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Strontium isotopes (37Sr/26Sr) are routinely measured in hydrochemical studies to determine sources and
mixing relationships. They have proved particularly useful in determining weathering processes and
quantifying end-member mixing processes. A number of routine case studies are presented which high-
light that Sr isotopes represent a powerful tool in the geochemists toolbox helping to constrain weath-
ering reactions, weathering rates, flow pathways and mixing scenarios. Differences in methodologies
for determining the weathering component in natural environments, inherent differences in weathering
rates of different minerals, and mineral heterogeneity often cause difficulties in defining the weathering
component of different catchments or aquifer systems. Nevertheless, Sr isotopes are useful when com-
bined with other hydrochemical data, to constrain models of water-rock interaction and mixing as well
as geochemical processes such as ion-exchange. This paper presents a summary of recent work by the
authors in constraining the sources of waters and weathering processes in surface catchments and aqui-

fers, and indicates cases where Sr isotopes alone are insufficient to solve hydrological problems.

© 2009 Published by Elsevier Ltd.

1. Introduction

The application of Sr isotope ratios as a natural tracer in water-
rock interaction studies and in assessing mixing relationships is
now well established as indicated by the large number of journal
publications and review articles (e.g. Graustein, 1988; Capo et al.,
1998; Stewart et al., 1998; McNutt, 2000; Blum and Erel, 2005).
The latter add weight to the maturity of Sr isotopes as a useful
technique in de-convoluting the complex behaviour of solutes
and water-rock interactions in natural environments. A wealth of
unpublished data also exist, publication limited for example by dif-
ficulties in interpreting a large scatter of data (too complex sys-
tems, sample-scaling issues), lack of understanding of the system
(e.g. flow system) or lack of detailed understanding of Sr geochem-
istry of for example interactions with solid materials.

Over the past few years, detailed field-based studies of weath-
ering (Bain and Bacon, 1994; Bullen et al., 1997; Hogan and Blum,
2003; Négrel, 2006; Shand et al., 2007) have been augmented by
laboratory (Brantley et al, 1998) and modelling (Fritz et al.,
1992; Johnson and DePaolo, 1997) studies, and both have vastly
improved understanding of Sr isotope behaviour; modifying para-
digms due to realisation of more realistic complex behaviour and
heterogeneous systems. Strontium isotopes are a powerful tool in
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the geochemists toolbox for constraining and testing geochemical
and hydrological models. However, as many authors have stressed
over the past decade, multi-isotope/tracer application (Bullen and
Kendall, 1998) represents the most powerful approach to solving
problems. Perhaps the most common limiting problem in dealing
with Sr isotope data is the lack of sufficient information on solid
phases, both in individual minerals and on exchange complexes.

The aim of this paper is to present some recent work by the
authors in hydrological applications of Sr isotopes in constraining
or solving hydrological problems. It presents some cases where
Sr isotopes have been useful and others where their application
is somewhat limited e.g. due to lack of isotopic variation. Never-
theless, even where Sr isotope data show little variation or are
not fully understood, they can still place powerful constraints on
conceptual hydrological models.

2. Sr isotopes in water
2.1. Sr isotopes and weathering

Strontium is a divalent cation that shows similar geochemical
behaviour to Ca. It has 4 natural isotopes: 3Sr, 8°Sr, 87Sr and #8Sr,
all of which are stable. However, the isotopic abundances in rocks
are variable because of the formation of radiogenic 3’Sr by the beta
decay of naturally occurring 8’Rb which has a half-life of 4.88 x 10'°a
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(Faure, 1977). Although the minerals in igneous and metamorphic
rocks may have identical Sr isotope ratios at the time of formation,
the decay of 8’Rb to 7Sr leads, over time, to differences in 87Sr/2Sr
(Fig. 1). The increase in isotope ratio is proportional to the Rb/Sr ra-
tio, forming the basis of dating rocks using the isochron method.
Hence older rocks, particularly those with high Rb/Sr ratios tend to
have larger variations between different minerals and higher
875r/86Sr ratios than younger rocks.

In freshwater systems, the residence times of waters are suffi-
ciently short (days to 1023 a) compared to the half-life of 8’Rb, that
radioactive decay of 8’Rb can be ignored.

It is commonly assumed that the isotopes of Sr do not exhibit
detectable mass fractionation during chemical processes, unlike
those of the lighter elements such as H, C, N, O and S. Any instru-
mentally produced mass discrimination during Sr isotope analysis
by thermal ionisation mass spectrometry is corrected by using
86Sr/88Sr = 0.1194 as a normalizing ratio. Double or triple filament
loading assemblies allow greater control on ionisation and vapo-
urisation during analysis and generally give a more stable atomic
ratio than is obtained when using a single filament.

Ohno and Hirata (2007) document isotope fractionation during
the chemical separation of Sr by cation exchange and by extraction
chromatography. They observed that the earliest fractions of elu-
ent were systematically enriched in the heavier isotope. The
authors attributed the fact that this effect was less pronounced
in extraction chromatography using Sr spec resin than in cation ex-
change with Biorad AG-50 to the smaller number of theoretical
plates in the former column. However, provided the yields from
the columns were sufficiently high (<95% in the case of cation ex-
change, <90% for extraction chromatography), the isotope fraction-
ation was within the level of uncertainty of the measurement of
the isotope ratio.

Mass dependent fractionation was first observed in cosmogenic
samples (Patchett, 1980) and subsequently in biogenic processes
(Aggarwal, 2006, T.D. Bullen, pers comm). Advances in plasma ion-
isation multicollector mass spectrometry together with new meth-
ods developed for determining the mass discrimination effect on
88Sr/86Sr (Ohno and Hirata, 2007; Fietzke and Eisenhauer, 2006)
have enabled natural variations to be shown in the 88Sr/86Sr ratio.
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Fietzke and Eisenhauer (2006) demonstrated a temperature-
dependent isotope fractionation during CaCO; precipitation. They
analysed natural corals and found a 0.033%o shift per °C compared
with 0.0054%. for aragonite samples inorganically precipitated un-
der temperature control. Ohno and Hirata (2007) analysed a series
of geochemical reference samples and found no significant varia-
tions within #8Sr/8°Sr ratios for the igneous rocks but an isotope
fractionation of 0.1%c/amu between the carbonate samples and
seawater. These degrees of fractionation are small in comparison
with those observed in stable isotope studies of the lighter ele-
ments and need to be investigated further. Nevertheless Sr isotope
data can be normalised to a specific #Sr/%Sr ratio (e.g. chondritic
value of 8.37521) removing such effects and enabling comparisons
to be made. This makes Sr isotopes a particularly useful natural tra-
cer of biological or low temperature chemical processes, and the
isotope ratios are therefore a function of mixing or exchange be-
tween different reservoirs.

Differences in solute Sr isotope ratios are controlled by varia-
tions in initial (atmospheric) inputs, differences in mineralogy
along flowpaths, mineral dissolution characteristics and residence
time. The 87Sr/®6Sr ratio in waters will therefore be a function of
the “weatherable Sr” and the efficiency of exchange (Aberg et al.,
1989). The reaction kinetics of mineral dissolution vary over orders
of magnitude, and the Sr isotope ratios of solutes will be domi-
nated by the most easily weathered minerals i.e. solute 87Sr/%6Sr
is unlikely to be in ‘isotopic equilibrium’ with the whole rock
(Fig. 1). One of the main problems for Sr isotope tracer studies lies
in defining the isotope composition of the weathering-derived Sr.
Whole rock or soil dissolution does not give a fair representation
of the weathering ratio because of different weathering rates and
stabilities of minerals in the weathering environment. The whole
rock isotope ratio is, therefore, of little relevance in determining
weathering rates or processes. A range of leachate and extraction
techniques, usually employing organic acids, have been used to
determine the weathering component of Sr in soils (Aberg et al.,
1989; Wickman and Jacks, 1992). Care must also be taken in relat-
ing the origin of Sr to the origin of water, since many assumptions
and knowledge of processes along flow pathways are usually
required in addition to knowledge of the Sr concentrations in
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Fig. 1. Theoretical evolution of Sr isotopes in a rock (e.g. from a magma or metamorphic rock) from the time of initial formation (t,) where the isotopes are homogeneous,

to time (t;) where the 87Sr/®6Sr ratio has increased due to decay from 87Rb.
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‘end-members’ during mixing. For example, Sr isotope ratios may
vary as a function of time due to differences in the proportions of
weathering minerals e.g. where saturation with one phase occurs
(Fritz et al., 1992). It is possible, but not commonly demonstrated
(Taylor et al., 2000), that radiogenic 8’Sr derived from 3’Rb may be
preferentially leached from minerals: Rb having a higher ionic ra-
dius occupies large sites in crystal lattices from which Sr may be
more easily weathered.

The degree to which Sr isotopes can be used as tracers or as
good indicators of mixing is partly dependent on the ratio of Sr
concentration in the fluid relative to that in the rock (Cs/Cf) (John-
son and DePaolo, 1996) and the reactivity of the Sr in a particular
environment. For example, where Sr-rich waters move from a car-
bonate aquifer into a granite aquifer, the relative stability of gran-
ite minerals means that Sr isotope ratio may retain a memory of its
past geochemical evolution, hence it acts as a good tracer. In con-
trast, a groundwater with low Sr concentrations moving from a

granitic aquifer into a carbonate aquifer may rapidly become
swamped with Sr due to carbonate dissolution. A valid interpreta-
tion of the Sr isotope ratio therefore requires a sound knowledge of
the potential hydrogeochemical processes operating along its
flowpath.

A complete review of Sr isotopes is beyond the scope of this pa-
per and the reader is referred to recent reviews (e.g. Graustein,
1988; Capo et al., 1998; Stewart et al., 1998; McNutt, 2000; Blum
and Erel, 2005). The marine Sr isotope record is now fairly well
established from studies of carbonate minerals of different age
(McArthur and Howarth 2004 and references therein). Early stud-
ies of terrestrial systems applied Sr isotopes to estimate soil-ex-
change processes (Miller et al., 1993) weathering rates of Sr, and
also used Sr as a surrogate for the essential alkali earth element
Ca (Graustein and Armstrong, 1983; Aberg et al., 1989), based on
the assumption that Ca exhibits the same ratio of deposition to
weathering as Sr (Jacks et al., 1989). Strontium isotopes have also
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been used to assess the origin of salinity in highly saline waters
(McNutt et al., 1990; Négrel and Casanova, 2005; Vengosh et al.,
2007).

Differences in isotope ratios, reflecting mixing, have provided
valuable information on sources, pathways and mixing (Bullen
et al., 1997; Frost et al., 2002; Hogan and Blum, 2003; Frost and To-
ner, 2004; Négrel and Petelet-Giraud, 2005; Brinck and Frost, 2007)
and surface water-groundwater interactions in catchments and
groundwater systems (Land et al.,, 2000; Shand et al., 2007).
Strontium isotopes have also proved useful in helping to quantify
silicate vs. carbonate weathering fluxes (Blum et al., 1998; Cham-
berlain et al., 2005). Experimental studies are helping to under-
stand the complexities of Sr behaviour and mineral dissolution
kinetics (Brantley et al., 1998; Taylor et al., 2000) and they are

proving valuable in correcting '“C ages (Bishop et al., 1994; John-
son and DePaolo, 1996).

2.2. Graphical display of Sr isotope data

Correlations between Sr isotope data and concentrations with
other isotopes and solute data are useful for assessing hydrochem-
ical relationships, and hence deductions about the source of Sr and
weathering processes. The mixing of two end-members on a
875r/88Sr vs. Sr plot produces a series of curves depending on rela-
tive Sr concentrations, but plotting the isotope ratio against the re-
ciprocal of Sr produces a straight line, hence it is useful to assess if
there are more components or processes other than mixing are
important. This is illustrated in Fig. 2 where hypothetical end-
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Fig. 4. Changes in 87Sr/%6Sr with flow in monitored streams of the Plynlimon catchment. Apart from the small Tanllwyth tributary underlain by gley soils, the rivers display

little change with flow.
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members are used to illustrate mixing and other hydrogeochemi-
cal processes. Mineral precipitation and evaporation do not modify
the Sr isotope ratio whereas mineral dissolution and exchange are
likely to modify the ratio in water depending on the isotopic com-
position of the reacting phases. Such a plot can be used to provide a
rapid assessment of whether simple two-component mixing is via-
ble or whether more end-members or processes are required to ex-
plain data trends (Fig. 2).

3. Examples of the application of Sr isotopes during
hydrological studies

3.1. Catchment studies in hard rock terrains

Most hard rock upland catchment studies have traditionally as-
sumed that the underlying bedrock is impermeable, with temporal

variations in stream water chemistry being a function of mixing
between surface flow and soil waters or between different soil
members. Strontium isotope studies are proving useful tracers in
constraining end-members and elucidating flow pathways through
such catchments, particularly where solute concentrations are
similar between different components.

3.1.1. Weathering rates and flow pathways in an upland forested
catchment in Wales, UK

The Plynlimon forested catchment in Wales is underlain by thin
acidic soils overlying fractured Ordovician and Silurian meta-sedi-
ments, mainly siltstones and shales. Recent studies have suggested
that the thin (mainly podzolic) soils and especially peat present in
the upper reaches of the catchment are not the dominant flow
sources of water during storm events as previously postulated
(Shand et al., 2001, 2004, 2005, 2007; Haria and Shand, 2004, 2006).
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Fig. 6. Hydrograph separation using 5°H for the Afon Hafren showing that this particular storm event was dominated by pre-event water i.e. that which fell on the catchment

prior to the rainfall event responsible for increased flow.

0.720
Ap
0.718 A

0.716 -

0.714 ¢

g%y

0.712

0.710

Afon Hafren

Rainfall
Baseflow

Int. flow
Stormflow
Groundwater
Bailed gw
Soil p/w

POOOOO®

0.708 \ \
0 100 200

300 400 500

1000/Sr (ug L™

Fig. 7. Changes in 87Sr/36Sr with reciprocal of Sr concentration in waters and soils of one of the Plynlimon catchments. The letters O/A, B and C refer to soil horizons of a

podzol, the dominant soil type in the catchment.



P. Shand et al./ Applied Geochemistry 24 (2009) 574-586 579

0.715 0.9
r 0.8
0.714 4
07
0.713 - g
r 0.6 £
[ 3
(7] A
8 3
2 0.712 - - 053
2 =
@ £
r 0.4 g
0.711 n
Flow r 0.3
—O— stream
0.710 1 —¢— 1.5mborehole | o,
—A— 10 m borehole ’
—{1— 25 m borehole
0.709 T T T T T 0.1
25/01/03 26/01/03 27/01/03
Date

Fig. 8. 87Sr/®6Sr variations in the Afon Hafren stream during a winter storm event, indicating a relatively homogeneous isotopic store within the catchment. The stream

isotope composition was very similar to those found in shallow groundwaters.

Table 1
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Fig. 9. Specific electrical conductance (SEC): (a) the Cygnet river and its tributaries
and (b) the Rocky River showing the contrast between the cleared Cygnet and
pristine Rocky River catchments.

The soils in the catchment are highly variable in terms of their
875r/86Sr ratios in pore waters and on the exchange complex
(Fig. 3). Peat deposits in the upper parts of the catchment had rel-
atively unradiogenic Sr, only slightly higher than rainfall. This im-
plies little water-rock interaction with the dominant Sr-bearing
minerals in the bedrock (illite, chlorite). Furthermore the organic
O horizon isotope ratios were similar to those found in the head-
water peat deposits. Higher Sr isotope ratios were present in the
other soil types at depth but, apart from exchangeable Sr in the
podzol B-horizon, were much lower than the whole rock ratio
(ca. 0.737). In general, the isotope ratios of the pore water extrac-
tions were not in isotopic equilibrium with the exchangeable Sr
(weak mineral acid or ammonium acetate extractions), possibly
due to the heterogeneous nature of the clay-rich soils (with vary-
ing Ky), temporal disequilibrium because of the range of residence
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Fig. 10. Porewater Cl concentration in soils at a site 20 m from the Rocky River.
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times in different pore sizes of the soil, complexation reactions
with acetate or preferential flowpaths through the soil.

The main stream sites showed relatively little change with flow,
but varied across the catchment (Fig. 4); although the Tanllwyth is
a smaller tributary underlain by gley soils and shows a larger
change, probably dilution from shallow interflow. The 7Sr/®6Sr ra-
tio increased from the headwaters (where it was closer to the rain-
fall value of 0.7092) downstream. Shallow groundwaters (<15 m)
displayed variable 87Sr/5Sr, increasing with depth and overlapping
with the streams. The deeper groundwaters were more constant
and reached a plateau, much lower than the whole rock, despite
large increases in Sr concentration (Fig. 5). Shand et al. (2007)
interpreted this as due to the dominance of a single-mineral con-
trolling phase (epidote or relict plagioclase).

Stable isotope (6°H, 5'80) and CFC data (Shand et al., 2004)
showed that the storm hydrograph was dominated by pre-event
water, implying significant storage in the catchment (Fig. 6). A plot
of 87Sr/86Sr vs. 1000/Sr (Fig. 7) shows that (a) the streams lie on a
mixing line between rainfall and groundwater, (b) the streams are
displaced from pore waters in the peat deposits and O/A horizons,
and (c) mixing between soil waters cannot explain trends in the
data which are consistent following different antecedent condi-
tions, e.g. samples collected during storm flow in different years
have almost identical Sr isotope ratios. Strontium isotope varia-

little variation, consistent with a well mixed source (Fig. 8). The
isotope data combined with the CFC and stable isotope data, sug-
gest that the only consistent model involves mixing and storage
of waters within the underlying fractured bedrock.

Strontium isotopes were also used to determine weathering
rates for Sr and Ca in the catchment. Estimates for Sr weathering
rates using Sr isotopes were based on the choice of “weathering-
derived” Sr (using the plateau groundwater maximum shown in
Fig. 5 and soil pore water in the C-soil horizon, combined with
the flux of Sr from the catchment outlet), and the Sr isotope ratio
for rainfall. Measurements of atmospheric inputs in traditional
mass balance are made difficult by the problem of accurate deter-
mination of dry deposition. The application of Sr isotopes uses the
following equation (Wickman and Jacks, 1992), where W % is the
percentage of Sr derived from weathering
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W % — [(:jz')R (::‘)D] % 100 (1)
(62w — G2,
and R, D and W refer to runoff, deposition and weathering, respec-

tively. Weathering rates for Ca are calculated assuming similar
behaviour for Sr and Ca
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where Fg, is the long term flow weighted Sr or Ca flux. Weathering
rates for the study catchment (Hafren) were similar to long term
mass balance studies (Table 1), taking into account the different ap-
proaches and problems with measuring deposition rates. However,

581

when applied to an adjacent catchment (Hore), rates for Ca were
significantly different (Table 1). It is not yet established whether
this is related to different weathering end-members (groundwater
and soil data were only measured in the Hafren catchment), but im-
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Fig. 15. Plot of 87Sr/%5Sr against 1/Sr showing that simple two-component mixing cannot explain the variations in spring water quality.

plies that care must be taken when extrapolating across similar
catchments without applicable data.

The above study highlights how Sr isotopes can provide a useful
tool to determine weathering rates and flow pathways in upland
catchments. In catchments with varied lithologies, Sr isotopes
may provide an excellent means of determining complex spatial
inputs, but it may be difficult to determine weathering rates with
a reasonable degree of confidence if end-member compositions
are not assessed.

3.1.2. Vegetation clearance impacts of flow path-ways on Kangaroo
Island, Australia

The relationship between native vegetation clearance and in-
creases in groundwater and surface water salinities is well estab-
lished in sedimentary basins in the semi-arid regions of Australia
(Allison et al., 1990). Although the causes of these processes are
well established, detailed research on catchment functioning, espe-
cially flowpaths through the soil and regolith, is lacking largely be-
cause of difficulties in measuring macropore flow, heterogeneities
at all scales in soils and landscapes, and their impact of streamflow
generation processes (Love and Shand, 2007). The clearance of
deep rooted native vegetation and intensive use of tillage typically
leads to reduced macropore space. As a result, greater surface run-
off, increased diffuse recharge and stream salinisation have oc-
curred. A preliminary study, comparing cleared and pristine

0.16 0.70796
0.14 - 0.70795
- 0.70794
g 0.12 - 070793 i
3 0.10 - 070792 %
= %)
2 008 070791 5
w - 0.70790
006 7| _g— 87g,86g, - 0.70789
: : 70788
1/1/1998 1/5/1998 1/9/1998 1/1/1999
Date
Fig. 14. Seasonal variations in flow and 87Sr/®Sr in spring discharge water.
iT T
0.70794 - J_I T T T
HiItEs
R J
1 f'L 11 i
_ 070792 7 Fe A
& T T | 1
= { ] T [ )
Z o | oTJ_ 1
®  0.70790 - T 14
[ ]
1
0.70788 |
0.70786 : : :
21 22 23 24 25

1(Sr (mg L™)



P. Shand et al./Applied Geochemistry 24 (2009) 574-586 583

catchments on Kangaroo Island, South Australia (Shand et al.,
2006) highlighted large differences in surface water chemistry in
these catchments underlain by Cambrian metamorphic rocks.

The pristine Rocky River in the Flinders Chase National Park
generally flows all year round and had remarkably fresh water dur-
ing sampling (SEC ca. 400 pS cm™!, Fig. 9), despite a large salt store
being present in the soils (Fig. 10). In contrast, streams in a nearby
cleared catchment (Cygnet River) varied from only moderately
fresh to saline (SEC from 1000 to 15000 puS cm™'). Strontium iso-
tope variations in the pristine catchment were interpreted as being
derived from silicate weathering, with carbonate inputs close to
the coast (Fig. 11a). The Sr isotope ratios observed in the lower
reaches were similar to seawater (and rainfall). However, increases
in Sr and Ca concentrations and Sr/Cl and Ca/Cl ratios in the stream
waters suggest that carbonate dissolution rather than rainfall/sea
spray is the dominant source of Sr. The low salinities in the upper
reaches were interpreted as being due to by-pass macropore flow
through the soils and regolith into the fractured bedrock system,
with lack of time for significant mixing with the higher CI in the
soils. The end-member is too radiogenic to be rainfall-derived
and appears dominated by the metamorphic siliceous rocks,
although mineral data are not available at present (whole rock ra-
tios varied from 0.724 to 0.741).

The data for Cygnet River were much more heterogeneous
(Fig. 11b). It is probable that four end-members are needed to ex-
plain the data: a dilute radiogenic component similar to that in the
Rocky River (from silicate weathering), a saline radiogenic compo-
nent, a saline non-radiogenic component (soil salt store) and a
non-radiogenic dilute component (rainfall-runoff). During intense
storms, Hortonian overland flow was observed in fields of the Cyg-
net catchment, but not in the pristine forested Rocky catchment.
The mobilisation of salinity (the saline radiogenic component) can-
not simply be caused by a decrease in the water table depth, but is
likely to be due to more diffuse flow through the salt store caused
by a loss of rapid macropore flow due to vegetation clearance and
soil compaction (Shand et al., 2005). High salinities in Australian
environments are commonly assumed to be from the remobilisa-
tion of stored salt formed during high evaporation/transpiration
rates (the saline non-radiogenic component), but the radiogenic
Sr component implies that much of the Sr is derived from silicate
mineral weathering.

3.2. Applications to a carbonate (Chalk) system

The application of 87Sr/®%Sr as a tracer for mixing in carbonate
systems is often limited because of the typical lack of Sr isotope
variations compared to many silicate systems (McNutt, 2000).
However, the ability to measure Sr isotope ratios with high preci-
sion makes them useful as a tracer in environments where minor
sources other than carbonate (rainfall, exchangeable Sr or contam-
inants) are present. Several examples are presented from a rela-
tively pure carbonate aquifer, the Chalk of southern England,
where Sr isotopes have proved a useful tracer. The Chalk is com-
posed of fine-grained, highly porous soft limestone that contains
large volumes of groundwater. The Chalk consists dominantly of
relatively pure calcite (CaCOs). However, small amounts of other
elements (Mg, Sr, Mn, Fe) are present in the calcite structure, which
helped to stabilise the carbonate in the marine environment. These
impurities in the carbonate lattice play an important role in the
evolution of the groundwater chemistry, since they are slowly re-
leased to the groundwater as the Chalk recrystallises under fresh-
water conditions. The Chalk forms a dual porosity aquifer with
high matrix porosity (20-40%) but very low permeability (Downing
et al., 2005). Although most of the groundwater storage is within the
matrix, the flow is dominated by fracture and fissure flow.

3.2.1. Mixing of Chalk and overlying Palaeogene waters

A background study on an Artificial Storage and ‘“Recovery
(ASR) scheme in southern England was undertaken in a confined
part of the aquifer to assess chemical variations and hydraulic con-
nection between the Chalk and overlying Palaeogene sand and clay
sediments (Buckley et al., 1998). Although hydrochemical (major
and trace element) and isotopic (6'3C, Sr/Ca ratio, Fig. 12a) data
showed that the geochemical evolution of the Chalk groundwaters
is dominated by incongruent calcite dissolution and ion exchange
(Buckley et al., 1998), they were inconclusive on the degree of mix-
ing and connectivity. The Sr isotope data (Fig. 12b) show that the
deeper groundwaters in the Palaeogene aquifer, thought to be in
hydraulic contact with the Chalk, are indeed influenced by upward
flow from the Chalk, consistent with strong upward heads at the
site. The data also showed that some Chalk groundwaters close
to the contact are influenced by minor amounts of Palaesogene-de-
rived Sr (Fig. 12b). The high precision of Sr isotope analysis in com-
bination with dissolved solutes and stable isotopes also allowed
mixing to be demonstrated between two different Chalk ground-
waters (original and injection) during testing of the ASR scheme
(Fig. 12c).

3.2.2. Variable seasonal sources in a Chalk spring

The flow processes from natural spring discharges are often dif-
ficult to assess, typically comprising mixtures of water derived from
different flow paths and of different residence times. A Chalk spring
was monitored for one year, and displayed significant differences in
flow and chemistry (Fig. 13). Trends in solute concentrations were
variable for different elements, making interpretation difficult,
and most showed very little correlation with spring discharge.

Strontium isotopes were more consistent, varying over a small
range and showing an increase during the winter recharge period
when flows were high (Fig. 14). Simple mixing calculations indi-
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cated that the high 87Sr/®5Sr ratios could not be due to dilution
with rainfall (87Sr/®6Sr of ca. 0.709) as Sr concentrations remained
too high. In addition, 87Sr/®Sr ratios were much higher than ex-
pected for Chalk (where Sr is considered to be dominated by the
carbonate matrix), and those analysed in groundwaters found else-
where in the Chalk, implying an additional radiogenic component.
Correlations between 87Sr/86Sr and Sr (or 1/Sr) were also poor, and
show that simple two-component mixing of different Chalk
groundwaters cannot explain the data (Fig. 15).

Samples of Chalk pore water, acetic acid extracts and residue
were analysed from a cored profile upslope of the spring

P. Shand et al./Applied Geochemistry 24 (2009) 574-586

(Fig. 16). The carbonate fraction (acetic acid soluble) was as ex-
pected for the Cretaceous Chalk but the insoluble residue (clays)
much more radiogenic. The pore waters extracted from the matrix
were similar to that in the spring, being intermediate between the
calcite matrix and clay component. It appears that shallow sources
of Chalk groundwater are strongly influenced by the weathering or
exchange with clays, consistent with higher Si. If correct, then it
implies at least a shallower component or components become
more important during the winter discharge period. It is possible
that the radiogenic component is Sr derived from fertiliser applica-
tions, however 87Sr/%6Sr shows a negative correlation with NO;
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and this hypothesis is yet to be tested. Nevertheless, Sr isotopes ap-
pear to show a much simpler behaviour than most other solutes
and potentially a better indicator of mixing processes in the Chalk.

3.3. Irrigation mound in the Murray Basin, Australia

The final case study presents an example which highlights a
limitation of the approach developed in the paper, and where reli-
ance had to be based on other tracers. Several decades of irrigation
farming using water from the River Murray in Australia led to the
development of irrigation mounds in the underlying Tertiary Lox-
ton Sands aquifer. The original water in the aquifer was saline
and has become fresher due to enhanced recharge beneath the irri-
gation areas. An example is shown of groundwaters sampled close
to Loxton (Fig. 17). Although the waters display a large range in CI
concentrations (2530-20,500 mg L), the 87Sr/%6Sr ratios showed
little variation, i.e. 87Sr/26Sr is insensitive because it is dominated
by the very high Sr concentrations of the groundwater (Fig. 17a).
Modelling indicated that variations were only likely to occur where
the irrigation water was present in amounts exceeding ca. 99%. In
this case, other tracers such as stable isotopes and Cl proved better
indicators of the mixing process (Fig. 17b).

This latter study highlights that the application of Sr isotopes as
a mixing tool is most beneficial where end-members can be suffi-
ciently resolved and where the mixing is not dominated by the Sr
from one component. Where such dominance is present, Sr iso-
topes may be more useful as a tracer of pathways.

4. Summary and conclusions

The case studies presented here highlight the use of 87Sr/%6Sr as
a tracer of weathering processes and flow pathways in surface and
ground waters in different landscapes. Strontium isotopes were
used to estimate weathering rates in an upland catchment in
Wales, and showed good agreement with long-term mass balance
studies. They also proved useful in constraining flow pathways,
and indicated that sub-surface flow through bedrock fractures is
important in a catchment previously assumed to be impermeable
beneath the soil horizons. Studies in more arid environments in
Australia also indicted changes in flow pathways following vegeta-
tion clearance and showed that the source of mobilised salinity is
from both cyclic (atmospheric) and lithogenic sources. The applica-
tion of Sr isotopes was also shown to be useful in carbonate
terrains e.g. the British Chalk, where changes in the dominant
weathering processes vary with depth. This indicated that Sr de-
rived from clays or agricultural inputs may form a significant pro-
portion of this solute at shallow depths. An example of a study
where Sr isotopes is less useful was presented, highlighting that
where Sr is dominated by one end-member (saline groundwater),
it was not possible to assess mixing proportions. In this case, Sr
is a good tracer of the saline component in the aquifer system.

A pre-requisite of using Sr isotopes as a tracer of weathering
processes and determination of flow pathways is that that the solid
phase and potential end-member solution phases are character-
ised. The whole rock values of Sr isotopes in the host lithologies
are in general not particularly useful for assessing sources and
end-member compositions, and a range of techniques including
mineral separation and selective leaching are more effective. For
the range of environmental applications undertaken, the choice
of technique should be determined on the basis of the aims of
the study. Strontium isotopes generally provide additional evi-
dence to that provided by solute concentrations alone. Even in car-
bonate terrains, where isotope variations may be small, the high
precision of modern mass spectrometers means that small changes
can be analysed routinely.

Most of the examples illustrated were used in combination with
other isotope and solute tracers, as well as physical measurements.
The power of the multi-tracer approach remains the preferred
methodology since the best tracers of mixing may be poorer at
deciphering weathering processes, the number of operative pro-
cesses may be large or there is little difference between end-mem-
bers. Further studies of mineral dissolution processes, particularly
selective leaching of 87Sr from Rb-containing minerals may yet
limit detailed interpretation of solute Sr in some terrains, but to
date there have been a sufficient number of case studies to demon-
strate the power of Sr isotopes in hydrological studies.
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