÓ lithogenic nuclides, just like the nuclides discussed above that
result from neutron radiation flux. The fission products of anthropogenic origin are commonly called
Òbomb-pulseÓ nuclides, or ÒthermonuclearÓ nuclides, again just like those produced by thermonuclear
particle bombardment. For hydrologic purposes, the most important fission products are 85Kr and 129I.
Importantly, unlike the bomb-pulse nuclides created by particle bombardment (3H, 14C, and 36Cl), 85Kr
and 129I abundances have not today returned to pre-1950Õs levels, but rather are still increasing in the
environment due to the reprocessing of spent nuclear fuel (Smethie et al., 1992; Ekwurzel et al., 1994;
Raisbeck et al., 1995; Wagner et al., 1996).
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2.9  Hydrologic application of cosmogenic nuclides.

Chlorine

The attractiveness of chlorine in hydrologic studies is that it is highly soluble, exists in nature as a
conservative non-sorbing anion, does not participate in redox reactions, and has some quickly identifiable
sources (e.g., seawater). The abundance of 36Cl is usually reported as the atomic ratio of 36Cl to total
chloride in the sample. The ratio is always quite small in natural waters, typical values ranging from 10-15

to 10-11. The four orders of magnitude range of 36Cl/Cl ratios is due to several factors. In-situ lithogenic
production will lead to ratios generally between about 10-15 and 10-13. Over geologic time an equilibrium
will be established between the subsurface in-situ production of 36Cl and its decay (similar to the secular
equilibrium of U isotopes discussed above; Andrews et al., 1986). The equilibrium 36Cl/Cl value will
depend on the rate of production of 36Cl, which is a function of the U and Th concentrations in the
aquifer. As Table 2 indicates, basalts, sandstones, and limestones typically have very low U contents,
while silicic granitic rocks and shales have higher concentrations. Equilibrium 36Cl/Cl values in
sandstones and limestones should be on the order of 10-20 x 10-15, whereas granitic rocks and shales will
have values from about 30-100 x 10-15 (Lehmann and Loosli, 1991). Precipitation input of cosmogenic 36Cl
to natural waters will lead to 36Cl/Cl ratios as high as 10-12. The ratio will vary as a function of distance
from the oceans. The added chloride input from the ocean, which has a very low 36Cl/Cl ratio, leads to
low ratios along the coasts (20-80 x 10-15), while North American mid-continent values will exceed 500 x
10-15 (Bentley et al., 1986a). Ratios higher than 10-12 in natural waters are generally believed to indicate the
presence of thermonuclear 36Cl, where peak global values during the era of sea-level atmospheric nuclear
weapons detonation were on the order of 10-11.

However, ratios as high as ~1500 x 10-15 have been measured in material taken from several fossil rat
middens believed to range between 10-30Ka based on radiocarbon dating (Phillips et al., 1997). These
values are 2-3 times the expected atmospheric 36Cl/Cl value based on Bentley et al. (1986a), and are
interpreted by Phillips et al. to indicate increased cosmogenic production of 36Cl (i.e., greater radiation
flux) during that time period. Other indications of increased radiation flux, for example elevated 14C or
10Be concentrations, have not been observed in the geologic record for this time period. Thus, the reason
for the observed higher 36Cl/Cl ratios in the middens is still unresolved.

The half-life of 36Cl is approximately 301,000 years. Attempts have been made to date old groundwater in
confined aquifers through an interpretation of the affect of radioactive decay on the observed 36Cl/Cl
ratios (Bentley et al., 1986b; Phillips et al., 1986; Nolte et al., 1991). There are several obstacles to
overcome. An assessment must be made of the subsurface addition of stable Cl isotopes to the water by
either chemical reactions with rock, ion filtration (Phillips et al., 1986), or mixing with higher chloride
waters; such additions can substantially change the 36Cl/Cl ratio. An age interpretation also requires
knowledge of the initial (t¿) 36Cl/Cl ratio. The wide range in possible precipitation input values, 20-500 x
10-15, makes t¿ estimates very problematic (Andrews and Fontes, 1993). In-situ production of 36Cl must
also be taken into account for the age interpretation, and requires an adequate assessment of the U and
Th concentrations in the aquifer. Since t¿ (precipitation) values are in the 20-500 x 10-15 range, in-situ
production values in the 50 x 10-15 range can have a significant affect on the observed 36Cl/Cl ratios. Each
of these obstacles can be quantified: addition of Cl can be monitored by directly measuring the Cl and
other ionic concentrations in the water, in-situ production can be estimated after a measurement of
aquifer U and Th concentrations, and t¿ values can be estimated based on measured present-day
precipitation values for the region. For cases where the attempt is to determine the water transit time
between two sampling locations,
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rather than the absolute age of the water, the t¿ value is simply the value measured at the upgradient
location.

At the other end of the age spectrum, the presence of thermonuclear 36Cl in groundwaters clearly
indicates a young age for the water or, in a case of groundwater mixing, at least some significant portion
of that water (Fabryka-Martin et al., 1991; Caffee et al., 1992; Hudson et al., 1993; Nimz et al., 1993).
Thermonuclear 36Cl will become increasingly important as an indicator of young water, as the
thermonuclear 3H which is present today in groundwater decays to background levels (by about 5 3H
half-lives of the peak in atmospheric nuclear testing of the 1960's, or about the year 2025).

Cosmogenic, thermonuclear, and in-situ lithogenic 36Cl has been used in a variety of hydrologic studies
since the early 1980's. Chlorine-36 has been used to discriminate groundwater bodies and assess degrees
of mixing (Phillips et al., 1984; Andrews et al., 1986; Dowgiallo et al., 1990; Torgersen et al., 1991), to
determine groundwater flow paths (Andrews et al., 1986; Bentley et al, 1986a; Nolte et al., 1991; Beasley et
al., 1993), to place constraints on groundwater age (Bentley et al., 1986b; Phillips et al., 1986; Fabryka-
Martin et al., 1991; Torgersen et al., 1991; Fehn et al., 1992; Purdy et al., 1996; Nimz et al., 1997), to identify
very young - bomb-pulse - groundwater (Bentley et al., 1982; Haberstock et al., 1986; Purdy et al., 1987),
to determine instances of vertical recharge along a flow path (Purdy et al., 1987), to identify sources of
chlorinity and salinity (Andrews et al., 1986; 1989; Paul et al., 1986; Phillips et al., 1986; Hedenquist et al.,
1990; Yechielli et al., 1996, Balderer and Synal, 1997; Nimz et al., 1997), to identify sources of salt deposits
(Magaritz et al., 1986; Paul et al., 1986), to estimate infiltration amounts and depths in arid regions (Norris
et al., 1987; Phillips et al, 1988; Cecil et al., 1992; Cook et al., 1994), to make quantitative estimates of
evaporation and evapotranspiration (Paul et al., 1986; Magaritz et al., 1990), and to investigate
paleohydrologic conditions (Jannik et al., 1991; Torgersen et al., 1991; Andrews et al., 1994; Purdy et al.,
1996).

Iodine

Iodine-129 is in many ways similar to 36Cl. It is a soluble halogen that is fairly non-reactive, generally
exists as a non-sorbing anion in natural waters, and is produced by cosmogenic, thermonuclear, and in-
situ reactions. It is usually reported in hydrologic studies as the atomic ratio of 129I to total I (which is
virtually all 127I). As is the case with 36Cl/Cl, 129I/I ratios in nature are quite small, 10-14 to 10-10 (peak
thermonuclear 129I/I during the 1960's and 1970's reached ~10-7; Fabryka-Martin et al., 1989). Iodine-129
differs from 36Cl in that its half-life is very long (1.6 million years), it is highly biophilic, occurs in multiple
ionic forms (commonly, I- and iodate) which have differing chemical behaviors, and presents more
problems analytically than 36Cl (Roman and Fabryka-Martin, 1988; Fehn et al., 1987). The latter problem,
perhaps more than anything, has led to far fewer 129I studies than 36Cl studies.

Groundwater age dating with 129I faces most of the same obstacles faced by the 36Cl method. A possible
exception to this is the determination of t¿ values, since the 129I/I ratio in the oceans and atmosphere is
quite homogeneous due to the long half-life of 129I (Fabryka-Martin et al., 1985). Thermonuclear 129I has
disrupted this homogeneity somewhat, particularly near nuclear power plants and production facilities,
but for Earth-surface hydrogeological processes (such as recharge) that are older than or geographically
removed from this activity, the ��t ¿ input ratio will be approximately 10-12 (Fabryka-Martin et al., 1989). In-
situ 129I production can be very significant in a number of geologic environments with values that may
exceed precipitation input values (for example, 129I/I equilibrium values in granites will be ~5 x 10-12;
Fabryka-Martin et al., 1985). Therefore, a careful understanding of the hydrogeology of the system will
always be necessary. The subsurface addition of stable iodine (127I) to groundwater is always possible, but
since iodine is not an abundant element in most geologic settings, this presents less of a problem than
does the addition of stable Cl to 36Cl dating. A more substantial problem is that the long 129I half-life
makes it appropriate for dating old systems only. Old groundwaters have experienced a wider variety of
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hydrogeologic environments and phenomenon than have younger waters. Each of these can add
complications to the interpretation of 129I/I ratios.

Several hydrologic studies have made use of 129I, and these demonstrate that if one is cautious concerning
potential complications, 129I/I ratios can be very useful. Iodine-129 has been shown to have value in
placing constraints on groundwater age (Fabryka-Martin et al., 1985; 1989; Fehn et al., 1992; Moran et al.,
1993), determining groundwater migration paths (Fabryka-Martin et al., 1988), identifying sources of
salinity in groundwater and sources of salts in evaporite deposits (Fabryka-Martin et al., 1985; Fabryka-
Martin et al., 1991; Fehn et al., 1992), estimating weathering rates and the behavior of iodine and uranium
during weathering (Fabryka-Martin et al., 1988), and identifying the source geologic formation for
hydrocarbons (Fabryka-Martin et al., 1985). Despite the analytical difficulty and the care required for data
interpretation, the promise demonstrated by these studies, along with the constancy in the atmospheric
input ratio, the significant isotopic differences in existing in-situ reservoirs, and the hydrophilic and
biophilic behaviors of iodine, the hydrologic uses of 129I appear to be largely untapped.

The above section of this paper has discussed the general applications of the isotopic compositions of
lithogenic and cosmogenic solutes to hydrologic studies. The following section discusses the potential
utility of these solutes and their isotopes in catchment-scale hydrologic systems.

3. The Application of Lithogenic and Cosmogenic Nuclides to Catchment Hydrology

Relatively few catchment-scale hydrologic studies have been published that employ lithogenic or
cosmogenic nuclides (other than 3H and 14C). Those that have been published show interesting and
valuable results, and many of these will be reviewed in the following sections. The intent of this section is
not merely to provide a literature review. Instead, this section is focused on ways in which lithogenic and
cosmogenic nuclides can be useful in understanding catchments. The processes occurring in a catchment
system have traditionally been divided into a number of discrete sub-processes, each of which have
measurable parameters that can be used to characterize catchment hydrology (Figure 3). The sub-
processes together represent the possible paths of water and solutes as

Evaporation

Transpiration

Throughfall

Precipitation

Groundwater Flow

Overland Flow
Infiltration

Throughflow

Streamflow

Interflow Water Table

Catchment Hydrologic Cycle

Figure 3. Catchment hydrologic processes composing a local hydrologic cycle. Each of these processes can be
assessed by lithogenic and cosmogenic nuclides.

they are input into the system (precipitation, dry deposition, throughfall, stemflow), make their way
through the system (overland flow, interflow, throughflow, subsurface slow), and ultimately leave the
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system (evaporation, transpiration, leakage, streamflow). This sub-division of processes will be used in
the following discussion of lithogenic and cosmogenic nuclides in catchment hydrology.

3.1  Input: precipitation, dry deposition, and throughfall.

A significant quantity of solutes are imported into a catchment basin through aerosols, rain, and snow.
The amount imported can be a surprisingly high amount of the total elemental budget for catchment
waters. For example, Aberg et al. (1989) reported rainfall Sr concentrations of 1.8 mg/L in an area that
received 900 mm of rain per year. This totals 16.2 g/ha of Sr per year. If the chemical denudation rate of
this area is the estimated average rate for North America, 3.3 x 105 g/ha/yr (Garrels and MacKenzie,
1971), and the Sr concentration of the removed rock is the average for granitic rocks, 250 mg/g (Table 2),
then the amount of Sr denuded from the basin would be 82.5 g/ha/yr. The incoming Sr from
precipitation makes up 16.4% of all of the "free" Sr within the drainage area per year. Strontium added to
the basin by aerosols (dry deposition) would increase the input amounts, possibly substantially. Clow et
al. (1997) estimated that 26% (± 7%) of the Ca in stream water within an alpine watershed in Colorado
was derived from the atmosphere. The estimate was based on mixing calculations using Sr isotopic ratios,
assuming Sr as an analogue to Ca. These studies make it obvious that the use of Sr isotopes for assessing
hydrologic processes must take into account the amount of Sr input into the system under investigation,
and the isotopic composition of that Sr. This would be the case for any solute present in meaningful
quantities in precipitation and dry deposition, which excludes very few lithogenic nuclides. Notably,
there would be very little Th input into the system relative to other lithogenic elements (Table 2); this
suggests that the rainfall fractionation of Th from other lithogenic elements might be useful in elucidating
processes that are closely tied with new rainfall, such as stormflow hydrograph separation.

The importance of aerosol components was demonstrated by Starinsky et al. (1983b). They sampled
groundwater from wells and springs in a western coastal area of the Sinai peninsula. The Ca/Sr ratio of
the water was much too low for the Sr to have been derived from the alluvial aquifer material. The
isotopic composition of the Sr (d87Sr » -1.76) was too dissimilar to the bedrock in the region (d87Sr » +13.7)
for it to have been the Sr source. The closest appropriate sources for the Sr were aragonite beach sands
and sabkha deposits of the Sinai coastal plain, about 30 kilometers away. These deposits have the isotopic
composition of the ocean (d87Sr = -1.48), which is similar to the Sr in the groundwater samples. Starinsky
et al. (1983b) concluded that the Sr in the groundwater reflected deposition of aerosols from the coast.

The isotopic composition of Sr has also been used to determine the origin of pedogenic carbonates in
desert soils (caliche). There has long been a question of whether the Ca in caliche is derived from in-situ
weathering or aeolian input. Because of the close similarity in geochemical behavior between Ca and Sr,
the behavior of Sr can be used as an analog for Ca. Capo and Chadwick (1993) examined the Sr isotopic
composition of rain, dust, and acetic acid leachates from the A, B and pedogenic carbonate horizons from
a desert soil in New Mexico. The weak acid leach would dissolve carbonate material but leave silicate
minerals as a "residue". The soil acetic acid leachate had d87Sr values of about -1.76, which is very similar
to the local rain and dust values of about -1.90. The silicate fraction on the other hand had d87Sr values
that ranged from +4.15 to +9.92. This strongly indicates that the Sr originated outside of the system and
was input through rain and dust. It is not unreasonable, therefore, to conclude that by analogy much of
the Ca in the caliche is also from external sources.

In a study combining elements from both of the above studies, Quade et al. (1995) observed regional
variations in d87Sr in soil carbonates in coastal area of southern Australia. Near the ocean, the d87Sr values
of the carbonates ranged from -1.20 to -0.63, similar to oceanic d87Sr. The values gradually increase inland
to a high of +6.97, which reflects increasing aeolian input from radiogenic continental material. In an area
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where the soil is strongly influenced by the volcanic ash of Mt. Gambier, the soil carbonate d87Sr values
(~-4.57) indicate a mixing of oceanic Sr (~60%) and Sr from the ash (40%; d87Sr » -8.66). This study is one
of the clearest examples of the value of Sr isotopes in tracing atmospheric input into hydrologic systems.

Aberg et al. (1989) conducted an interesting study in Sweden on the solute relationships of rainfall,
throughfall, and surface flow using Sr isotopic compositions. Rainfall compositions during a two year
span of their study ranged from d87Sr = +1.34 to +11.68. Water collected directly from throughfall ranged
from d87Sr = +25.27 to +39.21, while Òsurface runoffÓ (presumably overland flow) had a value of +34.29. A
peat sample on the ground surface had d87Sr = +15.17. All of these values are in sharp contrast to bedrock
d87Sr, which was +294.9 (whole rock value). The Sr isotopic composition of the rainwater from this
drainage was changed significantly through interaction with the foliage (birch and spruce trees). The
concentration of Sr changed from less than 3.5 mg/L (rain) to 46-77 mg/L (throughfall). The throughfall
concentrations are significant relative to groundwater within the drainage. A sample of deep
groundwater from the bedrock contained 161 mg/L, suggesting that the isotopic contribution from
throughfall could be as much as 48% (77/161) of the Sr isotope budget.

Similar findings have been reported for a forest basin in the Sangre de Cristo mountains of New Mexico
by Graustein and Armstrong (1980). They were able to separate the throughfall from the broadleaf trees
(aspen) from the fir trees (spruce) and found the aspen throughfall to have higher d87Sr (+0.49 for spruce
and +9.37 for aspen; rainfall was measured d87Sr = -0.35 to +0.21). Analyses from fiber material from the
trees themselves produced a similar difference: spruce bole had a d87Sr value of +5.42, aspen bole had a
value of +13.31. Graustein and Armstrong felt that the difference between broadleaf and fir trees implied
that the isotopic difference between rainwater and throughfall was largely due to aeolian input. Dust
could cling to the aspen leaves better than the spruce needles, and eventually became part of the plant
fiber.

In contrast, Bailey et al. (1996) suggest that most of the Sr in throughfall in their study area in New
Hampshire results from canopy leaching rather than wash-off of dry deposition. The forest is composed
of about 85% fir and 15% broadleaf trees, with wood from each having very similar d87Sr values (~ +14 to
+15). Bulk precipitation d87Sr values measured over the course of a year average +0.50. Throughfall d87Sr
values measured during the same time average ~+12 (through fir trees) and ~+14 (through broadleaf
trees). Bulk soils d87Sr values range from +16 to + 25 (plagioclase separates d87Sr = +2.8), and bedrock
values range from +40 to +340. Dry deposition was not directly measured, and it was assumed by Bailey
et al. that the Sr within wood and needles (broad leaves were not analyzed) is derived from the soil or
rock. However, the similarity between d87Sr in soils, wood, and needles suggests that no external source
of Sr is required to account for the observed d87Sr values. The difference in d87Sr between bulk
precipitation and throughfall clearly indicates the importance in the solute hydrologic cycle of the Sr (and
presumably other solutes) associated with the trees. While the importance of dry deposition is minimized
in this study, the importance of the d87Sr value of throughfall discovered by the Aberg (1989) and
Graustein and Armstrong (1980) studies is given strong support. When assessing the solute hydrologic
cycle in catchments, the role of throughfall cannot be ignored.

Although atmospheric input of lithogenic nuclides into a hydrologic system is often ignored in isotopic
studies, it should not be overlooked in catchment hydrology where surface water becomes an important
consideration. The solute input is a significant percentage of the total solute budget for surface and near-
surface waters, and the isotopic compositions of the incoming material are likely to be very different from
those present in the catchment.

It is apparent that the use of cosmogenic nuclides in catchment hydrology relies on the external input of
solutes into the system. Chlorine in North American rainwater has been measured to vary from about 8
mg/L along the coasts to about 0.1 mg/L inland (Junge and Werby, 1958). Like rainfall Sr, this is a
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significant input of Cl per year. However, while the atmospheric input of 36Cl can be used as a
groundwater tracer and for age dating old groundwater in large regional systems, the use of atmospheric
36Cl on the smaller catchment scale with young water is limited. Thermonuclear 36Cl on the other hand
can be very useful on the catchment scale to discriminate water recharged during the 1950's and 1960's
from older and younger water.

Thermonuclear 36Cl has been detected in young water from many different localities (Phillips et al., 1988).
In the ~2 km2 Wawona catchment in Yosemite National Park, thermonuclear 36Cl/Cl values range up to
~8500 x 10-15 (Figure 4). Most of the water samples collected at depths less than ~100 meters contain
36Cl/Cl ratios far in excess of the measured recent precipitation value of 134 x 10-15 (Caffee et al., 1992;
Nimz et al., 1993). Because the opportunity for significant downward vertical mixing of the water is not
present at this site, the thermonuclear 36Cl signature indicates that virtually all of this water has been
recharged since the 1950's.

Figure 4. 36Cl/Cl ratios in water from wells in the Wawona catchment of Yosemite National Park, California. Two
distinct water types are present, one containing thermonuclear 36Cl, and one containing exceptionally low
values of 36Cl/Cl. A few intermediate samples may represent mixing of the water masses, or may
represent pre-1950's water. The 36Cl/Cl value from a rain sample collected from Wawona in 1993 is
shown. This represents post-bomb-pulse precipitation, and should be similar to pre-1950's precipitation in
the region.
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3.2 The shallow system: hydrograph separation, weathering, and arid-region infiltration.

Hydrograph Separation

The isotopic composition of the oxygen and hydrogen of water have been very useful in shaping modern
perspectives of hydrograph separation (both streamflow and stormflow generation; Pearce et al., 1986;
Sklash et al., 1986). Many other studies have successfully used solute mass balance to better understand
the components of a stream hydrograph (Miller and Drever, 1977b; DeWalle et al., 1988; Robson and
Neal, 1990; Wels et al., 1991). This suggests that solute isotopic compositions may be useful in hydrologic
studies as well.

The studies discussed above by Aberg et al. (1989) and Graustein and Armstrong (1980) indicate that
there can be significant isotopic differences between rain, surface flow, and groundwater flow. Aberg et
al. examined the Sr isotopic compositions of exchangeable Sr within the soil column (from weak-acid
leachates) and soil water (from lysimeters). The leachate/water d87Sr values (+37.8 to +44.4; decreasing
downward in the soil column) were considerably higher than either the precipitation values (< +11.68), or
the value obtained for surface flow (+34.29). Groundwater sampled from a depth of one meter had a d87Sr
value of +34.49, and deeper groundwater (depth unspecified) had a value of +101.88. The differences in
these isotopic compositions are more than sufficient to lend themselves to hydrograph separation
analysis.

However, the isotopic composition of a solute species can change due to the addition of leachable solutes
as water migrates. This is different from the case of oxygen and hydrogen isotopes which will not change
as a result of migration in low temperature systems. The use of solute isotopic compositions for
hydrograph analysis must take into account potential sources within the system for the solutes and the
isotopic compositions of those sources. This is not to say that solute isotopic compositions can not be
useful in identifying the origin of water in, for example, streamflow or stormflow. In the catchment
analyzed by the Aberg et al. (1989) study, very high d87Sr values that might be observed in streamflow
would certainly indicate a component of water from depth. Determining the amount of deep water
present, however, would require an assessment of Sr mass balance. Conversely, low d87Sr values would
not necessarily indicate that none of the streamflow was derived from depth, if the deep water dissolved
substantial quantities of Sr with low d87Sr values as it migrated to the surface. Again, an assessment of
potential sources of Sr and of mass balance would be required. The important observation, though, is that
once the potential sources and mass balance have been determined, the measured isotopic compositions
of the solute species must confirm the origins of the solutes and the degrees of mixing and/or dissolution.

Anthropogenic influences on lithogenic solute concentrations may in certain cases be detected by isotopic
ratios (Flegal et al., 1989; 1993; Whitehead et al., 1997). Erel et al. (1991) used the Pb isotopic compositions
of stream water, snow-fed lake water (the lake was at the source of the stream), local bedrock, and soil
leachates to examine the Pb systematics in a remote mountain stream. The ratio of 206Pb/207Pb in the lake
(1.183) was substantially lower than local bedrock and soil values (1.215-1.326), and closer to
anthropogenic values measured in aerosols (analytical error is about ±0.001). The anthropogenic Pb was
likely deposited onto the snow that fed the lake, and directly transported to the lake by surface or near-
surface flow. In a related study, Erel et al. (1990) demonstrated that atmospheric (anthropogenic) Pb is
retained in the upper portions of the soil column and is not transported to shallow groundwater.
Measurements of 206Pb/207Pb (1.218) made in early spring on stream water collected 15 km downstream
from the lake indicate that while some of the Pb is derived from weathering of bedrock, much of it is
derived from anthropogenic sources as observed in the lake (much of the stream water in early spring
likely originates in the lake itself). Measurements of 206Pb/207Pb (1.247-1.297) made on stream water
samples collected in autumn indicate that Pb concentrations are dominated by the weathering of bedrock.
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The observed 206Pb/207Pb ratios are slightly higher than the bedrock whole-rock values (1.215-1.224), but
lower than rock leachate values (1.326); this is likely the result of preferential weathering of high U/Pb
minerals such as biotite, magnetite, and apatite. The autumn Pb isotopic measurements show the ratios
progressively increasing downstream. With the assumption that some of the Pb in the stream originates
in the headwater lake while the rest of it is derived from mobile (leachate) Pb derived from bedrock,
mixing curves were developed which indicated that at about 5 km from the headwaters approximately
55% of the Pb in the stream is anthropogenic, while at 15 km about 20% is anthropogenic.

Weathering Reactions

Another use of dissolved or leachable lithogenic nuclides is the assessment of weathering reactions. The
variations in isotopic compositions within a soil column are due to variations in the weathering-residual
mineralogy within the column. For example, in a follow-up study to that of Aberg et al. (1989), Wickman
and Jacks (1992) determined that the higher d87Sr values observed in the upper 10 cm of the soil column,
as opposed to those observed from 10 to 45 cm, were due to the predominance of alkali feldspar
weathering. Plagioclase had been depleted through previous weathering in the most shallow zones, and
only occurred in abundance below 10 cm. This is consistent with the expected isotopic ratios in each
mineral (cf. Figure 1).

Analogous changes in exchangeable Sr isotopic composition were observed in a sequence of soils with
variable ages (3-3000 Ka age range) developed on granitoid alluvium in the Central Valley of California
(White et al., 1992; Bullen et al., 1997). Variations in soil mineralogy with age were documented (White et
al., 1996) and samples from each age group were leached with an ammonium acetate solution to extract
the exchangeable Sr. The ��� �youngest soils (<10 Ka) had exchangeable Sr d87Sr values (~-2.5) higher than
the parental granitoid rocks (~-4.6), showing an influence from a relatively radiogenic mineral
(hydrobiotite and/or alkali feldspar). Model calculations, as well as the even distribution of hydrobiotite
throughout the soils, suggest that the incipient weathering of the granitoid at this site is dominated by Sr
derived from alkali feldspar rather than hydrobiotite (Bullen et al., 1997). This is significantly different
from the conventional expectation that early feldspar weathering will be dominated by plagioclase, and
that observed elevated d87Sr values in younger soils must therefore be due to weathering of biotite. An
important influence of biotite on d87Sr has been documented in very young glacial tills (Blum and Erel,
1997), but even in this very fresh, un-reworked material the influence of biotite on the d87Sr value of
exchangeable Sr was negligible in tills older than about 10 Ka. Exchangeable Sr from the intermediate-
aged soils (10-600 Ka) in the California Central Valley showed the progressive influence of plagioclase
(lowering d87Sr values eventually to ~-4.9). Exchangeable Sr from the oldest soils (3000 Ka) showed a
slight increase in d87Sr relative to the intermediate-aged soils, which was attributed to residual alkali
feldspar weathering. Even though the exchangeable Sr in this oldest soil is apparently still dominated by
unradiogenic Sr from plagioclase, all of the plagioclase has completely weathered away. In order to
numerically model this result successfully, Bullen et al.. found it necessary for Sr exchange in the older
clay-rich soils to be a relatively inefficient process. This is in opposition to models of Sr behavior in water-
rock systems that assume or require Sr exchange to be an extremely rapid process (e.g., Johnson and
DePaolo, 1997; Katz and Bullen, 1996).

Blum et al. (1994) report d87Sr measurements of stream waters draining two portions of a granitic
batholith, one recently glaciated (~ 10 Ka) and the other glaciated at about 100 Ka ago. They observed
consistently higher d87Sr values in water from the recently glaciated portion, and attribute this to
weathering of biotite from the fresher surfaces scoured by the younger glaciation. The older surfaces
showed less influence from biotite, which presumably had weathered away, and greater influence from
plagioclase. Bullen et al. (1997) suggest that this study may be providing evidence that biotite
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relinquishes its Sr so quickly upon weathering that it no longer has an affect on the d87Sr budget of a
deposited soil. That is, the radiogenic Sr is lost to surficial runoff prior to or during soil deposition.

Blum et al. pointed out that an interesting implication of their observations is that glaciation of a granitic
terrane may lead to a short-term increase in d87Sr values in streams draining the region (see also Blum and
Erel, 1995). This could be the cause of correlations that have been noted in seawater d87Sr values and
global climate cycles (Clemens et al., 1993).

Further complications to the behavior of Sr in water-soil (and potentially to water-rock) systems was
demonstrated by Bullen et al. (1996) in a series of laboratory column experiments conducted in an
attempt to replicate a sequence of high-quality field measurements. They found that the rate at which
water was passed through a 15 cm long column (4 cm diameter) filled with alluvial soil from the study
area influenced the d87Sr value of the Sr dissolved in the water. Rapidly moving water contained
radiogenic Sr characteristic of alkali feldspar. Slow moving water contained much less radiogenic Sr,
characteristic of the plagioclase in the soil. This replicated closely the field measurements, wherein
radiogenic Sr was measured in water being recharged through unsaturated soil, while less radiogenic Sr
(d87Sr similar to the plagioclase) was measured in water flowing more rapidly through saturated soils at
depth. Bullen et al. suggest that plagioclase in the unsaturated zone may develop surficial alteration
deposits limiting dissolution and Sr removal. Rapidly moving water inhibits this coating, allowing the
unradiogenic Sr from plagioclase to dominate the Sr budget. The dependence of d87Sr on flow rate is a
very unexpected result. It may explain the apparent strong influence of alkali feldspar, relative to
plagioclase, on the d87Sr values observed in young slow moving fracture-fill waters within the Wawona
catchment of the Sierra Nevada reported by Nimz et al. (1992).

Figure 5. The change in Pb isotopic composition with time in minerals of a typical granitic rock. For all minerals
and the whole rock (WR), initial (t¿) 206Pb/204Pb = 18. The U/Pb ratios depicted in this figure are: 0.08
(alkali feldspar), 0.11 (plagioclase), 0.16 (WR), 0.34 (biotite), and 0.58 (hornblende).

Although most isotopic weathering studies have employed Sr, Figure 5 indicates that in some instances,
particularly for older rocks, Pb isotopes may be useful in tracking the weathering sequence. There would
be very significant differences expected in 206Pb/204Pb ratios within the minerals of granites older than
about 200 Ma. While the weathering of hornblende cannot be readily distinguished from that of
plagioclase using Sr isotopes, hornblende and plagioclase will likely have very distinctive Pb isotopic
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compositions. As was the case with Sr, plagioclase and biotite will also have very distinctive Pb isotopic
compositions (Figure 5). Weathering occurring in hornblende and biotite at an earlier time, or at a more
rapid rate, than plagioclase should be detectable in the Pb isotopic composition of leachable Pb in the soil,
or the Pb in water draining the bedrock.

There are some potential complications to the use of Pb isotopes to elucidate hydrologic processes,
including the strong possibility of anthropogenic contamination, the relative lack of mobility for Pb in
groundwater, and the possibility for highly radiogenic Pb to exist in accessory minerals (e.g., apatite).
But, in turn, each of these can also be used to an advantage: anthropogenic Pb is easily identifiable by its
isotopic composition (Flegal et al., 1993; Veron et al., 1994), the differential mobility of Pb and Sr will
produce covariation in concentrations in microenvironments, and the presence of accessory-phase Pb
may allow unusually distinctive fingerprinting of both groundwater and weathering processes.

Arid Region Infiltration

Cosmogenic nuclides have been useful in studies focused on the shallow hydrologic system, particularly
in studies assessing infiltration of water through the unsaturated zone in arid and semi-arid regions.
Infiltration is a concern in both weathering studies and hydrograph separation analyses, and is also
important to both recharge and solute transport studies. The peak in atmospheric input of 36Cl from
above-ground nuclear weapons testing in the 1950's and 1960's produced a corresponding peak in the soil
column which migrates downward with infiltration. In principle, infiltration flux should be calculable
based on the depth of the peak and the capacity of the infiltrating water to transport Cl. Several studies
have used this approach, or variations of it, to assess downward water movement.

Cecil et al. (1992) measured 36Cl in soil cores from the semi-arid Snake River Plain and found a sharp and
well-defined peak in the 36Cl/Cl ratio at one meter depth (total soil depth was six meters). The infiltration
rate calculated from this was 0.71 cm/year. This is about twice the rate derived from Darcian flux
calculations based on neutron log data collected from the site over a four year period. Given the
magnitude and sharp definition of the 36Cl peak, it is difficult to accept the lower calculated Darcian flux
infiltration estimate which would indicate a shallower depth for 36Cl migration.

Similar infiltration studies have been conducted in New Mexico by Phillips et al. (1988) and in Nevada by
Norris et al. (1987). Each of these studies demonstrated that it is possible to have more than one 36Cl peak
within the upper few meters of a soil column. Phillips et al. found clearly defined double peaks in their
soil profiles; the cause of split peak (or the double 36Cl pulse) was undetermined. The Norris et al. study
found a single, but very broad and jagged, peak in the upper 1.5 meters at one location. However, at a
second location a few kilometers away they found better defined peaks, but there apparently were three
of them within the upper 1.5 meters of the soil column. At the first site the maximum of the peak
coincides with a change in soil texture, whereas no such changes occur at the second location. Norris et al.
suggest that the chloride systematics of the second site are indicative of a shallow hydrologically active
zone overlying a hydrologically stagnant zone within the top 1.5 meters. The large fluctuations in 36Cl/Cl
ratios at this site are thought to be reflective of both the two hydrologic zones and possibly of lateral
water flow between 0.5 and 1.0 meters depth.

Chlorine-36 and chloride mass-balance has been used to investigate soil water movement in southern
Arizona (Liu et al., 1995). Here again a double 36Cl peak was found. Because infiltration rates (Cl
residence time in the soil) calculated on the basis of chloride mass balance were in good agreement with
infiltration rates calculated using the lower 36Cl peak, Liu et al. concluded that the lower 36Cl peak
represented true downward water flux. The upper peak was interpreted to represent upward water flux
in response to the capillary pressure gradient during the dry season.
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Cook et al. (1994) examined 36Cl, 3H, and chloride profiles for a semi-arid region of southern Australia
including areas covered by eucalyptus forest and areas recently cleared for agriculture. Seven profiles
were examined for 36Cl and chloride (only one of these for 3H), and all showed a sharp single peak in 36Cl
concentration within the top few meters of the soil column. The position at which chloride concentration
reached a maximum was generally at a deeper level, often several meters deeper. Recharge fluxes
calculated from chloride concentration and 36Cl differed substantially, while fluxes based on chloride
concentration and 3H mass balance were in closer agreement. The apparent reason for this was that the
36Cl peak was found in or near the root zone, while the chloride maximum was below the root zone. The
chloride maximum was therefore a closer indication of time-averaged fluxes through the zone below that
affected by plant roots. Although the root zone apparently does not prevent a single 36Cl peak from being
observed, macropore flow and lateral flow due to root intake disrupt chloride migration (flux) and
prevent the use of 36Cl for recharge flux estimates. The 36Cl peaks were instead providing an indication of
the mean soil water flux through the root zone.

Scanlon (1992) examined the 36Cl and 3H profile in the arid Heuco Bolson of west Texas, within the
Chihuahuan desert. Chlorine-36 formed a single peak within the top meter of the soil column, and
provides a calculated moisture flux estimate of 1.4 mm/year. Tritium occurred in three peaks within the
top 2 meters, and provides a mass balance calculated moisture flux estimate of 7 mm/year. The higher 3H
moisture flux is attributed to vapor phase movement of 3H. The vapor flux model was tested by
comparing the fluxes calculated from the profiles with fluxes derived by numerical advective-dispersive
simulations, both diurnal and seasonal. The simulated downward vapor flux was significantly higher
than the simulated downward liquid flux, in qualitative agreement with the observed differences in 36Cl
and 3H behavior. Because chemical diffusion alone cannot account for the 36Cl profile, significant
advection must also be occurring. The soil physics data would suggest that diffusion alone was occurring,
which demonstrates the potential for error in using only soil physics data, which of practical necessity is
collected over a short time interval. The 36Cl profile is therefore a better indicator of long-term average
moisture flux.

Allison et al. (1994) reviewed physical and chemical methods, including 36Cl, for estimating infiltration in
arid and semi-arid regions. In agreement with the Scanlon (1992) study, they concluded that the chemical
methods are more successful in estimating groundwater recharge than physical methods such as water
balance and Darcian flux measurements (based on soil physics data). However, they caution that 36Cl may
not be suitable in areas of very low recharge (< ~ 50 mm/yr) or in areas of changing land use.

Relatively little use has been made of bomb-pulse 36Cl to investigate infiltration processes and rates in
non-arid climates. It would have proven very useful in hydrograph separation analysis during the period
of high atmospheric concentrations (1960Õs-1970Õs). Several studies in non-arid climates have indicated
that bomb-pulse 36Cl is still present at shallow depths, and could be used for solute tracing and water
infiltration (Bentley et al., 1982; Caffee et al., 1992; Andrews et al., 1994; Phillips et al., 1995). However,
two related studies in the Canadian Great Lakes region have provided strong evidence that uptake and
recycling of 36Cl by vegetation may delay its deeper infiltration (Milton et al., 1997; Cornett et al., 1997).
This suggests that chloride may not be a perfectly non-reactive hydrologic tracer in shallow hydrologic
systems. On the positive side, it suggests that bomb-pulse 36Cl may be useful as a tracer of modern solute
input and cycling through the biosphere within vegetated catchments.

3.3 Evaporation/transpiration.

Two studies in the Jordan River-Dead Sea region compared groundwater chloride concentration and
36Cl/Cl ratio to the values measured in rainwater to determine the amount of water loss due to
evapotranspiration before soil water reaches the water table (Paul et al., 1986; Magaritz et al., 1990). The
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method is based on the increasing solute concentrations in infiltrating water. This increase is due to both
evapotranspiration and Cl gained through rock leaching. The ratio of 36Cl to total chloride is used to
differentiate between these two processes. There is a significant difference in 36Cl/Cl ratios between the
chloride leaching from the rock and the chloride within the incoming precipitation. Evapotranspiration
will increase chloride concentration, but will not affect the 36Cl/Cl ratio. Leaching of rock will both
increase chloride concentration and alter the 36Cl/Cl ratio. By using the 36Cl/Cl ratios to factor out the
chloride within groundwater or soil water introduced through rock leaching, the increase in chloride
concentration due to evapotranspiration can be calculated. Magaritz et al. (1990) determined that the
amount of water lost varied widely over the Jordan River basin, and ranged from 40 to 90 percent of the
incoming precipitation.

3.4 The deep system: groundwater flow.

Two important issues in catchment hydrology are the flow paths and flow rates of groundwater within
confined or unconfined aquifers. Compared to surface water, groundwater is within the system for a long
period of time, and significant chemical interactions with the rock or soil of the aquifer can occur.
Physically separated groundwater masses can be differentiated by marked differences in chemical
compositions. Reaction path modeling of observed changes in the groundwater chemistry can indicate
flow paths. These compositional differences and modeled chemical reactions are usually accompanied by
isotopic changes in the lithogenic elements within the water.

In the Wawona catchment within Yosemite National Park, two distinct stratified water masses are
present. The Sr isotopic compositions of the two water bodies indicate that they have very different flow
path histories (Figure 6). The high d87Sr values for the youngest, shallowest waters are due to the early
dominant contribution of biotite (Nimz et al., 1992). Older, deeper waters progressively reflect interaction
with other minerals in the granitic rocks, where the deepest samples (d87Sr » -4.0) approach isotopic
equilibrium with the aquifer rock (rock d87Sr = -4.6 to -3.9). Water with d87Sr values most like those of the
rock has migrated on longer flow paths and had more time to interact with the rock. The sharp distinction
between the two water masses is important. It suggests that the shallow water infiltrates locally and
reaches depths less than 100 meters before leaving the catchment (ultimately as outflow to the South Fork
Merced River which drains the catchment). This cycling through the catchment occurs in time spans less
than those required for Sr isotopic equilibration. The deeper waters apparently are recharged regionally
rather than within the catchment, follow different flow paths than the shallow waters, and take
considerably longer to reach their present locations - long enough to more fully equilibrate with the local
lithology. The realization that two water masses occur and have a shallow interface (~100 meters depth)
has important implications for water resource management of the local domestic water supply which is
used by several hundred residents, public lodges and hotels, and a golf course.



25

  

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

S
r

d
87

0 100 200 300 400

Depth
(meters)

Wawona Waters - Yosemite National Park

Shallow,
Young

Deep,
Very Old

} Wawona
Aquifer
Rocks

Figure 6. Delta-87Sr in water from wells in the Wawona catchment of Yosemite National Park, California. Low d87Sr
values reflect Sr isotopic equilibrium with the host rocks (d87Sr = -3.0 to -4.5), whereas the higher values
indicate incomplete equilibration and the influence of biotite (d87Sr > +200). The biotite-influenced water is
younger and has not yet had time to completely react with the host rock. The deeper, unradiogenic waters
are also known to be older, compare Figure 4.

Similar behavior of Sr isotopes is observed in waters from granitic rocks in the Aberg et al. (1989) study
discussed previously. Here, the progressive changes in d87Sr values of leached exchangeable Sr and
lysimeter water (~+44 to ~+38) are observed to parallel changes in d87Sr within the soil itself (~+124 to
~+84). In a deep water sample, the d87Sr value was much higher (+100.9), but still not yet in isotopic
equilibrium with the host rock (d87Sr = +294.9). It appears that on the catchment scale, complete isotopic
equilibration of groundwater with granitic rocks requires considerable time. The Sr isotopic composition
of water samples may therefore be useful as a qualitative indicator of relative age between the samples.

There have been several studies that have deduced flow patterns on the basis of U isotopic compositions
in moderate sized drainage systems. Kronfeld et al. (1979) found U isotopic variation to be quite
systematic within the ~1000 km2 Cenomanian carbonate aquifer system in the Beersheva region of Israel.
In general, U activity values ranged from near secular equilibrium, 1.03, to values of nearly 2. The
systematic changes allowed Kronfeld et al. to propose flow paths that curved around the major axes of
buried geologic structures in the study area. Andrews and Kay (1982) were able to discern regional flow
paths along a zone approximately 150 km in length by the use of 234U/238U activity ratio isopleths. Three
distinct zones were identified where uranium leaching, uranium deposition, and interstitial fluid mixing
occurred. Activity ratios in the system ranged from less than one to greater than three.

Variations in flow rates have also been observed using U isotopic compositions. Kronfeld and Rosenthal
(1981) collected water samples from Bet Shean and Harod valleys in Israel, which comprise a single large
drainage basin. The samples showed very small variations in U concentrations (~1-4 mg/L), but large
variations in 234U/238U activity ratios (<1.5 to >3.0). Three distinct water masses were identified, two of
which occurred in rocks with very similar lithologies (carbonates). Initial preferential leaching of 234U
created the highest activity ratios observed in the system; as the water further reacted with the rock, the
activity ratios became lower as the result of 238U dissolution from areas previously leached of 234U. For one
of the carbonate units, the lowering of the activity ratio did not occur until the water was quite remote
from the recharge area. In the other carbonate unit the lowering of the activity ratios occurred near the
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recharge areas. This difference was interpreted by Kronfeld and Rosenthal to be the result of lower
permeability in the second carbonate unit. The relative flow rates between the units was very different,
leading in one case to relatively old water near the recharge areas whereas in the other case water of the
same age was able to flow much farther from the recharge area. The total distance along the flow path of
this study was about 10 kilometers. Significant differences in activity ratios between the two water
masses were detectable within about one kilometer of the recharge areas.

Cosmogenic and thermonuclear 36Cl may in certain instances be valuable on a catchment scale to provide
information about differences in flow paths and flow rates. Water samples from the shallow wells (<100
meters) within the Wawona catchment contain 36Cl/Cl ratios that are of thermonuclear origin, indicating
that this water mass is less than about 40 years old (Figure 4). Flow rates must be sufficient to carry this
water to the ~100 meter depth within these forty years. Water samples from the deepest wells, those
which penetrate the lower and more evolved water mass, contain no thermonuclear 36Cl and, in fact, have
36Cl/Cl ratios that are far below that of recent local precipitation (Figure 4). The recent precipitation value
(134 x 10-15) is similar to the expected cosmogenic, non-thermonuclear, precipitation value for this region
(~150 x 10-15; Bentley et al., 1986a), and probably indicates what the pre-bomb 36Cl/Cl value was for the
Yosemite area. The extremely low 36Cl/Cl values in the deeper waters therefore indicate that the chloride
in the water, or at least a large component of it, is very old (>1 Ma old). This is consistent with the
observation made on the basis of Sr isotopic compositions that the deeper waters have different and
longer flow paths than the shallow waters. Determining the absolute age of the deeper water is
complicated by in-situ 36Cl production and other problems involving Cl migration (Nimz et al., 1993), but
the 36Cl/Cl values clearly indicate that the water deeper than ~100 meters is of a distinctly different age
than the shallower water and must move along very different flow paths and probably at significantly
slower flow rates.

3.5  System (basin) closure: mixing of water masses.

The degree to which a catchment operates as a closed system is important when assessing hydrograph
separation, water resource potential, and mass balance of both water and solutes. Solute concentrations
are often used to assess the mixing of groundwater originating outside of a hydrologic system with water
originating within the system (Christopherson and Hooper, 1992). Lithogenic and cosmogenic nuclides
have also been used to assess mixing, but have received much less attention on the catchment scale than
on the regional scale. Lithogenic and cosmogenic nuclides have the advantage that while elemental
concentrations can vary due to mineral formation (precipitation) reactions, lithogenic and cosmogenic
isotopic ratios will not. Precipitation reactions can obscure mixing relationships if only elemental
concentrations are considered.

Several studies have demonstrated the value of lithogenic nuclides in assessing groundwater mixing.
Smalley et al. (1988) were able to identify mixing between meteoric ("fresh") water and more evolved
saline water on the basis of the Sr isotopic compositions of the endmembers. The intermediate,
moderately saline waters were not less chemically evolved (younger) counterparts of the saline waters,
but rather were mixtures of the older saline and young meteoric waters. Lowry et al. (1988) were able to
use Sr isotopic compositions of groundwater samples to distinguish between three endmembers, one of
which was meteoric. Having recognized the meteoric component as a "dilution" effect, they were then
able to use a Sr-isotope/Sr-concentration mixing curve to model the variations in chemical composition
observed in the water samples. McNutt et al. (1984) were able to identify a lack of mixing in waters on the
basis of Sr isotopes. This allowed them to realize the system consisted of what they termed "pockets" of
water, each of which behaved as a closed system.
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The isotopic composition of uranium has been used to assess mixing in much the same way as that of
strontium. Three studies are of particular interest to catchment hydrology. Cuttell et al. (1988) were able
on the basis of 234U/238U ratios to distinguish three groundwater types in the Lower Mercy Basin of
western England, as well as zones of mixing between them. Ivanovich and Alexander (1987) found
systematic variations in 234U/238U ratios between confined and unconfined groundwaters underlying
Harwell, England. They were able to detect specific locations of leakage of the confined unit. Points of
interconnection between groundwater masses were also identified in central Israel by Guttman and
Kronfeld (1982). At these locations, 234U-enriched water was able to migrate downward into the
underlying formation. These interconnections could be generally correlated with geologic structures in
the basin. Each of these three studies were conducted within individual catchment areas, sampling
shallow waters over areas less than a few hundred square kilometers in size.

The cosmogenic isotopes 3H and 14C have been widely used to assess groundwater mixing. The use of 36Cl
for this purpose is increasing for a number of reasons. The order of magnitude or greater difference
between atmospheric 36Cl/Cl ratios and rock equilibrium ratios can make mixing between recharge water
and older water easy to identify. The very large difference between natural 36Cl levels and thermonuclear
36Cl levels lends itself easily to groundwater mixing studies. Dowgiallo et al. (1990) examined the 36Cl/Cl
ratios in water of the Mazowsze artesian basin of central Poland. Here, mixing of water containing
atmospheric 36Cl with older water containing low 36Cl/Cl ratios was identified as the primary mechanism
for observed decreases in 36Cl/Cl along the flow path. However, certain samples in intermediate locations
along the flow path had 36Cl/Cl ratios that were too high for the modeled dilution curves. The higher
values could not be explained by in-situ production of 36Cl because the aquifer rocks contained low U and
Th concentrations. Since the basin is artesian, downward leakage (recharge) of water with an atmospheric
or thermonuclear 36Cl component was improbable. Consequently, Dowgiallo et al. interpreted the
increases to points of upward leakage of water from a formation underlying the confined aquifer that was
known to contain high concentrations of U and Th.

Bentley et al. (1986a) discuss a preliminary 36Cl study that was conducted in a large enclosed basin in
Brazil (the Drought Polygon) in which water quality was a problem due to high Cl contents. The high-Cl
water was meteoric, as could be determined by its atmospheric 36Cl/Cl ratios. However, on the basis of a
mixing array observed in the 36Cl/Cl values, a second water was inferred to exist at depth in the basin.
Component mixing diagrams indicated that the second water contained low concentrations of Cl.
Although the study was preliminary, it was suggested that a solution to the water quality problems in the
basin might be to bypass the shallow high-Cl water and tap the deeper low-Cl water.

Carlson et al. (1990) were able to identify contributions to the chloride in three lakes in Antarctica on the
basis of 36Cl/Cl ratios. Chloride from a river source (atmospheric 36Cl/Cl) was distinguished from
chloride from deep groundwater (low 36Cl/Cl) on the basis of mixing curves. A third component in one of
the lakes could be identified as a seawater source, and the possibility of a seawater incursion was
suggested. Although we have not discussed the role of lithogenic or cosmogenic nuclides in catchment
lakes, the Carlson et al. study clearly indicates the potential for their use.

In a study of groundwater basins of western Nevada and eastern California, Phillips et al. (1995) used Cl
concentrations and 36Cl/Cl ratios in an attempt to identify the sources of chlorine in deep groundwaters,
lakes, and streams. With the use of a numerical mass balance model and extensive Monte Carlo
simulations, they derived accumulation times for both Cl and 36Cl in subsurface waters and Mono Lake.
The results suggest that a very significant subsurface input of chloride has occurred (or, is still occurring),
with an accumulation time of 100-450 Ka before the present. The observed low 36Cl/Cl ratios, and implied
high chloride concentrations of the input, suggests a magmatic source for the chloride. Although the
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input pathways are not specified, mixing of geothermal fluids and meteoric waters would produce the
range of 36Cl/Cl values measured within the Mono groundwater basin.

3.6 Streamflow: mass balance within the catchment.

For a catchment where all water fluxes can be quantified, mass balance within the system can be assessed
through chemical analysis of input (precipitation and dry deposition), and output (stream water)
(Cleaves et al., 1970; Hooper et al., 1990; Mast et al., 1990; Stauffer and Wittchen, 1991; Wilson et al.,
1991a; 1991b). Lithogenic and cosmogenic isotopic compositions can be useful in these studies not only by
identifying the sources for the solutes (as much of this paper discusses), but also by being able to place
constraints on the acceptable volumes of each solute from identified sources. For example, if it is thought
that 20% of the Sr in a stream during stormflow comes from surface or near-surface (interflow) sources,
then 20% of the isotopic composition of the Sr in the stream must reflect these sources. Further, the
streamwater should be expected to have a component of 36Cl commensurate with the 20% surface/near-
surface Sr contribution. The magnitude of the 36Cl contribution, and resulting 36Cl/Cl ratio, will depend
on the source(s) of 36Cl, the Sr/Cl ratio of the various source compartments, and variations in mobility of
Sr and Cl. However, taking these factors into account, the 36Cl data must support a surficial source for
twenty percent of the Sr in the system. The isotopic compositions of the solutes serve as a check on the
solute mass balance assumptions. This approach has been used by several of the studies discussed in this
section (Aberg et al., 1989; White et al., 1992; Blum et al., 1994).

3.7 Lithogenic and cosmogenic nuclides: Summary.

The preceding sections have attempted to summarize the processes that affect lithogenic and cosmogenic
nuclides in hydrologic systems, and to discuss how knowledge of these processes can be used to better
understand catchment hydrology. The important consideration for both lithogenic and cosmogenic
nuclides is the chemical behavior of the solute within the system. One must consider the various sources
of the solute, where the sources are located within the system, and to what degree each source will likely
contribute to the overall isotopic budget of the water within the catchment. Unlike considerations based
only on solute concentrations, isotopic considerations permit the source of the solute to be identified. It is
this identification of sources that can be used to examine mass input into the system, hydrograph
separation, weathering reactions, infiltration paths and rates, evapotranspiration losses, groundwater
flow paths and flow rates, groundwater mixing within the system, and general mass balance of the
system.

There are as yet very few published studies employing lithogenic or cosmogenic nuclides that focus
specifically on catchment hydrology. Despite the fact that the lack of such studies thus far makes the
entire subject a "new direction" in catchment hydrology, there are areas that can be considered truly new
directions because their applications in hydrology on any scale are today almost completely unexplored.
The following concluding section of this paper discusses potential applications for catchment hydrology.

4 New Directions in Lithogenic and Cosmogenic Nuclides

4.1 The other geologic giant: neodymium.

Besides Sr and Pb, the other lithogenic element having received widespread use in geology is Nd (Table
1). Important elemental fractionations occur in nature between 143Nd and its parent 147Sm, creating
varying Nd isotopic compositions (143Nd/144Nd) through radiodecay. This has made Nd useful for age
dating as well as many other geologic applications (DePaolo, 1988). Because the natural abundance of Nd
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is very small, and Nd is a very non-hydrophilic element in low temperature environments, the
concentration of Nd in natural waters is extremely low (Table 2). Nonetheless, Nd isotopic composition
can still be measured in natural waters (Goldstein and Jacobsen, 1987; Bullen and Kharaka, 1992). In most
geological environments, the isotopic composition of Nd varies systematically, though inversely, with the
isotopic composition of Sr (DePaolo, 1988). Therefore, as a hydrologic tracer, Sr would be the analyte of
preference due to its higher concentration in natural waters. This is provided, of course, that the Sr and
Nd originated from the same geologic source (e.g., the same aquifer rock). However, Sr and Nd do not
have the same chemical behavior in all environments and in some groundwater samples may not be
derived from the same geologic source. For example, Piepgras and Wasserberg (1985) noted that in
geothermal environments Nd can have a high affinity for water. An isotopic composition of Nd
developed in geothermal environments would be unlikely to change if the water migrated away from the
thermal area. A "fossil" Nd isotopic signature would remain in the water. The Sr isotopic composition
obtained in the thermal area would likely not be retained as Sr from the non-thermal zone would dissolve
into the water, mixing or exchanging with the thermal Sr. In this case, Nd could serve as a useful
hydrologic tracer. As is always the case with lithogenic nuclides, one must consider the geochemical
behavior of the element of interest.

Except in very specific environments, Nd will not be as useful as Sr in the interpretation of the
weathering process in rocks and minerals. Because of their similar geochemical behavior, Sm and Nd are
not fractionated from one another as severely as Rb and Sr. This fact, combined with the very long half-
life of 147Sm (1.53 x 10+11 years), make inter-mineralic variations in Nd isotopes fairly small unless the
system is quite old. Figure 7 shows Nd isotopic variations with time in a hypothetical garnet gneiss with
similar mineralogy to the granite used in the Sr and Pb examples of Figures 1 and 5. Garnet is one of the
few common, non-accessory, minerals to significantly fractionate Sm from Nd during its formation. In the
example, Nd derived through weathering of garnet would be analytically resolvable from Nd derived
from the rest of the rock, even at a fairly young rock age. Because analytical precision for Nd is generally
about 1 unit on the epsilon scale (see Table 1 for the definition of the epsilon scale), the Nd from the other
minerals would be difficult to distinguish unless the rock was several hundred million years old.

Figure 7. The change in Nd isotopic composition with time in minerals of a typical silicic garnet gneiss with a
chemical composition similar to the granitic rocks depicted in Figures 1 and 5. For all minerals and the

whole rock (WR), initial (t¿) eNd = 0.0. The Sm/Nd ratios depicted in this figure are: 0.61 (garnet), 0.22
(biotite), 0.13 (alkali feldspar), 0.16 (WR), and 0.17 (plagioclase).
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4.2 Lithogenic elements with fractionating isotopes.

Several elements derived through water-rock interactions have stable isotopes that are fractionated from
one another by common natural processes. Three will be discussed briefly here: Li, B, and Cl.

Lithium is sufficiently abundant in the earth's crust and in natural waters (Table 2) that it will
undoubtedly be useful in hydrologic assessments. The two naturally-occurring isotopes of Li, 6Li and 7Li,
fractionate substantially during a wide variety of natural processes, including mineral formation
(chemical precipitation), metabolism, ion exchange (Li substitutes for Mg and Fe in octahedral sites in
clay minerals, where 6Li is preferential over 7Li), hyperfiltration, and rock alteration (Morozova and
Alferovskiy, 1974; Chan and Edmond, 1988; Fritz and Whitworth, 1994). The use of Li isotopic
compositions in catchment waters to recognize the occurrence of one of these processes, or to trace water
affected by the processes, should produce valuable results. Unfortunately, the ease with which Li
fractionates has made laboratory isotopic analysis very difficult in the past. The Li isotopic fractionation
during mass spectrometric analysis could not be controlled or sufficiently characterized. Recently,
however, techniques have been developed that appear very promising (Chan, 1987; Xiao and Beary,
1989). Using these techniques, Bullen and Kharaka (1992) examined the Li isotopic compositions from
thermal waters of Yellowstone National Park. Because the isotopes will fractionate during hydrothermal
processes, it is not surprising that significant variations in the 7Li/6Li ratios were observed. The variations
permitted Bullen and Kharaka to distinguish between water derived from marine sedimentary rocks and
water derived from hydrothermally altered igneous rocks, thereby providing valuable information
regarding regional groundwater flow paths.

Like lithium, boron shows a high degree of mobility in nature, and has two stable isotopes that are easily
fractionated by a variety of natural processes (10B and 11B). The B isotopes are fractionated during H2O
phase changes in hydrothermal systems (Spivack et al, 1990; Leeman et al, 1992), during hydrothermal
alteration of rock (Spivack, 1985), during mineral crystallization (Oi et al., 1989), during biological activity
(Vengosh et al., 1994a; Eisenhut et al., 1996), and during the adsorption of dissolved B onto clay minerals
(Schwarcz et al., 1969). The latter effect may be responsible for the large 11B enrichment in seawater
relative to both oceanic crust (Spivack and Edmond, 1987) and continental crust (Spivack et al., 1987). All
of these effects combine to produce B isotopic variations in hydrologic systems that can be very useful.
They have been used to trace the origin of water masses (Palmer and Sturchio, 1990; Xiao et al., 1992;
Vengosh et al., 1995), to track the evolution of brines (Vengosh et al., 1991a; 1991b; Moldovanyi et al.,
1993), to identify the origin of solutes within thermal springs (Vengosh et al., 1994b), to determine the
origin of evaporites (Swihart et al., 1986; Vengosh et al., 1992), to examine hydrothermal flow systems
(Leeman et al., 1992), and to trace groundwater contamination from microbiologically-treated sewage
(Vengosh et al., 1994a). These studies suggest that under the appropriate circumstances, and for
appropriate questions, boron could have applications in catchment hydrology. There are many aspects of
B isotopic systematics in natural waters that remain poorly understood (see discussions in Vengosh et al.,
1992; and Bassett, 1990). It may be fruitful to begin looking at boron isotopic ratios in "simple" catchment
systems where high temperature boron isotopic fractionation is not presently occurring. Catchments
systems in which the role of clay minerals can be clearly identified may provide particularly valuable
information.

Like Li and B, Cl has two stable isotopes (35Cl and 37Cl) and is highly mobile in the hydrosphere. Unlike
the isotopes of those two elements, however, Cl isotopes are not easily fractionated in nature. Small
variations in 37Cl/35Cl values (d37Cl < 2.1ä ) were reported by Kaufmann et al. (1984) in a number of
different water types. In a single deep groundwater system in Texas, variations in d37Cl ranged from -1.29
to +0.53 (for the definition of d37Cl, see Table 1, note 2). Smaller, though still significant differences were
reported for formation waters from the Michigan Basin (Kaufmann et al., 1993). Desaulniers et al. (1986)
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reported evidence suggesting Cl isotope fractionation during diffusion-controlled processes in
groundwater from Quaternary glacial deposits. Fractionation also can occur during high-temperature
water-rock interactions (Eastoe et al., 1989). The ratio may also be affected by temperature variation in the
ocean reservoir through time (Kaufmann et al., 1993). Therefore, although there are no low-temperature
fast-kinetic fractionation mechanisms for Cl isotopes, there are sufficient isotopic variations in nature to
make d37Cl useful as a hydrologic tracer. Depending on catchment lithology, the Cl isotopes might be
useful for hydrograph separation analysis and determination of region-groundwater/catchment-
groundwater mixing.

4.3  New directions in catchment hydrology for cosmogenic nuclides.

For catchment hydrologic applications, the use of all cosmogenic nuclides except 3H and 14C can be
considered "new directions". The uses of 36Cl and 129I discussed above are all today less than 15 years old,
and many of the potential applications have not yet been attempted. Several cosmogenic nuclides,
including 7Be, 10Be, 22Na, 24Na, and 41Ca (Table 1) have had little or no attention in hydrology and may
have significant value to catchment studies.

Beryllium is a strongly lithophile element, tending at pH levels greater than about 5.5 to sorb onto mineral
surfaces rather than to exist in solution in surface and ground waters. However, since most rainwater in
North America has a pH less than 5, cosmogenic Be produced in the atmosphere will enter into solution
and be readily transported to the Earth's surface. As the precipitation quickly becomes more alkaline, Be
drops out of solution. Cosmogenic 10Be that is produced in the atmosphere thereby accumulates in the
uppermost soil layer, where its long half-life (1.6 Ma) permits a long residence time. The presence of 10Be,
and its radioactive decay, have been used to examine soil erosion (Pavich et al., 1985; Brown et al, 1995),
regolith soil formation (Barg et al., 1992), and the development of lateritic soils (Bernat et al., 1990). The
use of 10Be present in authigenic material in weathering soils appears to be a valuable tool for dating the
soil minerals and thereby determining soil formation rates (Barg et al., 1992). Concentrations of 7Be and
10Be have been measured in precipitation samples from several locations (Dominik et al., 1987; Brown et
al., 1989; Brown et al., 1992; Knies et al., 1994), and in atmospheric aerosols (Dibb et al., 1994). The ratio of
10Be to the stable beryllium isotope, 9Be, has been measured in filter retentates from river waters and
associated sediments (Brown et al., 1992; Brown et al., 1995). The atmospheric flux of cosmogenic 7Be
(half-life » 53 days) has been measured, and the input-output budget within an alpine watershed used to
determine erosion rates and fluvial transport mechanisms (Dominik et al., 1987).

No studies have as yet been published reporting beryllium nuclide contents in groundwater samples.
Beryllium isotopes would seem to have potential utility in catchment hydrology because of the different
Be nuclide contents and ratios that must exist in different compartments within a catchment system. For
example, precipitation will have high 7Be contents and a fairly uniform 7Be/10Be ratio (measured at ~0.67;
Brown et al., 1989), soil pore water will contain significantly more 10Be relative to 7Be due to accumulation
of 10Be and the short half-life of 7Be, groundwater older than several months will contain very little or no
7Be, and very old groundwater will contain no 10Be. The stable Be isotope, 9Be, would permit some
constraint on observed variations in radioactive nuclide content that would be due to sorption. Thus
while Be may prove analytically difficult because of its low concentrations in catchment waters, and
because interpretations would require close consideration of sorption versus solution behavior, the
substantial differences in nuclide contents between important catchment compartments may make Be
isotopes worth examining.

Elemental sodium is often used as a tracer in hydrologic studies. It is a mobile element that participates in
some well documented precipitation and dissolution reactions in groundwaters (clay formation,
albitization of plagioclase), and has therefore received considerable attention in hydrologic research.
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Substantial concentrations of two cosmogenic Na isotopes (22Na, half-life = 2.605 years; 24Na, half-life =
~15 hours) have been measured in precipitation (Roedel, 1970; Perkins et al., 1970). However, no studies
have ever been published documenting the cosmogenic sodium systematics in ground or surface waters.
The short duration of their half-lives (i.e., high decay rate) makes their measurement relatively easy by
common radioanalytical techniques. The high degree of mobility combined with the short half-lives
suggests that cosmogenic Na may be useful in characterizing catchment processes thought to occur on
short time scales. Examples of such processes would include soil water movement (macropore flow
versus intergranular flow), storm hydrograph separation (overland flow versus long-duration
throughflow), fracture-facilitated fast path infiltration, and chemical mixing in lakes and rivers.

Calcium is one of the most useful elements to hydrologic studies, participating in a wide variety of
hydrochemical processes. For this reason, 41Ca may have utility in hydrologic studies. Unlike the Be and
Na nuclides discussed above, 41Ca is not primarily produced in the atmosphere, but rather is produced by
neutron activation of 40Ca. Most of its production is in the upper meter or so of the soil column where the
cosmogenic neutron flux is still sufficiently strong. Because the half-life of 41Ca is about 100,000 years, the
hydrochemical cycling of 41Ca atoms could be substantial. The geochemical behavior of Ca is closely
related to calcite formation and dissolution. This would suggest that 41Ca may be useful in studies that are
focused on the carbon cycle. Natural levels of 41Ca/Ca are on the order of 10-16 to 10-13 , within the
analytical abilities of modern accelerator mass spectrometry (Kutschera, 1990). No published studies have
as yet applied 41Ca to hydrology.
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5 Lithogenic and Cosmogenic Tracers in Catchment Hydrology:  Concluding Remarks

This paper provided a broad overview of the applications of lithogenic and cosmogenic nuclides to
hydrology in general, and to catchment hydrology in particular. In spite of the fact that reference is made
to many tens of studies in isotope hydrology, the ability of lithogenic and cosmogenic nuclides to provide
valuable information to hydrologists has been investigated only rather recently. In many cases, the
systematics of behavior of the nuclides within natural waters is still largely undocumented. This means,
unfortunately, that the time has not yet come when lithogenic and cosmogenic nuclides can be used on a
routine basis wherein interpretations become standard and easily referenced to other similar studies. This
does mean, fortunately, that the study of lithogenic and cosmogenic nuclides in catchment systems is still
exciting and new, with important observations and discoveries still lying ahead.

This work was performed under the auspices of the U.S. Dept. of Energy at LLNL under contract no. W-
7405-Eng-48.
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