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a b s t r a c t

In this paper we review our current understanding of karst drip-water hydrology, emphasising the extent
of non-linear and non-stationary process dynamics that render stalagmite palaeoclimate reconstructions
using a statistical pseudo-proxy approach difficult to implement. We outline an approach to attribute the
uncertainty that arises specifically as a consequence of variable water routing through the overlying soil,
epikarst and karst aquifer. This is based upon the development of a monthly lumped parameter karst
hydrological model which we use to demonstrate the range of modelled drip-water discharges possible
from a single climate input. Refinement of the model, to include precipitation d18O, enables us to
determine the theoretical range in drip-water and stalagmite d18O for three sites with contrasting
climates: northern temperate (NW Scotland), monsoonal (Ethiopia), and Mediterranean (Gibraltar). For
actual climate (monthly mean temperature; monthly total precipitation; monthly mean precipitation
d18O), we compare model simulations of karst groundwater storage and drip-water d18O to demonstrate
our ability to model different climate regimes realistically. We also investigate the d18O variability
associated with specific karst water reservoirs that differ in their capacity and drainage mechanisms.
d18O variability is then compared to stalagmite d18O record from the three regions for the last w45 years.
We conclude by reviewing the implications of our hydrological model for stalagmite d18O Quaternary
palaeoclimate reconstructions over different timescales and sampling resolutions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Speleothem deposits have provided abundant palaeoclimate
data, yielding well-dated, long-term, high resolution data which
can validate the output of general circulation models, particularly
for events characterised by a high signal to noise ratio such as
glacial/inter-glacial transitions (McDermott, 2004). In recent years,
speleothem data series have contributed to the development of
multi-proxy records that have greatly increased our understanding
of changes in the global climate system. These have drawn upon
advances in a number of related areas, including sample processing
(micro-drilling; Spötl and Mattey, 2006); analytical developments;
and understanding of the wider ‘climatic and environmental’
controls on oxygen isotope (d18O) values (Lachniet, 2009). Together
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these have substantially enhanced our ability to use information
from stalagmites to reconstruct Quaternary climates, however,
a number of research problems and questions remain outstanding.
These include the degree of uncertainty in speleothem d18O records
which are especially apparent over periods of relatively stable
climate, but which have largely yet to be fully quantified, empha-
sising the importance of improving our understanding of data
variability or quantification of the ‘noise’ that is commonly found.
For example, Cheng et al. (2009) report w4& variations in d18O
over glacial-interglacial cycles but with an un-interpreted high
frequency (approximately decadal) variability of <1&, with an
analytical error of w0.05&. Uncertainty in speleothem records
arises in a number of ways (McDermott, 2004; Fairchild et al.,
2006a; Lachniet, 2009) and is at least partly a reflection of the
natural environmental variability that typifies karst terrain at
different scales. However, it also reflects inadequate and incom-
plete understanding, and the dynamic behaviour of karst systems,
particularly with respect to process inter-relationships. These
contribute to uncertainty at several levels given the relationship
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(and inter-dependence) between drip-water hydrology (i.e. water
flow pathways and water chemistry), surface and sub-surface
climatology (surface recharge, evapotranspiration etc.), and spe-
leothem d18O.

Recent advances in speleothem research and in their wider
application (improved systems understanding; high precision ICP-
MS dating; long continuous d18O records; Fairchild et al., 2006a;
Hoffmann, 2008; Wang et al., 2008; Cheng et al., 2009) reflect
our increasing ability to constrain more closely speleothem output
time-series given the developments noted above, in addition to
concurrent advances in our understanding of the geomorphology,
hydrology and hydrogeology of karst systems (White, 2002; Ford
and Williams, 2007; Worthington and Gunn, 2009). Together
these advances have helped unravel some of the complexities that
characterise the multi-determinate karst-climate system but
specific error attribution remains problematic. Accordingly, in this
article we describe a parsimonious approach to investigate hydro-
logical uncertainties in speleothem d18O that are associated
specifically with the dynamics of drip-water flow in cave systems.
Empirical results suggest that speleothem drip rates are frequently
characterised by non-linear behaviour as a result of temporally
variable recharge to the karst coupled with non-linear water
movement at various scales to the stalagmite (Baker and Brunsdon,
2003). Here we examine the physical processes that determine
water routing through the overlying soil, epikarst and karst aquifer
using a lumped hydrological model to describe potential inter-
relationships between waters routed at different rates between
individual sub-surface water stores that differ in their size and
drainage characteristics. Given difficulties of model verification,
and the likely variability in hydraulic parameters between karst
regions (Bakalowicz, 2005), we aim to demonstrate the potential of
a generic modelling approach that avoids intractable problems
such as site-specific model calibration, but which enables us to
perform a sensitivity analysis to quantify hydrological uncertainty
across a range of karst systems. Our ultimate aim is for the
modelling approach developed here to be used to drive forward
models of stalagmite d18O (Sturm et al., 2009; Baker and Bradley,
2010) and ultimately to generate stalagmite d18O pseudoproxies
(Moberg et al., 2008).

2. Karst hydrology

Karst is a heterogeneous, and in some cases, highly fractured,
carbonate rock in which the permeability of the substrate has
developed over time to the extent that the majority of water
movement occurs below the surface. Point and diffuse seepage of
autogenic and allogenic waters (sensu Gunn, 1983) associated with
surface precipitation and point surface-water inflows, progres-
sively enhance structural voids and conduits through carbonate
dissolution. Over extended periods of time (in excess of 50 ky), this
leads to the formation of karst, which is associated with dense,
massive, and frequently coarsely-fractured, limestone and dolo-
mite, within which three levels of porosity can be distinguished
(Ford and Williams, 2007). Primary porosity, in the (bed)rock, is
generally limited and related to inter-granular void space, while
secondary porosity is associated with joints and fractures, and
tertiary porosity with solution-enhanced conduits. Depending
upon the connectivity between individual structures in the karst,
a continuum of sub-surface water flow pathways may be envisaged
that range between rapid, preferential, flow through inter-
connected conduits, to slower matrix flow (Shuster and White,
1971; Newson, 1973). Actual water flow pathways will vary
according to the delivery of water to the karst drainage system
which may be difficult to define accurately and will also reflect the
connectivity between structural voids within the karst, the degree
to which the permeability has developed over time, and the
configuration of karst water stores, whether within the matrix, or
structural voids within the karst.

Hypothetical karst water flow pathways are illustrated sche-
matically in Fig. 1, showing possible mechanisms by which water
might be delivered to individual speleothems. The simplest
pathway is associated with Stalagmite A, which is fed solely by
diffuse matrix flow. In this case, water movement will be a function
of the primary porosity of the karst, with flow rates proportional to
the matrix permeability. In contrast, Stalagmite B is fed by both
matrix and preferential (fissure) components of flow, and drip rates
are likely to vary over time, depending upon the mode of water
delivery to the preferential flow system. Drip-waters associated
with Stalagmites C and D also include matrix and preferential flow,
but here a proportion of flow is routed through awater reservoir, or
store, in the epikarst or karst. These water stores may function in
different ways: varying in their capacity and in the mode with
which they fill and drain. Thus, preferential flow to stalagmite C is
routed through one water store (1), which drains by ‘underflow’,
and the stalagmite also receives some matrix flow. In contrast,
Stalagmite D receives waters from a ‘overflow’ storage reservoir (3),
which is itself filled by seepage from a second water store (2).
Water fluxes to Stalagmite D are likely to be discontinuous over
time, occurring at times when the water storage volume exceeds
a certain threshold, and with flux rates that vary according to the
characteristics of the outlet point(s). In summary, percolating
waters may follow a variety of flow pathways through karst
depending upon the configuration of the drainage system, although
the surface-water balance, including rates of evapotranspiration,
precipitation, and water storage within the epikarst determine the
delivery of water to individual karst flow systems (Williams, 2008).

Multiple combinations of the flow pathways represented in
Fig. 1 can be envisaged. Potentially there may be many individual
water stores within the karst, epikarst and soil systems, with
percolating waters routed between stores by pathways that range
from rapid, turbulent, preferential flows through large inter-
connected conduits, to slow, diffuse seepage through smaller
fissures or voids in the karst. It is very likely, therefore, that indi-
vidual speleothems within the same cave system may differ
markedly in how their drip-waters have been routed, which
accounts for the variety of stalagmite shapes that are commonly
observed (Franke, 1965; Dreybrodt and Lamprecht, 1981; Gams,
1981; Dreybrodt and Franke, 1987). Thus, candlestick or
minimum ‘diameter’, stalagmites (A in Fig. 1) are fed by drips with
a relatively constant flow regime that limits flow and carbonate
precipitation along the flanks of the speleothem. In contrast, larger
stalagmites, such as ‘bosses’ or those with a complex morphology
(B, C, D in Fig. 1), indicate a temporally variable drip-water flow
regime with high flow down the flank of the stalagmite and
carbonate precipitation along the margins. However, the majority
of stalagmites show no dramatic change in their morphology over
time, indicating that these hydrological processes (i.e. the mecha-
nisms and flow pathways associated with individual speleothems)
can essentially be regarded as time-invariant over millennial
timescales.

There is, however, a range of empirical evidence that highlights
the dynamics of karst water movement from detailed field obser-
vation. Early studies described seasonal variations in drip-water
hydro-chemistry at de Poole Cavern, Derbyshire, UK, over a 12-
month period (Pitty, 1966, 1968), while monitoring of drip-water
variability over an annual cycle (including drip-water discharge and
the coefficient of variation (CV)) demonstrated that most stalag-
mite drip-waters are characterised by a discharge of<10�5 ls�1 and
a CV of between 10 and 200% (Smart and Friederich, 1987; Baker
et al., 1997; Baker and Barnes, 1998). Higher CVs were associated



Fig. 1. Schematic illustration of possible karst water flow pathways to four hypothetical speleothems (A, B, C, D) and their relationship to three water reservoirs (1, 2, 3).
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with drip-waters that displayed a significant seasonal variation in
flow regime, with an apparent increase in the proportion of
seepage waters routed via preferential flow as CV increases.
Although relatively little drip-water data are currently available,
these results suggest that some stalagmites may be fed by drip-
waters that are entirely a product of diffuse seepage through the
karst, whilst in other cases drip-waters may include a (varying)
combination of diffuse and preferential flow (Genty and Deflandre,
1998; Baker and Brunsdon, 2003). For example, Genty and
Deflandre (1998) monitored drip-waters below a stalactite in the
Père Nöel cave, S. Belgium, for >5 years and identified periods of
water flushing from the soil or epikarst, indicating piston, or
displacement, flow with sequential water movement through
linked water stores. Additional high frequency, low amplitude,
variations in drip-water discharge were inversely correlated with
air pressure, suggesting two-phase flow. These dynamic variations
in karst water routing, and their variability between individual
stalagmites and over time, have important implications for spe-
leothem research, influencing, for example, solute concentrations,
including karst Mg/Ca ratios, and affecting the dynamics of
carbonate precipitation.

3. Environmental constraints on drip-water isotopic
composition

To a certain extent, it should be possible to infer changes in
water residence time, in flux rates and the relative proportions of
matrix and preferential flow from stable isotopes. However, whilst
the dynamics of karst water movement also have significant
implications for stalagmite d18O, these have proved difficult to
distinguish from the wider environmental controls on d18O that
have been reviewed by Lachniet (2009). The isotopic composition
of drip-waters also reflects other variables including: atmospheric
inputs, evaporation and soil profiles as well as the local hydro-
geology, and sampling techniques. In general, the spatial and
temporal patterns of d18O in precipitation, and their relationship to
climate processes, are very well understood (for example see Gat,
1996; Bowen and Wilkinson, 2002; Lachniet, 2009) such that
water isotopes have been integrated into general circulation
models (e.g. LeGrande and Schmidt, 2009; Sturm et al., 2009;
Noone and Sturm, 2010). The first-order controls on soil-water
isotopic composition are atmospheric inputs (precipitation),
evaporation, and the soil physical properties that control soil-water
movement and storage (Shurbaji and Phillips, 1995). Thus isotope
analyses of soil-waters sampled at different depths through the
soilegroundwater system will generate a typical depth profile that
is characterised by an evaporative effect near the surface with
enrichment in deuterium and 18O, but with rates that diminish and
are increasingly smoothed with depth (Zimmerman et al., 1967;
Tang and Feng, 2001). These trends with depth are a function of
climate, the rate of drainage, the soil-water storage capacity, and
may potentially be affected by lateral water movement and soil
salinisation. Thus soil structure, particularly the saturated and
unsaturated hydraulic conductivity, and soil porosity, is an
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important factor controlling rates of water movement, whilst the
wider geomorphological and hydrogeological setting will also
influence patterns of sub-surface water flow and drainage.

Soil-water isotopic compositions are also likely to vary accord-
ing to the residence time of the waters sampled, the initial d18O
composition of the component rain events, and fractionation from
evaporation (Robertson and Gazis, 2006). The bulk soil-water d18O
composition will be influenced by antecedent moisture contents,
and the proportion of extracted soil-waters (if any) that may have
been previously adsorbed onto soil particles rather than held
within open soil pores. Soil-water isotopic compositions may also
vary depending upon the technique used to extract water samples
in the field, particularly whether samples were collected by gravity
drainage, or using suction lysimeters. For the latter, the water
residence time is likely to be longer, and is more likely to include
a proportion of soil-waters that were formerly absorbed onto soil
minerals.

The isotopic composition of precipitation varies significantly,
seasonally and within individual rain events. Within-event rainfall
d18O variations in excess of 10& have been observed (Celle-Jeanton
et al., 2001) which may lead to different water isotopic inputs to
individual components of the karst water flow systems, such as
fracture, macro-pore, and matrix in the soil, epikarst and karst. Soil
isotopic composition will also depend upon drainage rates, and
although infiltration capacities are probably seldom exceeded in
karst areas, the partitioning of rainfall between diffuse and pref-
erential drainage pathways will reflect the characteristics of the
rainfall event, and antecedent moisture levels. Moreover, at both
seasonal and inter-annual timescales, changes in atmospheric d18O
input and evapotranspiration will generate variations in surface
soil-water isotope enrichment which it is important to quantify. In
some environments there may be significant source-water evapo-
ration to the atmosphere which can be traced using water isotopes.
The amount of surface isotope enrichment has been shown to vary
with evaporation although transpiration does not fractionate soil-
water, except for hydrogen isotopes during uptake by some halo-
phytes. At present these relationships are poorly constrained with
very few monitoring studies, although Hsieh et al. (1998) found
soil-water enrichment at a depth of 20 cm of w6.5& for potential
evapotranspiration (PET) of 4.5 mm/day and w2.0& for 1 mm/day
PET in samples collected from four soils along a bioclimatic transect
in Hawaii (their Fig. 8).

In summary, speleothem d18O can be regarded as an integrated
product of some or all of the processes reviewed in this section.
The extent to which high frequency, low amplitude variations in
speleothem d18O are a simple product of a climate signal (e.g.
a direct response to precipitation) or a product of the uncertainty
associated with the soil or karst hydrology remains to be
determined. A particular research gap is the incorporation of
hydrological variability into our understanding of speleothem
d18O. Given the number and complexity of processes involved
over a range of timescales, a modelling approach is reviewed in
detail here.

4. Modelling karst hydrology and drip-water flow

While drip-water d18O composition reflects the environmental
constraints summarised above, the attribution of differences in
d18O, both over time and between speleothems, that arises specif-
ically as a result of karst water routing is problematic given the
difficulty in determining the configuration of any karst drainage
system. However, models of varying complexity can clarify some of
the process inter-relationships that typify the karst environment,
and their implications for d18O composition, as they enable selected
parameters to be constrained within a simplified representation of
the karst system. In this sense, a model enables the relationships
between key processes to be formalised with a view to addressing
a particular area of interest. Thus models have been used for
predictive purposes, to interpret or explain specific attributes of
system behaviour, whilst generic models may be used to address
hypothetical questions and inter-relationships. Ultimately, model
selection will depend upon the purpose of the study, and karst
systems have been modelled at many levels to consider individual
facets of the karst environment.

Early models of karst systems sought to describe key charac-
teristics of water movement. Thus at a generic, or conceptual, level,
Gunn (1974) described the routing of drip-water flows by conduit
and diffuse flow between individual soil and groundwater stores at
Waterfall Swallet, Derbyshire, UK. This developed earlier research
by White (1969) who had highlighted the variety of karst water
fluxes ranging from laminar, diffuse, flow, through the matrix, to
turbulent conduit flow. Individual models of water movement
through karst have apportioned water flow between conduit
(preferential) and diffuse (matrix) flow components in different
ways. To a certain extent their success depends upon their ability to
provide inputs of water to the karst flow system at the appropriate
time (and volume). However, the results and methods are also
scale-dependent, and reflect differences in the original purpose of
the modelling exercise, although speleothem drip data can help
verify estimates of groundwater recharge (e.g. Sanz and López,
2000). Typically, investigations of karst water resources have
been at a wide spatial scale and have focussed on spring and/or
borehole level data formodel verification as reviewed by Taylor and
Greene (2008). Thus karst spring response to individual recharge
(precipitation) events have been quantified using impulse response
functions, that circumvent practical difficulties in parameterising
a full karst model by analysing discharge series to relate an input
series (precipitation) to the output (spring flow) that provides an
integrated description of karst hydrology (e.g. Pinault et al., 2001).
These methods appear to be particularly suited to situations where
the karst is relatively mature, where they represent a form of ‘black
box’model, where discharge, recharge and geochemical data can be
used initially to quantify the inter-relationships, and subsequently
for model verification. However, these types of model, whilst
clarifying bulk flow properties, have only a limited potential to
characterise local variability in water movement and storage;
which are frequently important to quantify for speleothem
research.

Irrespective of the model objectives, karst hydrology models
require a gross-simplification of the karst system, particularly given
the difficulty in characterising inter alia karst permeability,
porosity, specific storage, pore connectivity, and ultimately, in
validating model results. For many applications, spatial scale is
critical as illustrated by the ‘representative elementary volume’
(REV) concept, defined by Bear (1972) as the volume of a medium
that is sufficiently large to eliminate erratic fluctuations in macro-
scopic properties. Thus, although karst aquifers are markedly
heterogeneous, standard porous media models may provide an
adequate description of the macro-scale groundwater potentials at
greater spatial scales. Teutsch (1993) has suggested that standard
porous media models can be used to model karst hydrology, with
both primary and secondary porosity (and permeability) repre-
sented as an equivalent continuous porous medium for a particular
REV. This suggests that in some situations it may be possible to use
proprietary finite-difference/finite element groundwater models to
describe water flow through karst, although as for the black box
models discussed above, groundwater models at this scale are
unlikely to clarify individual water flow paths and their variability.
At a conceptual level, however, such models can be used to inves-
tigate patterns of water flow and variations in piezometric levels.
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For example, Worthington and Ford (2009) used a finite-difference
groundwater model to examine the configuration of a karst conduit
network. However, where karstification is more advanced, and
greater proportions of water are routed through the conduit
network, dual porosity models have proved successful, for situa-
tions as described by Atkinson (1977) who found 60e80% of flow
was preferential. Alternatively, some models have concentrated
entirely on flow through the karst fracture system, assuming that
water flow only occurs through the fracture network (e.g. Adams
and Parkin, 2002).

Given the difficulty in parameterising individual models, and the
desirability of focussing on certain key aspects of karst system
behaviour, a compromise approach is frequently required, as illus-
trated by applications using lumped parameter models. In theory,
suchmodels are easier to develop as difficulties in describing spatial
variations inkeyprocessesareavoided, andhence significantly fewer
model parameters are required. Lumpedmodels are commonly used
in hydrology, and karst systems have been modelled successfully in
thisway. ThusBarrett andCharbeneau (1997)modelledflowthrough
the 400 km2 Edwards Aquifer, Texas, using five groundwater cells,
each of which represented an individual surface-water catchment,
with inter-cellflows estimated usingDarcy’s Law. Other applications
of lumpedparameter, or reservoir,models of karst hydrology include
Thiéry (1988), Long (2009) andFleuryet al. (2007). In the latter study,
Fleury et al. modelled the Fontaine de Vaucluse karst system, NW
Provence, France, over a 10-year period by describing the filling and
drainage of two distinct reservoirs that sustain slow and rapid
components of karst stream flow.

Recent developments in modelling karst hydrogeology, and
concurrent advances in instrumentation for automatic logging of
drip-water discharge, have yet to lead to more sophisticated
models of stalagmite drip-water hydrology. There is considerable
potential for work in this area, particularly given the increasing
scope to verify model predictions in different ways. For example,
Yamada et al. (2008) estimated the age of water extracted from
individual straw stalactites in two caves in Sukabumi, East Java
using 3H/3He as 12.9� 3.8 and 13.5� 6.3 yrs. They compared these
results to ages estimated bymodelling water infiltration rates using
Darcy’s Law (permeabilities: 0.71�10�7 and 1.31�10�7 m/s;
porosity of 20%) from which they obtained a modelled age for the
diffuse flow component of 8e13 yrs (both caves were w30e50 m
deep and 3.75 m/yr linear vertical velocity assumed). In another
study, Fairchild et al. (2006b) developed a numerical model based
upon the seepage and fracture flow components described inter alia
by Smart and Friederich (1987) and an integrated soil and
groundwater conceptual model of Tooth and Fairchild (2003). Their
two layer model consisted of an upper layer (representing the soil
and epikarst) and a lower mixing layer, with water routed between
the two layers via a combination of linear reservoirs. Driven by
surface hydrology, the model sought to predict both stalagmite drip
hydrology and major cation chemistry; however, it failed to predict
successfully both hydrology and cation concentrations in situations
of non-linear flow. This suggests that a relatively simple two layer
linear reservoir approach (i.e. a lumped parameter model) failed to
represent the system adequately in this instance. A similar model is
presented in Baker et al. (in press), where the d18O record of
a modern growth phase of an Ethiopian stalagmite was modelled
using a single reservoir. In this instance, stalagmite d18O could be
successfully modelled by an overflow routing from a single reser-
voir. However, such models are commonly site-specific and are
effectively uniquely calibrated to describe water movement to
a single speleothem in one cave system. More sophisticated
approaches are necessary to describe the variety of water flow
pathways, and storage reservoirs and accordingly in the next
section we present a more complex karst hydrological model.
4.1. KarstHydroMod e a stalagmite d18O forward model

A stalagmite drip-water model has been developed to simulate
the implications of hypothetical configurations of the karst
drainage system for stalagmite d18O. Water flows are envisaged to
occur by a combination of matrix, and preferential (fissure and
conduit) flow between discrete water stores as illustrated sche-
matically in Fig. 2 which summarises the relationship between
individual water reservoirs in the epikarst and karst andmatrix and
preferential (fissure and conduit) flows. Each water reservoir is
associated with a particular d18O composition which is determined
by a simple mixing model as a function of the d18O composition of
source precipitation and the d18O composition of the reservoir at
the previous time-step. Initial d18O is thus derived from precipita-
tion and transformed by evaporative fractionation in the soil
(18O¼ 18Oþ (evap� 0.03)) mixing between waters of varying
residence time within the reservoirs, and finally temperature
dependent fractionation when incorporated into a stalagmite.
Fractionation is assumed to occur only in the near-surface reservoir
(within the epikarst) due to evaporation.Water routing through the
system is a function of the hydrologically-effective precipitation
(precipitationminus evapotranspiration) in each time-step, and the
volume of water in each storage reservoir. Near-surface water
movement is also restricted at timeswhen the temperature is<0 �C
to represent temporary surface-water storage as snow and ice.
Essentially the model enables surface-water inflows to be parti-
tioned between diffuse and preferential flows, depending upon the
distribution of effective precipitation over time, and the capacity
and volumes of water stored in each reservoir at a particular time.

The principal hydrological variables in the model are summar-
ised in Table 1. The main water fluxes and reservoirs are inter-
dependent, and variable routing of percolating waters is envisaged
between two surface/sub-surface water stores (Surface Store; Epi-
karst) and three karst water reservoirs (Store 1, OverFlow Store,
UnderFlow Store), each of which potentially represents a source of
speleothem drip-waters. Near-surface water storage (Surface Store)
may reflect impeded drainage as a result of sub-zero temperatures
and the seasonal accumulation of surface snow and ice, or high
precipitation in excess of the infiltration capacity. Percolating
waters may also be stored temporarily within the Epikarst. Of the
water stores, the Epikarst has a defined capacity, as does Store 1
where the capacity is limited by the initiation of overflow drainage
above a certain threshold volume. The remaining water stores have
nomaximumvalue, and are regulated by the balance betweenwater
inflows and outflows. The latter are defined by a proportional
drainage function that allows the outflow to vary according to the
volume of water stored at any time, with drainage volumes falling
progressively when storage volumes diminish at times of reduced
groundwater recharge. Theoretically, individual speleothemsmight
receive drip-waters that have followeddistinctly different pathways
through the karst (i.e. 50% from Store 1 and 50% fromUnderFlow; or:
25% diffuse seepage from Epikarst, and 75% from OverFlow), and
within the same case system, drip-waters can be expected to vary
markedly. Actual water flow pathways are largely determined by
the quantity of waters stored in key reservoirs at a particular time,
and the magnitude of the hydrologically-effective precipitation.

The model, as described above and summarised in Table 1, was
developed by a trial-and-error process in ModelMaker 4.0 (Walker
and Crout, 1997) and requires four input files: precipitation,
evapotranspiration, temperature and the d18O composition of
precipitation. The initial model configuration was designed using
monthly hydrological data from Gibraltar and concentrated upon
ensuring that the model continues to provide drip-water supply
under a variety of conditions (i.e. periodic drought; changes in the
magnitude and frequency of precipitation), and with water stores



Fig. 2. Conceptual model of karst hydrology and relationship between water flow pathways to d18O variations in individual karst water reservoirs.
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that never drain completely. Inevitably, many combinations of
water flow pathways and stores may exist in practice, and hence it
might only be possible to ‘calibrate’ a particular model configura-
tion for one speleothem in one cave system. However, it is possible
to examine model performance at a generic level under different
climatic regimes that are representative of particular karst prov-
inces to confirm that the model continues to provide drip-waters
under a variety of conditions. A theoretical karst hydrology model
also enables the potential variability (and hence uncertainty) in
d18O composition between individual reservoirs to be quantified,
whilst ultimately the model results can be verified by comparing
modelled speleothem d18O with data from actual stalagmites. Thus
in this paper we develop the model analysis by using the same
model configuration to predict d18O series for speleothems in three
contrasting climatic regions for which stalagmite d18O records have
been published. For a temperate maritime climate, we consider NW
Scotland, where 1000 year reconstructions of precipitation and the
North Atlantic Oscillation have been derived from stalagmite
annual lamina width (Proctor et al., 2000; Trouet et al., 2009) and
precipitation, drip-water and modern stalagmite d18O published
(Fuller et al., 2008). For a Mediterranean climate, we consider
Gibraltar, fromwhere a high resolution stalagmite d18O record was
recently published (Mattey et al., 2008) and which has been the
focus of a previous hydrological modelling effort (Baker and
Bradley, 2010). Finally, for a monsoon climate we consider
Ethiopia, the focus of recent attempts to calibrate stalagmite d18O
(Baker et al., 2007, in press) and only recently recognised as expe-
riencing a summer East African monsoon (Segele et al., 2009). This
is described in the following sectionwhich looks at the implications
of differences in the dynamics of water movement and storage for
speleothem d18O composition.

4.2. Modelled karst water dynamics and d18O composition

For each site input files were prepared to summarise the
monthly water budget over the 25-year period from 1980 to 2004.



Table 1
Summary description of how the principal water reservoirs and water fluxes are configured within the karst hydrology model.

Water reservoirs

Surface store Sole inflow is ‘hydrologically-effective’ precipitation (Precipitation minus Evapotranspiration); Outflows are F1 and F4. This store retains water
whenever temperatures are <0 �C.

Epikarst store Receives flow from the Surface (F1), outflows are evapotranspiration (when precipitationminus evapotranspiration<0); diffuse seepage (F3) to Store
1; and preferential flow to OverFlow Store. The Epikarst has a defined capacity Epimax: 75 mm

Store 1 Principal karst water reservoir. Receives diffuse flow from the Epikarst (F3) and preferential flow directly from the Surface (F4). Outflows are drainage
(F4) and an overflow (F5) whenever the volume of water stored (in Store 1) exceeds 120 mm. Initial storage volume is 50 mm.

OverFlow store Receives preferential flow from the Epikarst (F7) and overflow from Store 1 (F5). Only outflow is drainage (F8). Initial storage volume is 50 mm.
UnderFlow store Receives inflow from Store 1 (F2) and only outflow is drainage (F6). Initial storage volume is 100 mm.
Water fluxes
F1 Water movement only occurs when the temperature is>0 �C. All water from the surface is allowed to flow to the Epikarst Store (via F1), provided the

storage capacity of the Epikarst (Epimax) is not exceeded.
F2 Drainage from Store 1 to UnderFlow Store, described by a proportional drainage function whereby 40% of Store 1 drains to the UnderFlow Store in any

time-step.
F3 Outflow from the Epikarst Storewhich is described by a proportional drainage function (Epikarst water storage/Epimaxmultiplied by the 0.1) enabling

flows of 10% of the storage volume when the reservoir is full.
F4 Water movement only occurs when the temperature is >0 �C. This flux enables percolating waters from the surface to bypass the Epikarst and flow

directly to Store 1 to prevent Epimax being exceeded. These flows are likely under two situations: i. when the epikarst store is almost full; and ii. when
hydrologically-effective precipitation is very high in any time-step.

F5 Overflow from Store 1 to OverFlow Store: occurs when water storage in Store 1> 120 mm.
F6 Drainage from UnderFlow Store: representing water lost from the model by, for example, seepage or cave drip-waters. Flow is equal to 10% of the

storage volume in any time-step.
F7 Preferential flow from the Epikarst to the OverFlow Store for time-steps when F1 exceeds a given threshold (10). This enables rapid water movement

to a particular water reservoir when hydrologically-effective precipitation is high.
F8 Drainage from OverFlow Store: representing water lost from the model by, for example, seepage or drips to caves. Flow is equal to 10% of the storage

volume in any time-step.
F9 Evapotranspiration from Epikarst e occurs whenever surface evapotranspiration exceeds precipitation and described by an exponential function of

the storage volume.
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These comprised monthly mean temperature and precipitation,
and potential evapotranspiration (PET), estimated by the
Thornthwaite equation (Thornthwaite, 1948), and the d18O
composition of precipitation. For NW Scotland, climate data are
available from Proctor et al. (2000) and Fuller (2007) while rainfall
isotope data are from the IAEA site at Valentia. The latter were
adjusted to provide a local estimate of precipitation d18O using the
correlation described by Fuller et al. (2008) from an analysis of 18-
months data. At Gibraltar, climate and precipitation isotope data
were all derived from the local research site (Mattey et al., 2008),
while for Ethiopia, climate and precipitation isotope data are all
from Addis Ababa, with precipitation adjusted to reflect monthly
totals in the Mechara cave region (Baker et al., 2007). At each site,
the IAEA rainfall data series was incomplete, and for months
where d18O is missing, data were in-filled by calculating a d18O
value from the d18O e precipitation amount relationship for the
whole data series. For each site, the same model configuration was
used (i.e. identical variables, initial storage volumes etc.) with the
exception of the initial d18O composition of each water reservoir.
In each case this was adjusted in the second model run to
approximate the mean d18O composition of the store over the
simulation period.

Differences in the relative magnitude of individual water fluxes
to and between the principal water reservoirs will have a number of
implications for the isotopic compositions of individual water
stores. Fig. 3 summarises the main water fluxes for the three
regions: SE Ethiopia, NW Scotland and Gibraltar, giving the esti-
mated hydrologically-effective precipitation for each site (derived
from local precipitation and estimated evapotranspiration), and
focussing on modelled water inputs to the three karst reservoirs:
Store 1, the OverFlow Store and UnderFlow Store, plotted at the same
scale across all sites. Total water fluxes are significantly less for
Ethiopia, with intermittent surface-water inputs, and pulses of
water movement to Store 1, principally through F4. Occasionally, in
months of high recharge, piston flow appears to occur to the
OverFlow Store, whilst drainage to the UnderFlow Store varies
according to the quantity of water in Store 1. In contrast, in NW
Scotland, individual water fluxes are significantly greater, with high
flow volumes at all levels of the model, reflecting the high and
continuous surface-water inputs. At Gibraltar, water movement
dynamics are comparable to Ethiopia, but with occasional very high
flow surface-water inputs (i.e. HEP> 400 mm in three months). At
these times, piston flow occurs, with water movement to the
OverFlow Store via F5 being particularly important. Theoretically,
the model can be expected to simulate piston flow relatively well,
given the model’s focus on the sequential movement of water
through the system. However, matrix flow only represents a small
proportion of total water movement between individual water
stores, and for some stalagmites (e.g. the classic candlestick shape)
that are fed by percolating waters with a low drip rate, it might be
appropriate to isolate this relatively slow flow component in
a revised model.

Modelled variations in the quantities of water stored in each
reservoir for the three regions over the 300 month simulation
period are given in Fig. 4 (top) with the d18O composition of each
reservoir over the same time-scale (bottom). There are consider-
able differences in water storage dynamics, both between indi-
vidual water reservoirs at each site, and between sites. The
simulations for Ethiopia have a strong annual (12-month) cycle
with reservoirs that fill and drain seasonally but which retainwater
during periods of low recharge (e.g. months 140e160). Frommonth
160 onwards, the three karst water stores (Store 1; UnderFlow;
OverFlow) have comparable seasonal high and low storage volumes,
although it initially takes w30 months before the OverFlow Store
responds fully. In contrast, in NW Scotland, the OverFlow Store is
substantially larger than the other reservoirs (3e4 times greater
than both Store 1 and the UnderFlow Store) whilst the quantity of
water stored in the Epikarst Store remains consistently at around
100 mm (reflecting low evapotranspiration). At Gibraltar, the water
stores respond clearly during months with very large recharge (e.g.
months 123, 196, 208) with high volumes of water passing to the
OverFlow Store in particular.

The modelled d18O composition of each water store is also
illustrated in Fig. 4, with summary statistics provided in Table 2.



Fig. 3. Trends in water fluxes for i. Ethiopia; ii. NW Scotland; iii. Gibraltar from 1980 to 2004, comprising: estimated hydrological effective precipitation (the principal water input to
the model; Top); modelled inputs to Store 1 (F3 and F4); modelled inputs to OverFlow Store (F5 and F7) and modelled to UnderFlow Store (F2).

C. Bradley et al. / Quaternary Science Reviews 29 (2010) 2201e22142208
Reservoirs that only receive occasional inflows are likely to show
relatively consistent d18O values over time with a low standard
deviation (e.g. OverFlow Store in both the Ethiopian and Gibraltar
model) whilst some reservoirs that fail to drain significantly have
isotope compositions that approximate the long-term average,
notably the OverFlow Store in NW Scotland. The d18O composition
of the Epikarst Store in each region is indicative of the composition
of recent precipitation, and may reflect evaporative fractionation.
In the model results for NW Scotland, it is noticeable that the d18O
composition of Store 1 has a strong seasonal/annual cycle, whilst
the UnderFlow and OverFlow Stores have comparable isotopic
compositions despite the significant differences in storage
volumes between the two reservoirs. Generally, the variability in
d18O composition of the water reservoirs decreases with depth,
although the smallest standard deviation (Table 2) is for the Epi-
karst in NW Scotland, which remains saturated over time. Highest
standard deviations are found in the Epikarst and Store 1 in
Ethiopia.
Fig. 4. Modelled variations in individual water reservoirs (Epikarst, Store 1, OverFlow, Unde
Gibraltar (top); and the d18O composition of each water store (bottom).
5. Comparison of modelled and actual stalagmite d18O

Figs 5e7 compare previously published stalagmite d18O
records from the three regions together with the modelled
isotopic composition of each store. The comparison is undertaken
for the period of overlapping model output and stalagmite isotope
data, which is dependent on the length of the IAEA precipitation
input series: 1962e2004 AD (Gibraltar; Fig. 5), 1969e2005 AD
(Ethiopia; Fig. 6), and 1960e2005 AD (NW Scotland; Fig. 7)
respectively. In all cases, the modelled drip-water composition is
corrected for the temperature dependent fractionation of oxygen
isotopes when incorporated into calcite using the Leng and
Marshall (2004) equation which is an expression of Kim and
O’Neil (1997). For the Ethiopia and Gibraltar sites, where intra-
annual cave air temperature variations are minimal, we use the
mean of the preceding 12 months of surface temperature. For NW
Scotland, where seasonal variations in cave air temperature are
observed in our study site (Fuller et al., 2008), we use the mean of
rFlow) for the 300 months from 1980 to 2004 for i. Ethiopia; ii. NW Scotland; and iii.



Table 2
Summary statistics indicating the variations in modelled d18O composition in the
four water stores in Ethiopia (Addis), NW Scotland (Assynt) and Gibraltar to 1
decimal place (Top) with soil-water isotope fractionation (Base) without soil-water
isotope fractionation.

Addis Assynt Gibraltar

Mean
(&)

St.
dev.
(&)

Mean
(&)

St.
dev.
(&)

Mean
(&)

St.
dev.
(&)

With soilewater fractionation
Epikarst 1.4 1.1 �6.2 0.3 �3.3 0.8
Store 1 0.9 1.1 �6.3 0.9 �3.4 0.8
OverFlow 0.7 0.6 �6.4 0.4 �3.2 0.7
UnderFlow 0.8 0.7 �6.3 0.5 �3.4 0.6
Without soil-water fractionation
Epikarst �0.3 1.1 �6.7 0.3 �4.2 0.7
Store 1 �0.7 1.1 �6.8 0.8 �4.4 0.7
OverFlow �0.7 0.5 �6.9 0.4 �3.9 1.0
UnderFlow �0.7 0.7 �6.8 0.5 �4.3 0.6
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the preceding 3 months. No within-cave kinetic fractionation is
included in our comparisons and thus the observation of stalag-
mite d18O that is isotopically heavier than the range modelled
would allow us to infer the presence of within-cave disequilib-
rium deposition conditions.

At Gibraltar, we compare the stalagmite Gib-04a recordwith our
model output. Mattey et al. (2008) sampled Gib-04a with seasonal
resolution, which permits a detailed investigation of the perfor-
mance of our model at this timescale. Modelled d18O series are
plotted separately with Epikarst and Store 1 d18O in Fig. 5i; and
OverFlow and UnderFlow d18O in Fig. 5iii. Also plotted are 6-month
running means of Store 1 (Fig. 5i) and OverFlow (Fig. 5iii). The
modelled series of Epikarst and Store 1 d18O successfully represents
the observed variability and relative changes in stalagmite d18O,
which is particularly good for the running mean of Store 1 around
1990 (Fig. 5i.). Although there is relatively little variation in the
OverFlow d18O series (Fig. 5ii.), these data have been used to
Fig. 5. Comparison of modelled isotopic composition of water store inputs with stalagmi
dependent fractionation during calcite deposition. The plots compare observed stalagmite d1

of Store 1; iii. OverFlow and UnderFlow d18O and 6-month running mean of OverFlow; iv. a co
model output of d18O for water stores from 1995 to 2000 AD highlighting the lagged respo
generate a ‘compound series’ of 50% OverFlow and 50% Store 1 in Fig
5iv. which gives a good agreement with the mean isotopic
composition from 1988 onwards. It is noteworthy that without the
inclusion of soil-water d18O fractionation, modelled d18O would be
w1& lighter (see Table 2) and one would then interpret the
stalagmite d18O as having undergone kinetic fractionation during
calcite deposition. There is no clear evidence that such fractionation
has occurred. Mattey et al. (2008) notes that confirmation of this
would require in-situ calcite deposition experiments, but they
suggest the depositional kinetics will be climate-related. Themodel
also captures the recent trend in stalagmite d18O, with heavier
isotopic composition fromw1995 to present, and trending to
lighter values in the 1970s and 1980s. However, poorly captured is
a short period of very light isotopic composition around 1970AD.
This corresponds to a period when IAEA rainfall data are unavail-
able and long-term mean values have been used to estimate
precipitation d18O, and hence the disparity may simply reflect
relatively light d18O of rainfall at this time, which has not been input
to the model.

Mattey et al. (2008) demonstrate from monitoring data that
stalagmite d13C is isotopically lightest in April of each year, and
that this corresponds with the isotopically lightest stalagmite
d18O. They hypothesise that this is indicative of the average
preceding six months d18O of precipitation. Our modelling results
can be used to test this hypothesis. Fig. 5i and iii suggests that
seasonal variability in stalagmite d18O falls between the modelled
18O of the UnderFlow and Store 1 components. Higher resolution
modelled output in Fig. 5ii. shows that Store 1 typically has
a short duration, isotopically light, water flux in each winter. This
generally occurs around December or January, whilst the isoto-
pically lightest output from the UnderFlow Store typically occurs
later (in January to April), and does not occur in all years. Gib-04a
does not exhibit short duration d18O excursions in winter that are
as isotopically light as that modelled as coming from the Store 1,
although this could in part be obscured by the stalagmite sample
resolution integrating these events. Assuming that sampling
te d18O for Gibraltar. Modelled isotope composition is corrected for the temperature
8O at Gibraltar with i.modelled Epikarst and Store 1 d18O and a 6-month running mean
mpound d18O series comprising 50% OverFlow and 50% Store 1; and ii. Higher resolution
nse of the different water stores.



Fig. 6. Comparison of modelled isotopic composition of water store inputs with stalagmite d18O for Ethiopia (modelled isotope composition corrected for temperature dependent
fractionation during calcite deposition). Plots compare point observations for three stalagmite samples (Merc-1, Asfa-3, Bero-1) with i. modelled Epikarst and Store 1 d18O, and a 6-
month running mean of Store 1; ii. modelled Overflow and UnderFlow d18O and 6-month running mean of OverFlow; and iii. a compound d18O series comprising 50% OverFlow and
50% Store 1, with a 6-month running mean of the compound series.
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resolution is not limiting stalagmite d18O variability, and that an
‘April’ minima in calcite d18O is indicative of a greater proportion
of UnderFlow to Store 1 components, then the best fit between
stalagmite and model is with a mixture of these two components,
with the UnderFlow Store providing the greater water flux. Thus
our model output confirms the original premise of Mattey et al.
(2008), but further suggests that inter-annual variations in the
timing and amount of hydrological effective precipitation means
that any simple linear regression between stalagmite d18O and
preceding climate is unlikely to represent the full complexity of
the actual drip-water isotopic composition reaching the
stalagmite.

Fig. 6 compares model output with stalagmite date from SE
Ethiopia. Stalagmites Merc-1, Asfa-3 and Bero-1 were sampled at
approximately bimonthly resolution for the last 15 yrs of deposition.
The d18O record of Bero-1 has previously been modelled using
a simple reservoir model which suggests that it behaves as if fed by
an OverFlow Storewith waters routed from a reservoir that receives
a combination of matrix and fissure flow (Baker et al., in press).
Modelled d18O series from KarstHydroModel are given in Fig. 6i
(Epikarst and Store 1) and 6ii (OverFlow and UnderFlow), together
with 6-month running means of Store 1 and OverFlow. The output
series in Fig. 6i are characterised by considerably greater short-term
variability than found in the bimonthly observations. However, the
absolute range in OverFlow d18O compares well with observed
stalagmite series (Fig. 6ii), and compares more favourably than the
compound series shown in Fig. 6iii. The good agreement between
stalagmite and modelled OverFlow d18O, despite the lack of



Fig. 7. Comparison of modelled isotopic composition of water store inputs with stalagmite d18O for NW Scotland (modelled isotope composition corrected for temperature
dependent fractionation during calcite deposition). Plots compare point observations for one stalagmite from NW Scotland with i. Epikarst and Store 1 d18O and a 6-month running
mean of Store 1; ii. UnderFlow and OverFlow d18O and 6-month running mean of OverFlow; and iii. a compound d18O series comprising 50% OverFlow and 50% Store 1, with a 6-month
running mean of the compound series.

C. Bradley et al. / Quaternary Science Reviews 29 (2010) 2201e2214 2211
matrix flow component to the model, suggests that the matrix
store component in Baker et al. (in press) was behaving in
a similar manner to the fissure-fed reservoir represented by Kars-
tHydroModel. Furthermore, Baker et al. (in press) did not include
a soil component to the model and so did not allow for soil isotope
fractionation. As a result of the latter, isotopic compositions
modelled by Baker et al. (in press) were 1e2& lighter than observed
in the stalagmite. KarstHydroModel, in contrast, accurately models
the mean isotopic composition of Bero-1 using an identical soil-
water isotope fractionation parameterisation to Gibraltar and NW
Scotland. This suggests that 18O fractionation in the soil is sufficient
to explain why the d18O composition of this stalagmite is heavier
than that predicted from rainfall isotopic composition and hydro-
logical mixing alone.

In contrast to Bero-1, Ethiopian stalagmites Merc-1 and Asfa-3,
which were sampled at the same approximately bimonthly
sampling resolution, are both characterised by stalagmite d18O that
exhibits less sub-annual isotope variability. Stalagmite 18O data
from both Asfa-3 and Merc-1 fall within the range of model output
d18O, suggesting that both samples were deposited at, or close to,
isotopic equilibrium, although water isotopic fractionation had
previously taken place in the soil. Merc-1 exhibits a greater
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variability than Asfa-3, which agrees with the morphology of the
samples, which suggests that Merc-1 experiences fast drip rates
(Baker et al., 2007). The amplitude of d18O variability for Merc-1 is
of the same order of magnitude as the UnderFlow Store component.
However, Asfa-3 d18O variability is less than that predicted by any of
the KarstHydroModel stores. Baker et al. (2007) previously
investigated correlations between d18O in Asfa-3 and Merc-1 and
instrumental rainfall records using annually integrated d18O
sampling, for the last 100 years, but failed to find any significant
correlations (e.g. correlation between annual precipitation and
Asfa-3¼ 0.06; correlation between annual rainfall and Merc-
1¼0.13). Our sub-annual sampling, which shows less sub-annual
isotopic variability than Bero-1, suggests that these two samples
are fed by well-mixed waters. Comparison of the d18O times
series for Merc-1 and Asfa-3 with model predicted d18O (given in
Fig. 6) suggests that neither Merc-1 or Asfa-3 are hydrologically
connected to the surface by any of the flow routes implemented
in KarstHydroModel, which may in part explain the poor corre-
lations with surface climate observed previously. It is very likely
that a high proportion of drip-waters to one or both of these
stalagmites comprises matrix flow that is not represented in our
model.

Finally, Fig. 7 presents d18O data from SU-96-7 from NW Scot-
land. This stalagmite was sampled at a relatively coarse annual to
w7 year resolution, depending upon the growth rate, with the
highest resolution between 1960 and 1980 AD. The presence of
annual fluorescent organic matter in the stalagmite confirms the
presence of direct flux from the soil, but a very slow drip rate
(>1000 s per drip) and the presence of climate correlations over the
decadal timescale also suggests that this stalagmite is predomi-
nantly matrix fed. KarstHydroModel does not implement a matrix
flow component, and therefore one might expect a poor model to
stalagmite fit in this case. However, although the most of the
modelled d18O series presented in Fig. 7 are characterised by
considerable short-term variability that is not evident in the
stalagmite, the 6-month running mean of OverFlow d18O in Fig. 7ii
demonstrates a good agreement with mean stalagmite d18O from
1962 to 1977; and from 1986 to 1994. Notable is a period where
heavier isotopic composition is predicted for the last 1970s, but
where a muted response is visible in SU-96-7, 3e4 years later. In
this case, the absence of a matrix storage component in KarstHy-
droModel is likely to be the reason for the poor temporal
agreement.

6. Discussion and conclusions: implications for stalagmite
palaeoclimate

Our model simulations over the timescale of a few decades
exemplify how one can compare modelled drip-water d18O vari-
ability with that observed in stalagmite d18O records. Our karst
hydrological modelling approach provides an estimate of the
variability that can be ascribed to drip-water d18O from hydrolog-
ical processes in the soil and groundwater system for the first time.
This variability would be observed between stalagmites within
a cave system (for example, as observed in Ethiopia for Merc-1 and
Asfa-3; Fig. 6), as well as between caves within a single climate
region (Merc-1, Asfa-3 and Bero-1; from two caves in Mechara,
Ethiopia; Fig. 6). For the model configurations presented here,
a range of drip-water d18O of up to 2& within a cave might be
expected from hydrological considerations alone. Mean drip-water
isotopic compositionwill also be isotopically heavier than themean
precipitation isotopic composition if soil-water evaporation is
important. The latter process has been neglected in speleothem
d18O studies and has important implications for our understanding
of whether speleothems have undergone ‘equilibrium’ deposition,
which has previously focussed on fractionation processes within
the cave (e.g. Lachniet, 2009). Our model output from Ethiopia also
demonstrates how soil-water and within-cave fractionation can be
differentiated.

In terms of palaeoclimate interpretation of stalagmite d18O
records, our modelling demonstrates that when they are
sampled (milled or drilled) at high temporal resolution (annual
to multi-annual), two stalagmites might have different d18O time
series, generated from the same climate input and within the
range of hydrological d18O uncertainty. Hydrological modelling
approaches will therefore help understand the extent to which
stalagmite d18O records can be ‘wiggle matched’. Long, replicated
d18O series are now starting to become available (for example,
Williams et al., 2004), currently typically sampled at decadal or
longer frequency. Hydrological modelling also permits the
assessment of the uncertainty introduced by climate variability
(such as from variations in the timing and isotopic composition
of seasonal hydrologically-effective precipitation) against those
generated by hydrological variations (such as from drip-waters
with a relatively low storage capacity (Store 1) and a high
proportion of fissure flow (e.g. UnderFlow Store)). Model output
also demonstrates that the seasonal variability in precipitation
d18O is likely to be expressed in drip-water d18O (presuming
negligible matrix flow, which is not incorporated in KarstHy-
droModel). Therefore, when milled at sub-annual resolution,
stalagmite d18O should preserve annual cycles, suggesting the
possibility of using stalagmite d18O both as a chronological tool
and as palaeoclimate proxy (as used together with stalagmite
d13C by Mattey et al., 2008).

Water isotopes have recently been described as the “common
currency” amongst archives of past climates, and are of
increasing use in isotope enabled General Circulation Models
(GCMs) (Sturm et al., 2009), as state-of-art models now permit
the analysis of d18O for time periods of up to w1000 years (e.g.
LeGrande and Schmidt, 2009). The approach that we present
here is a first step in quantifying stalagmite d18O hydrological
uncertainty. As such, we hope that the hydrological modelling
approaches comparable to that described here will contribute to
initiatives such as the development of pseudoproxies for use in
the Past Global Changes (PAGES) Paleoclimate Reconstruction
Challenge (Ammann, 2008). The field of model e proxy assimi-
lations (for example, Goosse et al., 2008) would also benefit from
a better understanding of the uncertainty associated with
a proxy signal such as stalagmite d18O. For us, KarstHydroModel
is just a first step in the development of a community stalagmite
hydrological model. Future work needs to address (1) the addi-
tion of a matrix flow component to enable the modelling of very
slow drip rate, ‘candlestick’ type stalagmites which are likely to
be dominated by this flow routing; (2) improved parameter-
isation of soil isotope fractionation; (3) the inclusion of a vege-
tation change parameter which would permit model to represent
changes in transpiration over time; (4) the coupling of model
output with geochemical models of disequilibrium stalagmite
deposition; and (5) the generation of long stalagmite d18O
pseudoproxies linked to GCM d18Op output. Further development
of the stalagmite hydrological model will also have to consider
whether time-invariant hydraulic parameters (hydraulic conduc-
tivity and porosity) can be used to model drip-water flows at
longer time-scale given the degree to which karst permeability
will evolve over millennial timescales. However, a future pros-
pect is an integrated model of speleothem d18O, including
modelling of equilibrium and disequilibrium deposition (e.g.
Romanov et al., 2008a,b; Scholz et al., 2009) and growth
morphology models (for example, Kaufmann, 2003) with
hydrological and soil-vegetation models.
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