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a b s t r a c t

We investigated the distinctive shallow sub-surface hydrology of the southwest Western Australia
(SWWA) dune calcarenite using observed rainfall and rainfall d18O; soil moisture, cave drip rate and
dripwater d18O over a six-year period: August 2005eMarch 2012. A lumped parameter hydrological
model is developed to describe water !uxes and drip d18O. Comparison of observed data and model
output allow us to assess the critical non-climatic karst hydrological processes that modify the precip-
itation d18O signal and discuss the implications for speleothem paleoclimate records from this cave and
those with a similar karst setting. Our "ndings include evidence of multiple reservoirs, characterised by
distinct d18O values and recharge responses (‘low’ and ‘high’ !ow sites). Dripwaters exhibit d18O varia-
tions in wet versus dry years at low-!ow sites receiving diffuse seepage from the epikarst with an
attenuated isotopic composition that approximates mean rainfall. Recharge from high-magnitude rain
events is stored in a secondary reservoir which is associated with high-!ow dripwater that is 1& lower
than our monitored low-!ow sites (d18O). One drip site is characterised by mixed-!ow behaviour and
exhibits a non-linear threshold response after the cessation of drainage from a secondary reservoir
following a record dry year (2006). Additionally, our results yield a better understanding of the vadose
zone hydrology and dripwater characteristics in Quaternary age dune limestones. We show that !ow to
our monitored sites is dominated by diffuse !ow with inferred transit times of less than one year. Diffuse
!ow appears to follow vertical preferential paths through the limestone re!ecting differences in
permeability and deep recharge into the host rock.

Crown Copyright ! 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Speleothem d18O is themost commonlymeasured climate proxy
in speleothems (McDermott, 2004; Lachniet, 2009). It potentially
preserves both the source (cave drip) water d18O and cave tem-
perature (Hendy and Wilson, 1968) and thus can be an effective
recorder of past climate change through glacialeinterglacial
transitions (Bar-Matthews et al., 1999; Wang et al., 2008;

Broecker et al., 2010; Cheng et al., 2010; Denton et al., 2010;
Meckler et al., 2012), over abrupt climate shifts (Wang et al., 2001;
Cruz et al., 2006; Treble et al., 2007; Cheng et al., 2009; Grif"ths
et al., 2009; Dong et al., 2010) and across decadal-scale !uctua-
tions (Treble et al., 2005a; Baker et al., 2010). Current micro-
milling techniques can yield annually- (or better) resolved d18O
records for many speleothems (e.g. Mattey et al., 2008) enabling
tens of thousands of years of climate information. This, where
coupled with a precise chronology via U-series age measurements
and annual banding (Wang et al., 2001), places speleothems at the
forefront of Late Quaternary terrestrial climate reconstruction.

It is generally assumed that the oxygen isotopic composition of
rainfall is directly transmitted through the karst system and
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preserved in cave dripwater. This signal is affected by rainfall
amount, moisture source and trajectory history (Dansgaard, 1964;
Lawrence et al., 1982; Treble et al., 2005b; LeGrande and Schmidt,
2009). However, whilst percolating through the soil, epikarst and
karst above individual speleothems, in"ltrating waters are subject
to evapotranspiration, and may experience storage and mixing
(Baker and Fairchild, 2012). Thus, preservation of climatic infor-
mation will potentially be affected by the introduction of lags,
seasonal bias or enhancement in the isotopic signal with increased
uncertainty arising through the mixing of waters of differing age
(Ayalon et al., 1998; Baker et al., 2000; Tooth and Fairchild, 2003;
Fairchild et al., 2006). Moreover, given the potential for percolating
waters in any cave, to have followed a variety of different !ow
pathways with correspondingly varied transit times, the isotopic
composition of drips can be expected to vary markedly over short
distances.

Cave monitoring studies have considerably improved our un-
derstanding of karst system dynamics (Ayalon et al., 1998; Baker
et al., 2000; McDonald et al., 2004; Musgrove and Banner, 2004;
Spötl et al., 2005; Baldini et al., 2006; Fuller et al., 2008; Arbel et al.,
2010; Pape et al., 2010; Frisia et al., 2011; Lambert and Aharon,
2011). However, there have been few attempts to quantify the
impact of karst hydrology on dripwater characteristics (speci"cally
their discharge, chemistry, isotopic composition) with some ex-
ceptions (Baker and Brunsdon, 2003; Tooth and Fairchild, 2003;
Fairchild et al., 2006). Tooth and Fairchild (2003) and Fairchild et al.
(2006) demonstrated the range of drip rate and geochemical re-
sponses within a single cave during rainfall recharge events, which
they attributed to karst hydrological controls. Baker and Brunsdon
(2003) highlighted the extent to which dripwaters exhibit a non-
linear process response due to a combination of varying recharge
and water routing. Speci"c con"rmation of the dynamics of water
movement through karst has been provided using tracers such as
!uorescent dyes (Arbel et al., 2010; Mattey et al., 2010) and the
!uorescence of natural organic matter (Baker et al., 2000; Fairchild
et al., 2006). Bradley et al. (2010) further highlighted the potential
isotopic modi"cation of cave dripwater via a karst hydrology
model. They demonstrated that the potential range in speleothem
d18O that can be attributed to the speci"c con"guration of indi-
vidual karst water stores and !ow paths is signi"cant, although in
Bradley et al.’s study there was no attempt to calibrate model pa-
rameters to a particular karst system.

1.1. Study motivation

There is a well recognised need to obtain high-resolution pale-
oclimate records for southwest Western Australian (SWWA) given
its identi"ed vulnerability to climate change (Bates et al., 2008). It
has been previously demonstrated, via studies on a modern sta-
lagmite (Treble et al., 2003; 2005a; 2008), that speleothems from
SWWA can be used to reconstruct natural rainfall variability. An
extension of the SWWA speleothem record is currently underway,
however, a long-term cave monitoring program is also needed to
reduce the uncertainty of karst-climate interactions when inter-
preting these records.

Caves in this region have developed in Quaternary-age dune
calcarenite (Hall and Marnham, 2002). The advantage of studying
stalagmites from these young limestones is that speleothem for-
mation is constrained to the Late Quaternary. However, scarce data
exist on the hydrology of the unsaturated zone of these limestones:
no dripwater studies have been undertaken to-date and a better
understanding of the vadose zone hydrology and dripwater char-
acteristics in these caves is urgently required. The relationships
between rainfall d18O and SWWA climate have previously been

investigated and highlight the importance of the amount effect,
moisture source and trajectory effects on rainfall d18O (Fischer and
Treble, 2008), but our purpose in this paper is to assess the extent to
which non-climatic hydrological processes modify the isotopic
signal of cave dripwater in the relatively porous calcarenites of this
region. The motivation for our study is two-fold:

1) to assess the implications of this hydrological setting on the
speleothem paleoclimate record, and

2) to increase our knowledge of unsaturated zone hydrology in
Quaternary age calcarenites.

We report the "rst "ndings of a six-year cave monitoring study
from SWWA. We revise the karst hydrology model of Bradley et al.
(2010) by developing a diffuse !ow component to the model, and
verifying model predications against observed dripwater d18O and
drip frequency. Via this data-model comparison we assess the
critical hydrological processes at our study site that modify the
precipitation d18O signal and hence we determine the extent to
which stalagmite d18O may be modi"ed by these processes.

2. Site description

The SWWA region experiences high winter rainfall and dry
summers associated with the seasonal migration of the mid-
latitude westerly winds. Rainfall, recorded at Forest Grove
(34.07"S 115.10"E; Fig.1A) 5 km from ourmonitored site since 1926,
is 1120 # 146 mm annually. Approximately 75% of the annual
rainfall occurs between May and September with a median daily
rainfall of 5.4 # 10.2 mm through these months (Bureau of
Meteorology, 2012). Moisture is delivered by troughs embedded
in the westerly !ow, but may be sourced from regions to the SW or
NW of our site (further details are given in Bates et al. (2008) and
Fischer and Treble (2008)).

Our "eld site, Golgotha Cave (36.10"S 115.05"E; Fig. 1A), is
developed in the Spearwood System of the Tamala Limestone,
a coastal belt of calcarenite extending over 1000 km of WA. The
Spearwood System comprises medium- to coarse-grained Quater-
nary calcarenites of predominantly aeolian origin (Hall and
Marnham, 2002). The surface vegetation is wet eucalypt forest
with a substrate of weathered siliceous dune sands. The sands form
a mantle of variable thickness over the karst (depths of between
0.3 m and 3 m have been augered), and given their high perme-
ability there is minimal surface runoff. The cave isw200m long and
up to 25 m wide, and the dune limestone is w25 m thick over the
monitoring sites in the cave (Fig. 1B). The long cave chamber was
originally formed by vadose zone waters and subsequent widening
by ceiling collapse (as is commonwith caves in this region; Jennings,
1968). Currently, there is no active streamway and the only known
entrance to the cave is via a wide doline-type entrance that likely
formed by collapse. There is little variation in cave air temperature
(between 14.5 and 15 "C) whilst CO2 measurements vary seasonally
suggesting that Golgotha Cave is more ventilated during Aprile
October (520 # 100 ppm) with CO2 generally >6000 ppm during
FebruaryeMarch. Relative humidity is typically >90%.

The high matrix porosity (0.3e0.5; Smith et al., 2012) of this
“eogenetic” limestone preserves a primary permeability that is
typically lost in the evolution of classic telogenetic karst (Vacher and
Mylroie, 2002; Grimes, 2006). The lack of joint-controlled !ow
paths implies that diffuse !ows are likely to be proportionally more
important in this system; although the Tamala Limestone and
overlying sand units have been found to be highly permeable and
hydraulic conductivities of w100e2000 m/d have been recorded
(Smith et al., 2012). Karst in this region is also “syngenetic” given
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that karst developmentwas concurrentwith lithi"cation of the host
rock (Jennings, 1968; Grimes, 2006). This has implications for other
processes that may establish vadose-zone preferential !ow,
including preferential vertical dissolution promoted by tree roots
(Jennings, 1968), or the varying permeability and/or morphology of
the subsurface caprock e a hardened layer formed via carbonate
precipitation at the soil base (Jennings, 1968; Grimes, 2006). Both
processes promote the development of calcrete-lined solution
pipes, extending occasionally to the cave ceiling, which form
a possible route for the rapid delivery of percolating waters deep
into the calcarenite which may ultimately exit as seepage to the
cave. Focused diffuse !ow is evidenced by saturated rock viewed in
vertical cross-section in the cliff face (Fig. 1C) and from within the
cave, by clustering of soda-straw stalactites (Fig. 1D). There is also
evidence of preferential !ow. Breakdown and collapse of the cal-
carenite, which resulted in the small cave chambers appears to have
been associated with preferential !ow, as indicated by !owstone
lining. Preferential !ows may also occur as a result of the differing
permeability of dune horizons and paleosols, as well as from
structural processes (for example, through cracks that develop
during unloading due to roof collapse). Thus, while we expect

a large-degree of diffuse !ow in the calcarenite hosting Golgotha
Cave, the nature of this young host-rock presents various opportu-
nities for preferential !ow and storage.

We established dripwater monitoring sites in two areas of the
cave (Fig. 1B) with contrasting discharge, dune facies and karst
features. Sites 1A and 1B are located w60 m into the cave and are
approximately 0.5 m apart. Each site samples water from individ-
ual stalactites from within a larger cluster of straw stalactites
emerging from an iron-stained, 4 m tall, ceiling (Fig. 1D). The
ceiling has no visible drainage features although the straw stalac-
tites tend to cluster at the lowest points in the ceiling. Drip rates in
this section of the cave are generally very low (once every 4e
8 min) and the uniform diameter of the stalagmites suggests that
these drip rates may have remained consistent over several mil-
lennia (Baldini, 2001).

Sites 2A, 2B and 2E are located w30 m further into the cave in
a large chamber which appears to be less stable than site 1 as
evidenced by roof-collapse, dense rubble on the !oors and small
breakdown chambers in the walls and ceilings. Stalactites in this
area tend to be more isolated, emerging either along fractures or at
the margins of relict dune surfaces revealed by roof collapse,

Fig. 1. AeD: (A) Southwest Western Australia (SWWA) map showing coastal belt of dune calcarenite (stippled area; adapted from Jennings, 1968) and locations referred to in the
text (inset "gure indicates SWWA region). (B) Plan view of Golgotha cave map showing water sampling locations. Site 1 consists of monitoring points 1A and 1B whilst site 2
consists of 2A, 2B and 2E (Sites 2C and 2D were monitored only brie!y these data are not reported here). The cliff position is approximate and star symbol indicates location
of photograph 1C. (C) Vertical cross section through host rock viewed from cliff face forming the outer wall of Golgotha cave (the darker area is saturated with moisture
indicating focussed diffuse !ow through the host rock). (D) Photograph of ceiling above site 1 showing large patch of straw stalactites emerging from darker-stained area (indicated
by yellow line) which was saturated with moisture compared to the surrounding dry ceiling (supporting our interpretation of diffuse !ow to this site). (For interpretation of the
references to colour in this "gure legend, the reader is referred to the web version of this article.)
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indicating the possibility for lateral !ow dispersion. In this area of
the cave, drip rates are more variable between stalactites, and the
stalagmites typically vary in diameter upwards suggesting a tem-
porally variable drip rate. Mounds of !owstone and actively form-
ing speleothems are more common at this site, indicating that this
is a zone of high water movement. Site 2E is located in the wettest
area close to the lowest point at which the ceiling and wall inter-
sect, whilst 2B is w5 m from the wall and 2A a further 5 m (i.e.
w10 m from the wall). A surface soil auger survey at points
immediately above site 2 revealed that soil depth was particularly
deep above this site, which could re!ect the presence of a soil-"lled
doline-type structure.

3. Materials and methods

3.1. Cave drips

Cave dripwaters were collected from all sites except 2E, nor-
mally at 4e6 week intervals over the period August 2005 to March
2012, using high-density polyethylene collection vessels. Collection
at 2E began later, in October 2008. Drip rates were manually timed
during each collection visit for 1A, 2B and 2E; commencing later at
1B and 2A (February 2008).

Ten millilitres of rain water were sampled for d18O for each rain
day from a gaugew6 km away at Calgardup Cave (Fig.1A). Only rain
events $2 mm were collected as events smaller than this yielded
insuf"cient water to "ll the glass vial with zero-headspace,
resulting in a bias in our isotopic dataset, however there is likely
to be very little in"ltration following such small rainfall events and
these events are assumed to make a negligible contribution to cave
dripwaters.

The oxygen isotopic composition of dripwaters collected be-
tween August 2005 and April 2011 were determined by of!ine
equilibration technique at the Research School of Earth Sciences,
Australian National University (see Treble et al., 2005a) whilst d18O
and dD of remaining dripwater and rainwater samples were
determined using an LGR-24 d cavity ringdown mass spectrometer
(Lis et al., 2007) at the University of New South Wales. Analytical
error for both techniques was 0.1& (1 s.d.; calculated from within
run internal references materials).

3.2. Soil moisture

Soil moisture was monitored using gypsum blocks (MEA2195
GB lite) over three periods (May 2006eMay 2008, September
2008eJuly 2010 and January 2011eMarch 2012) in a 3 m-deep
vertical pro"le above site 2 (Fig. 1B). The soil pro"le comprised
a humus-rich sandy soil in the upper 0.1 m, overlying w0.9 m of
free-draining deep quartz-rich sands. Calcarenite gravel clasts were
found frequently at depths of between 1.0 and 3.0 m and further
augering to lower depths was not possible. Pre-soaked gypsum
blocks were installed at depths of 0.15, 0.3, 0.6, 1.0, 1.5, 2.0, 2.5 and
3.0 m in a 15 cm diameter augered hole, back"lled with 3e4 cm of
bentonite clay (to prevent bypass !ow) approximately halfway
between each gypsum block. The gypsum blocks measure soile
water tension (kPa) (suction) which was recorded at daily in-
tervals using two custom built 4-channel data loggers. Battery
failure in one logger resulted in incomplete data for depths 0.6, 1.0
and 3.0 m.

Soil moisture data can help quantify in"ltration through the soil
pro"le, and indicates the degree of saturation. However, determi-
nation of volumetric soil moisture storage requires quanti"cation of
the soil moisture characteristic (relating suction to water content)
which was not attempted here.

3.3. SWWA-Karst HydroModel

Dripwater hydrology and d18O were modelled using a re"ned
version of the lumped parameter karst hydrology model described
by Bradley et al. (2010); ‘KarstHydroModel’. The original model
routes in"ltrating waters between "ve karst water reservoirs (the
Surface Store, Epikarst, Store 1, Under!ow and Over!ow stores) by
preferential !ow, with model inputs of monthly precipitation,
evapotranspiration, temperature, and precipitation d18O (see Fig. 2
in Bradley et al., 2010). Out!ow is described as a function of store
volume and the d18O composition of each water store is calculated
as a proportional function of rainfall d18O and the store composition
at the previous time-step. For application to SWWA karst, the
original model was revised (as detailed in Table 1), including:

1) Reducing the "ve reservoirs to four (Soil Store, Epikarst, Store 1
and Store 2). Store 2 replaces the function of the original
Over!ow and Under!ow stores (see Table 1).

2) Incorporating diffuse seepage, which is described by a proba-
bility density function (PDF; cf. Baker et al., 2010). We con-
sidered seven distinct PDFs derived from a two-parameter
Weibull distribution (Fig. 2) to describe the attenuation
(indicated by the ‘a’ term) of the d18O signal by diffuse !ow.
The diffuse dripwater d18O signal was estimated as a function
of the epikarst store d18O, over a mixing ‘window’ repre-
senting the number of preceding months during which epi-
karst d18O was assumed to still in!uence dripwater d18O
(Table 1).

Model simulations were run at monthly intervals over a 15-year
time period, from January 1997 to March 2012, to enable compar-
ison with the dripwater dataset. Monthly precipitation and evap-
otranspiration data for input to themodel were generated using the
CSIRO AWAP Run 26c Historical Model (Raupach et al., 2009, 2011).
Precipitation d18O was derived from monthly composited event-
weighted d18O measurements (Section 3.1) supplemented with
mean monthly values between 1996 to September 2005 calculated
from this new data. In the following section model output is

Fig. 2. Probability density functions (PDFs) generated using a two-parameter Weibull
distribution and 12-month mixing window. These were applied to “Epikarst d18O” in
KarstHydroModel-SWWA to simulate diffuse seepage from the epikarst (see Fig. 8).
The a term describes the distribution of the PDF. Higher a results in least attenuation of
the d18O signal.
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compared to the cave dripwater, rainfall and soil moisture data. In
doing so, we are not seeking to reproduce these observations in
detail but to use the model as a tool to investigate potential
differences in water routing between the monitored sites within
the cave.

4. Results

4.1. Rainfall amount and d18O

The study spanned an interval of high inter-annual variability
including extreme wet and dry years, and with late onset of winter
rains in three years (2006, 2007 & 2011) which were associated
with low May/June rainfall (Fig. 3a). Historically, 2006 and 2010
were the driest years recorded in SWWA and the annual rain totals
for our dataset in both years (810 and 843 mm, respectively) are
also below the tenth percentile. By contrast, 2008 experienced
well-above median early winter (AprileMay) rain, above median
spring rain and the highest annual total (1135 mm) during the
monitored period, although this value is close to the long-term
median (1150 mm). June to September rainfall in 2009 was also
higher than normal (Fig. 3a).

Fig. 3b shows measured daily and monthly calculated d18O
rainfall isotopic data. In all years, rainfall in the wet winter months
tends to be isotopically lower than in the drier summer months.
However, the strength of the seasonal isotopic cycle varies greatly
in range (e.g. 1& in 2007 versus 5& in 2008) and timing, due to the

high variability in wet season d18O values. Further examination of
the climateeisotope relationships in these new data, building on
that of Fischer and Treble (2008), is warranted in a future paper.
Here we limit our interpretation of this new rainfall isotope data to
that required for our recharge-dripwater study.

4.2. Soil moisture and in!ltration

The soil moisture data indicate an annual pulse of water
movement through the 3 m soil pro"le (Fig. 3c, depths 0.15 and
0.3 m omitted for clarity). Of the data that span an entire wet
season, the observations in 2009 are most representative of a typ-
ical year as monthly rainfall in that year is close to median. In 2009,
the soil was at or close to saturation (soilewater tension of %0 kPa)
over a two-week period frommid-June followingw145 mm of rain
in the previous three weeks. In"ltration rates were rapid, given the
high soil permeability, demonstrating the potential for rapid water
movement from the surface to the epikarst. In this year, the soil
remained close to saturation through winter and early spring. Soil
moisture levels started to fall from October coincident with neg-
ative PeE values (Fig. 3a), indicating the cessation of in"ltration in
the upper pro"le. The soil remained dry until signi"cant rainfall the
following autumn/winter.

The pattern of soil wetting differs during dry years (2006 and
2007). After the newly placed sensors had equilibrated with the
surrounding soil in MayeJune/July 2006 (indicated by grey bar),
soil moisture contents are observed to have increased relatively

Table 1
Summary of re"nements applied to the original KarstHydro-model of Bradley et al. (2010) to create the model used in this paper “KarstHydroModel-SWWA”.

Water store
or !ux

Description Summary of adaptations to Bradley et al.’s (2010) model

Soil Storage Input is precipitation. Outputs are
evapotranspiration and drainage to
Epikarst (default, F1) or routing of
high magnitude !ows to Store 1 (F2).

This store (previously termed ‘Surface Store’) was originally intended to enable temporary surface-water storage
when surface temperatures were <0 "C. Here ‘Soil Store’ receives precipitation directly. Out!ows are
evapotranspiration, and !ows to the Epikarst via F1 and to Store 1 via F2.
Initial storage volume 250 mm.
The evaporation factor for d18O has been reduced from 0.03 to 0.001 (i.e. Soil Storage d18O & rain
d18O! evapotranspiration*0.001) and only proceeds at the available rate when soil storage>200mm (permitting
isotopic fractionation due to evaporation resulted in higher values of simulated d18O discharge than that
observed). See also Section 4.3.3.

Epikarst Receives drainage from Soil Store
(F1), and out!ows to Store 2 (F7) or
Store 1 (F3) according to
a proportional drainage function.

The de"ned capacity has been lowered from 75 to 18 mm. Initial storage volume 12 mm.

Store 1 Receives drainage from Soil Store via
F2 in months of high rainfall and from
Epikarst (F3). Drains via F4 and to
Store 2 (when !ow via F5 permitted).

Initial storage volume 100 mm.

Under!ow Received drainage from Store 1 in
original model.

Deleted from Bradley et al.’s model.

Store 2 Receives !ow from Epikarst (F7) and
from Store 1 (F5) provided Store 1
exceeds threshold p2. Drains via F8.

This store is the ‘Over!ow’ store in the original model and replaces both the function of Over!ow and Under!ow
stores, depending on the model con"guration Section (see 5.2). In our low !ow simulation or ‘con"guration 1’
Store 2 receives only under!ow from Epikarst, whilst in ‘con"guration 2’ (high and mixed !ow) it receives
additional over!ow from Store 1. Initial storage volume 50 mm.

PDF Probability density function (PDF)
output.

Represents the effects of diffuse seepage on dripwater d18O. Follows Baker et al. (2010) who expressed water
storage time using a Gaussian Distribution with a max. water age of 3 years. Here we consider seven distinct PDFs
derived from a two-parameter Weibull distribution.

F1 Drains Soil Storage to Epikarst. Drainage is set to 0.2 (20%) of the Soil Store; the speci"c yield for the Spearwood Sands (Davidson, 1995; Salama
et al., 2005).

F2 Drains Soil Storage to Store 1 during
time steps of high magnitude rainfall
input, de"ned by threshold p1.

Threshold p1 is set by tuning the d18O value of Store 2 against the dripwater d18O dataset for 2B (p1 & 80 for
output presented in Figs. 6e8).
Flow is de"ned as precipitation e p1 provided precipitation is >p1, otherwise default is zero. This !ow was
de"ned as F4 in Bradley et al. but !ow order was re-assigned to "ll Store 1 before it drains.

F3 Drains Epikarst to Store 1. Drainage is according to the proportional drainage function: Epikarst ' (Epikarst/Epikarst capacity) ' 0.25 i.e.
!ow is 25% of volume when Epikarst is at capacity.

F4 Drains Store 1. Drainage is 0.2 (20%) of Store 1 volume.
F5 Drains Store 1 to Store 2 provided

Store 1 volume exceeds threshold p2.
Threshold p2 is set by tuning the d18O value of Store 2 against the dripwater d18O dataset for site 2B (p2& 200mm
for output presented in Figs. 6e8). Flow is de"ned as (Store 1 e p2) ' 0.3, otherwise default is zero.

F6 Drains Under!ow in original model. Deleted from Bradley et al.’s model.
F7 Drains Epikarst to Store 2. As for F3 using coef"cient 0.65 instead of 0.25.
F8 Drains Store 2. Drainage is 0.2 ' Store 2 i.e. 20%.
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late, and slowly (mid-July to August), due to signi"cantly reduced
autumn/winter rainfall (Fig. 3c). Similarly in 2007, there was
a delay in the increase of soil moisture content at depths 1.5e
2.5 m. In these drier years, there is also evidence of depth-
variable wetting patterns. For example, sensors at 0.6, 1.0 and
3.0 m were saturated following unusually high daily rainfalls in

January 2007 but mid-depths of the pro"le remained unsaturated.
Additionally, wetting at 2.5 m begins >1 month ahead of 1.5 and
2.0 m depths in 2007. These variable wetting patterns could be
a product of primary layering within the dune sands, soilewater
extraction by vegetation, or a product of non-uniform re-wetting
of the sandy soils following a period of dryness.

Fig. 3. aee: Precipitation and precipitation minus evapotranspiration (PeE) (a); measured precipitation d18O (b), soil moisture (c) and cave observations (dei). Monthly
precipitation (bold) overlays long-term (1926e2009) median rainfall (shaded) in (a) and monthly precipitation minus modelled evapotranspiration (dashed) in (a). Bracketed
numbers are annual rainfall totals. Monthly d18O (b) was calculated from precipitation-weighted event data. The amount-type effect is more pronounced in wet versus dry years
(e.g. 2008 cf. 2007). Soil moisture tension above Golgotha cave (c) shows the annual pulse of winter rainfall moving through the soil (note the upper limit of 200 kPa recorded for
soil suction indicates a dry soil i.e. water is no longer moving through at any signi"cant rate). The grey box at the beginning of this interval indicates the interval when sensors
were equilibrating with the surrounding soil. Inter-annual variability is related to the onset and amount of winter rains. Cave drip rates and dripwater d18O measured at low !ow
(1A, 1B and 2A (d,e)), mixed !ow (2B (f,g)) and high !ow (2E (h,i)) cave sites. Several measurements were not feasible due to sample exhaustion when some analyses were
repeated.
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4.3. Cave drip rate and dripwater d18O

4.3.1. High versus low "ow sites
Drip rates are remarkably consistent at each site over the>6 year

study period particularly for the three slowest dripping sites (1A, 1B
and 2A; Fig. 3d). Here, a near-constant drip rate of 0.1e0.25 drips/
min was maintained throughout the period despite the high sea-
sonal variation in soilewater in"ltration noted above suggesting that
these drip-waters are derived from diffuse !ow. These low !ow sites
are also isotopically very similar, typically tracking within 0.5& of
each other (Fig. 3e), and each generally reproducing the same
smooth isotopic trends although the actual timing of isotopic max-
ima and minima vary by up to 3 months. A quasi-seasonal isotopic
cycle is evident at low !ow sites for all years except in 2007 when
there was also a suppressed seasonal cycle in rainfall d18O as well as
in the preceding year (2006) (Fig. 3b and e). Overall, the dripwater
d18O cycle is also more subdued compared with the rainfall d18O
cycle (dripwater:w0.5e1&, versus rainfall: 1e5&), and anti-phase,
lagging rainfall d18O by w6e9 months varying both between sites
and inter-annually. This is con"rmed by an average 8-month lag
identi"ed by lagged-correlation analysis between rainfall d18O (after
applying a 3-month box smooth) anddrip d18O for the sitewithmost
observations (1A) (r & 0.3, p < 0.05). Mean d18O values are (4.1&
(1A), (3.9& (1B) and (3.9& (2A). The agreement between mean
dripwater isotopic composition ((4.0# 0.1&) at these low !ow sites
and precipitation-weighted annual rainfall d18O ((4.0&) supports
our assumption that events<2mmhave a negligible contribution to
dripwater d18O. This, and the attenuated d18O cycle, highlights the
way in which the water reservoir sustaining seepage to these sites
transfers an isotopically-smoothed annual rainfall signal.

The inter-annual variation in dripwater d18O minima is more
subtle than for rainfall owing to attenuation, and they are close to
analytical uncertainty in some cases although there is some
consistency between the relative values of winter rain and drip-
water isotopic minima, allowing for the 6e9 month lag. For
example, dripwater isotopic minima are w0.3e0.5& higher
(indicated by blue arrows; Fig. 3e) following the driest years
monitored: 2006 and 2010, compared with dripwater minima in
other years. However, given the relatively low dripwater d18O in
MarcheMay 2008 after relatively high rainfall d18O throughout
2007, the actual relationship is unlikely to be that simple. Further
investigation of recharge-dripwater isotopic relationships re-
quires consideration of the complex interactions of in"ltration
volume and karst hydrology. We will continue this by comparing
our observations with our SWWA-KarstHydroModel output in
Section 5.3.

At the higher discharge site 2E, drip rates are more variable and
hydrologically responsive (Fig. 3h). Drip rate rises after the rela-
tively wet 2008 and peaks w6 months after the wet winter of
2009, compared with constant low !ow drip rate over the inter-
vening period (Fig. 3d). This quite smooth, sustained response to
two consecutive wet winters diverges from a classical hydrograph
(sharp peak, exponential recession) suggesting that this site is
sustained by !ow from a relatively large water reservoir. Site 2E
also has the lowest and generally least variable d18O, typically
(5&, and lacks a seasonal isotopic cycle (Fig. 3i). The combined
discharge and isotopic data suggest that a separate reservoir is
feeding this location and this reservoir appears to preferentially
store waters derived from low d18O (i.e. high-magnitude) rainfall
events.

4.3.2. Mixed-"ow and "ow switching
Prior to March 2007, 2B exhibited drip rate and d18O values

(1 drip/min and (4.5&, respectively) that were higher and more
18O-depleted than the low dripping sites (although not as

18O-depleted as 2E later in the study) (Fig. 3f, g and i). The drip rate
at 2B abruptly decreased from 1 to 0.14 drips/min in February
2007; d18O tracked this response with an abrupt increase from
(4.6& to (4.1&, albeit with a delay of one month. For the
remainder of the study, 2B generally exhibited very uniform drip
rates and d18O values similar to the low-!ow sites (including the
absence of any seasonal isotopic cycle in 2007 and the resumption
of a seasonal cycle from 2008 onwards). There was a slight change
in drip rate from 2009 following the relatively wetter year
in 2008. Drip rate increased to w0.22 drips/min and again in
July 2010 to 0.3 drips/min before falling to 0.23 drips/min in
spring 2011.

The abrupt switch in the characteristics of 2B from high- to low-
!ow type following the very dry year of 2006, suggests a switch in
!ow state and possible exhaustion of at least one water reservoir
contributing to 2B. The one-month lag in d18O relative to discharge
at this time, is most probably due to residual water drainage from
the store, with a fall in the drip-rate immediately after the reservoir
is exhausted. The manner of the change in d18O (i.e. an abrupt
rather than smooth change) is indicative of piston-type water
movement i.e. with consecutive discrete ‘packets’ of water moving
through the system (Tooth and Fairchild, 2003).

4.3.3. Brief isotopic excursions
The fast- and mixed-!ow dripping sites also exhibit occasional

brief isotopic enrichments: a 1.3& spike at 2B during January 2006,
and subsequently in September 2010: spikes of 0.8& at 2B and
2.7& at 2E (Fig. 3g and i). These enrichments occur relatively
abruptly and subsequently dripwater d18O takes approximately
three months to return to previous levels. Rainfall d18O (Fig. 3b)
indicate that no signi"cant isotopically enriched events were
recorded in themonths prior to the isotopic spikes in the dripwater,
suggesting that they do not result from 18O-enriched rainfall
events.

Isotopic modi"cation of the rainfall d18O signal by evaporation
of soilewater is possible. But we speculate that this is not likely to
be a signi"cant factor as mean dripwater composition is similar, or
more 18O-depleted, than mean rainfall. Reduced potential for iso-
topic modi"cation by evaporation is consistent with rapid in"l-
tration of water through the overlying sands (Fig. 3c). Moreover,
dripwaters show the same linear relationship between d18O and
dD, and lie on the local meteoric water line (Fig. 4a and b) indi-
cating the absence of any signi"cant evaporative effect on drip-
water. However, we have no coupled dD measurements for the
isotopic spikes and hence cannot determine whether these spikes
are the result of delayed in"ltration of older 18O-enriched soil
water (this explanation is supported by the possibility of bypass
!ow inferred from the uneven soil moisture wetting patterns
observed above the high !ow sites). The trigger for this process
appears complex as we know from the soil moisture data that they
do not follow dry periods, and this pattern of in"ltration (and
preferential/bypass !ow) may depend more on the exceedence of
certain rainfall threshold(s).

5. Discussion

5.1. Flow states and potential water reservoirs

The hydrological data, coupled with cave observations enable us
to infer possible !ow paths and reservoirs associated with indi-
vidual drip sites and hence outline a conceptual model of the hy-
drology of Golgotha Cave. Our results suggest that there are at least
three hydrologic !ow states operating above Golgotha Cave: i) low-
!ow state (1A, 1B and 2A); ii) high-!ow state (2E); and iii) mixed-
!ow state (2B). The majority of drips in Golgotha Cave exhibit the
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discharge characteristics of the low-!ow state. Of our monitored
low-!ow drips, we have shown that these carry a common isotopic
signal including transmitting a similar, and approximately in phase,
attenuated seasonal cycle. The fact that these sites are up to 30 m
apart is remarkable. The distance between the sites could indicate
that other processes in!uencing drip d18O, such as seasonally-
enhanced evaporation of stalactite water, could be important at
low !ow sites. However, there is no evidence in the isotopic
measurements to support this: dripwaters are within 1 s.d. of the
LMWL (Fig. 4b) and no apparent relationship was found between
drip rate and d18O sampled within 24 h from individual drips
within the cluster of stalactites (Fig. 1D) at our low !ow sites
(r & (0.25, n & 10; 24/10/12). Additionally, the timing of the
dripwater isotopic maxima can vary intra-annually by several
months between individual sites as well as inter-annually,
whereas the timing of seasonal cave ventilation is consistent
(unpublished data). Rather, we interpret the isotopic consistency
between low !ow sites as suggesting that there is a common dif-
fuse reservoir which sustains low drip!ow via a similar !ow
pathway to the majority of the cave and we demonstrate that this
can be modelled (below).

The different characteristics of the high and mixed !ow state
drips (2E and 2B, respectively) i.e. hydrologically responsive and
lower d18O, indicates that there is at least one additional reservoir
which preferentially stores relatively 18O-depleted water. Fur-
thermore, the switch between themixed- and low-!ow states at 2B
is evidence that !ow from the second reservoir is sensitive to
system thresholds. Finally, the fact that one of the three drips
monitored at site 2 remained in a low !ow state over the entire 6!
year study (2A), although its location is only w6 m from two other
sites (2E and 2B), suggests that the second reservoir has a very local
area of in!uence.

5.2. KarstHydroModel-SWWA

In this section, we seek to simulate the dripwater characteristics
observed in this study using KarstHydroModel-SWWA (Section
3.3). In so doing we aim to:

1) Assess the validity of the conceptual model outlined above
Sections (5.3.1e5.3.3).

2) Simulate diffuse seepage in our model Section (5.3.2).
3) Test our hypothesis that a secondary reservoir acts as a store to

preferentially capture high magnitude rainfall events, and

identify the possible mechanisms to deliver low !ow drip-
waters Section (5.3.2).

In applying the model to our dataset, a number of re"nements
were required to create “KarstHydroModel-SWWA” (Section 3.3;
Table 1). A schematic representation of the model is provided in
Fig. 5, while Table 2 maps the cave sites to their modelled
counterparts.

We examine the ability of the model to reproduce key features
of the low, high and mixed !ow states by implementing the fol-
lowing speci"c model con"gurations (Table 2):

1) We associate Low !ow with waters draining the epikarst by
two !ow pathways: i. F7 and F8 via Store 2 (Fig. 5); or ii. by
diffuse seepage from the epikarst, described using a PDF. For
this low !ow model con"guration, water is prevented from
moving from Store 1 to Store 2 (i.e. F5 & 0).

Fig. 5. Conceptual model indicating the relationships between water stores (rectan-
gles) and !ow paths (arrows) of the adapted KarstHydroModel-SWWA. Diamond in-
dicates routing through a probability density function representing diffuse !ow; ovals
indicate input data. Bold black arrows indicate !ow path whenwater is prevented from
moving from store 1 to over!ow (F5 & 0; ‘con"guration 1’ in 5.2), simulating low !ow.
Pale grey arrows indicate high !ow and dashed grey arrow (F5) indicates mixed !ow
(‘con"guration 2’ in Section 5.2).

Fig. 4. a,b: The d18O/dD isotopic relationship of SWWA rainfall (event-based) including the calculated local meteoric water line (LMWL) (a) and Golgotha cave dripwater
d18O/dD data (b) (only dripwaters where both d18O and dD data were measured are shown). Grey shading indicates #1 standard deviation from LMWL calculated from rain
isotopic data.
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2) For High Flow and Mixed !ow states, !ow is permitted from
Store 1 to Store 2 (F5). Store 1 is envisaged as representing the
secondary reservoir at our site 2 and F4 describes high !ow
waters draining solely from this store (i.e. as at 2E; Fig. 5).

Mixed !ow is considered to arise from the mixing of waters
draining Store 1 and Store 2. Here, water in!ow to Store 1 is via
F2 and out!ow is via F5 (as over!ow) which is de"ned by
parameters p1 and p2 (Table 1).

5.3. KarstHydroModel-SWWA results

5.3.1. Modelled "ows
Fig. 6 presents the model results representing water move-

ment through our karst system. The top panel indicates water
volume in each store (a) and the lower panels (bee) show the
!ows between stores. The modelled volume of water storage in
the Soil Store (Fig. 6a) is similar to our observed soil moisture data
(Fig. 3c) in that it replicates the seasonal variability observed in
soilewater tension (inversely proportional to water storage),
reaching a maximum following winter rainfall and with a mini-
mum in late summer/autumn. When con"gured for low !ow,

Table 2
Cave sites and the components that reproduce these sites in the model. See Table 1
and Fig. 5 for description of model components and section 5.2 for model con"g-
uration under low versus high !ow.

Cave Model

Site Flow state d18Oa Discharge

Model con!guration 1 (F5 & 0)
1A, 1B, 2A Low i. Store 2 or ii. diffuse

!ow via PDF.
F8
(F5 & 0)

Model con!guration 2
2B Mixed Store 2 F8
2E High Store 1 F4

a Calculated from a store.

Fig. 6. KarstHydroModel-SWWA hydrological output for 2005e2012. Panel (a) indicates the level of water in the stores; panel (b) shows modelled !uxes leaving the soil store;
(c) the Epikarst store; (d) Store 1, and (e) shows the modelled discharge to the cave. ‘Low !ow con"guration’ (F5 & 0) simulates !ow where water in the store 2 receives Epikarst
water only; ‘High & mixed !ow con"guration’ permits mixing between water from store 1 with water from the Epikarst in the store 2 via F5. The model output simulates the
preferential routing and storage of water above site 2 of Golgotha cave with greater !ow and storage in wet versus dry years (e.g. 2006/07 versus 2008/09).
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modelled !ows from the Soil Store (Fig. 6b) to the Epikarst are
continuous (via F1), with a smooth annual cycle re!ecting the
seasonal variability in the Soil Store. These cycles are present in
!ows from the Epikarst (F3 and F7) and also in discharge (F8)
although they become progressively lower and more attenuated
with depth and dripwater discharge lags recharge by up to 6
months (Fig. 6e).

By contrast when the model is con"gured for high and mixed
!ow states, simulated !ows are more responsive with higher inter-
annual variability. The model replicates our observed data in that
greater volumes of water bypass the epikarst and are routed to
Store 1 (via F2) in wet years (2008 and 2009) and less in dry years
(2006 and 2010) (Fig. 6b). Similarly, F4, which drains water directly
from Store 1 (Fig. 6a,e), follows this pattern. Signi"cant over!ow via
the F5 pathway, representing mixed !ow, occurs in all years except
2006 when water levels in Store 1 failed to exceed 200 mm

(p2 threshold; see Table 1) and reduced !ow is observed in rela-
tively dry versus relatively wet years (Fig. 6a,d).

5.3.2. Modelled isotopic values
Themodelled isotopic composition of all stores as well as diffuse

!ow output are compared with rainfall, 1A, 2B and 2E d18O data in
Fig. 7. In terms of mean d18O, there is good agreement between
modelled and observedmean d18O for low !ow simulations (model
and data means are (4&; Fig. 7b,c). The model also simulates the
offset towards lower d18O values for our high !ow site (cf. “High
!ow (Store 1)” vs. “Low !ow (Store 2)” Fig. 7b) although values for
the high !ow simulationwere not as low as those actually observed
(e.g. (4.5& vs. (5&). The agreement for mixed !ow is poorest,
with the model failing to simulate the observed 0.5& difference
between mixed and low !ow values (Fig. 7b prior to March 2007).
Thus our modelled secondary reservoir d18O values are not as low

Fig. 7. KarstHydroModel-SWWA hydrological output compared with input monthly precipitation d18O (a) and cave dripwater isotopic data (cee). Panel (b) shows the isotopic
composition of individual stores: Store 1 represents modelled high !ow; and Store 2 is given for two model con"gurations: (‘Low !ow’ F5 & 0; and ‘Mixed !ow’ see Section 5.2);
mixed and high !ow simulations for daily rainfall events $7 mm are also shown in panel b. Panels cee compare simulated versus observed low (c), mixed (d) and high (e) !ow d18O.
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as observed suggesting that waters feeding site 2 are more 18O-
depleted than represented in our Store 1. To investigate whether
this is a frequency-magnitude issue (whereby the monthly model
time-step is too coarse to discriminate between high monthly
rainfall totals generated by frequent small events, compared with
infrequent large events) we re-ran the second con"guration for
high and mixed !ow with the monthly input series restricted to
daily rainfall events above 7 mm. This lowered Store 1 and Store 2
mean d18O each by a further 0.5& (Fig. 7b), in agreement with our
observed data i.e. (4.4 vs. (4.4& for mixed !ow (prior to March
2007; Fig. 7d) and (4.9 vs. (5& for high !ow (Fig. 7e), supporting
our assumption that !ow to site 2 is preferentially derived from
high magnitude rainfall events.

The model results demonstrate the degree to which the isotopic
composition of each store is highly dependent upon rainfall d18O.
Thus Soil Store d18O displays a clear seasonal cycle which tracks
precipitation d18O (!1 month lag; Fig. 7a,b), with the exception of
2007 when there is no clear seasonal isotopic variation in rainfall.
Modelled dripwater isotopic cycles are more pronounced in 2008e
2011, similar to our observed data, due to a more clearly de"ned
winter rainfall isotopic minima in these years (Fig. 7a,b). Impor-
tantly, isotopic cycles are only replicated in the dripwater series
whenwater is isolated from the Epikarst store (model con"guration
“low !ow drips”), although the diffuse !ow results better capture
the lag and seasonal range in dripwater d18O (Fig. 7c). Agreement
between simulated mixed-!ow, whether the low !ow component
is represented by diffuse !ow or not, is poorest compared with our
observations (Fig. 7d). However, our modelling attempts demon-
strated that the strength of the cycle in mixed d18O (Fig. 7d)
strongly depends on the mixing ratio of Epikarst to Store 1 water
with activation of higher !ows from Store 1 causing cycles to
diminish. This supports our contention that the most likely water
source for the low !ow drips is the epikarst.

The model reproduces key features observed in our dataset by
isolating low !ow from the epikarst and closer agreement with our
observations (isotopic cycles) when diffuse !ow is modelled.
Importantly, the full range of our diffuse !ow simulations show that
some years lack clear seasonal isotopic variation and indicate that
some variability in the timing of isotopic minima is to be expected
(Fig. 8). A maximum mixing window of up to 12 months with the
degree of PDF attenuation varied via the a parameter (i.e. attenu-
ation increases from a & 1.5 to a & 7), produced an isotopic signal
closest to 1A data, although only for years 2006, 2009 and 2011
(Fig. 8). Thus a range of PDFs is more successful at capturing the
variability within (and between sites). This highlights the addi-
tional pathway speci"c variability between low !ow sites in

dripwater hydrology (with attenuation speci"c to the pathway)
possibly coupled with other factors such as pressure changes fol-
lowing high precipitation as the wetting front advances (Baker and
Brunsdon, 2003). However, the "t between modelled and observed
data is poorer following dry years, particularly 2007 when the
model predicts relatively high d18O due to the lack of low winter
d18O values. In contrast, !ow from the epikarst are modelled better
following relatively wet versus dry winters (e.g. 2009 versus 2007/
2008; Fig. 8).

The lack of a seasonal isotopic cycle and lower mean d18O
(relative to low !ow) when Store 1 is activated under high !ow
simulations (Fig. 7e), supports our hypothesis that a secondary
reservoir feeds site 2E with waters that are preferentially captured
from high rainfall events. Our soil augering (Section 2) indicate
particularly deep sand deposits above site 2E and we hypothesise
that a sub-surface feature, such as a doline or depression in the
caprock, may focus signi"cant water in"ltration during large storm
events, with water storage in the sand and rubble matrix. The
observed variation in discharge from drips at this site also suggests
that, in contrast to the reservoir feeding low !ow drips, water levels
in this secondary reservoir vary over time.

5.3.3. Flow in wet versus dry years
The model highlights differences in the hydrology of the low

versus high-!ow sites. By permitting !ow via Store 1, the model
successfully simulates higher and more hydrologically responsive
discharges in wetter versus drier years, e.g. F4 is higher following
the 2008/09 winter versus 2010/11 (Fig. 6e) in agreement with
observed 2E data (Fig. 3h). This is also evident in the simulation of
mixed-!ow where the switch from mixed to low !ow character-
istics at site 2B (in FebruaryeMarch 2007) is reproduced in the
model, albeit occurring w6 months earlier than observed (Fig. 6e).
The observed switch occurred several months after the dry year of
2006 and the model suggests reduced in!ow to the secondary
reservoir during this year (F2, Fig. 6b). Thus the in!uence of this
secondary reservoir to nearby sites, such as 2B, may be intermittent
possibly depending on the maintenance of water levels above
a given threshold. A key issue with our simulated mixed-!ow is
that the model implies reinvigoration of !ow by high Store 1 vol-
umes in spring 2007 (Fig. 6a,e) suggesting that !ow to 2B is more
complicated than the simple mixed-!ow model presented here.
Plausible explanations for the disagreement between our data and
the model with respect to over!ow behaviour, include the possi-
bility that multiple water stores were contributing !ow to 2B
before February 2007; and that threshold conditions are not cur-
rently represented correctly in the model. For example, non-linear

  
  
  
  

Fig. 8. Modelled diffuse !ow isotopic output compared with observed low !ow data at site 1A. Diffuse !ow was generated using a PDF with a window size of 12 months and
a values (see Fig. 2) capturing the simulated range of cycle amplitude and attenuation characteristics.
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threshold responses could be caused by calci"cation or re-wetting
of a pathway, which are dif"cult to represent in the model
(Fairchild et al., 2006). Additionally, rainfall in the years prior to our
study could have primed the reservoir to relatively high levels,
raising the possibility that rainfall greater than that experienced
over 2008e2009 is required to activate the reservoir to 2B. How-
ever, the rainfall records do not support this as annual totals were
less than 2008 during the preceding "ve years.

A further area of disagreement with respect to modelled water
!uxes is that the latter are characterised by seasonal trends whilst
our data for low !ow are constant. This may be an artefact of how
water !uxes are described by the model (as a function of individual
water stores) and actual water !uxes may be in!uenced by con-
straints in the karst drainage system such as constrictions in the
interconnected "ssures that account for the majority of water
movement through the karst.

5.4. Focused diffuse "ow

Annual drainage of the soil and epikarst reservoirs, as well as
a maximum storage window of 12-months along the !ow path
beneath the epikarst with little attenuation (a & 7; Fig. 8) and no
mixing with other reservoirs, was required to preserve seasonal
d18O cycles similar to those measured at our low !ow sites. Hence
the model implies that our low-!ow sites are sustained by seepage
from the epikarst and that relatively little mixing occurs either
along the pathway or with older stores of water (i.e. water move-
ment approximates piston !ow). This is supported by the syn-
chroneity between d18O cycles at sites up to 30 m apart. Our model
also implies that the time taken for precipitation to propagate
through to the cave via low !ow is relatively short (6e12 months)
which is supported in our comparison of rainfall and dripwater
inter-annual isotopic variability.

An important implication of these "ndings is that despite the
initial expectation that the highly porous calcarenite hosting Gol-
gotha Cave would promote mixing and relatively long transit times,
it appears that the majority of water moving to our monitored sites
(including those that remain in a persistent low !ow state) has had
a relatively short residence time within the aquifer. Tritium age
measurements of low-!ow drips in telogenetic limestones have
suggested that it may take several decades for seepage waters to
in"ltrate to similar depths of 30e40 m (Even et al., 1986; Kaufman
et al., 2003). However, eogenetic limestones have been shown to be
highly transmissive (e.g. Whitaker and Smart, 1997; Smith et al.,
2012) and our soil moisture and cave observations support this.
Speci"cally, large hydraulic conductivities (100e2000 m/d) have
been measured in the Tamala Limestone in the Perth region with
water movement dominated by diffuse !ow.

Our soil moisture data show variable wetting fronts demon-
strating that some rain events are able to advance preferentially
through the sand above our cave. These variable wetting patterns
could be a product of primary layering within the dune sands, soile
water extraction by vegetation, or a product of non-uniform wet-
ting of the sandy soils following a period of dryness. Transient and
random preferential !ow paths may develop in layered soils as the
wetting front advances as ‘"ngers’ vertically downwards (Hillel,
1987). The tendency may be particularly marked in sandy soils,
where in"ltration rates have been found to vary according to
organic matter content, with ‘"ngers’ that develop over time
depending upon soil moisture and the distribution of water re-
pellent soils, particularly near the surface (Ritsema and Dekker,
1994). Additionally, our "eld observations (see Fig. 1C and D), and
those at nearby caves (Grimes, 2011), provide evidence of focused
diffuse !owwhich may re!ect zones of greater permeability within
these dune limestones (Smith et al., 2012). Features inherent to this

dune limestone such as solution pipes (observed at 20 m depth)
could provide additional pathways for rapid and deep water per-
colation to a point beyond which in"ltration to the cave continues
as seepage or ‘focused diffuse !ow’ (Grimes, 2011). A future tracer
study is warranted to further investigate the travel time and spe-
ci"c !ow pathways from surface to drip at these sites.

5.5. Implications for interpretation of speleothem paleoclimate
records

This study demonstrates the importance of considering the
implications of karst hydrology when selecting speleothems for
paleoclimate records, and speci"cally the effects of variable !ow
pathways and possible non-linearities in hydrological response. In
additional to cave drip monitoring studies, stalagmite morphology
potentially offers additional information on !ow state and its sta-
tionarity (Baldini, 2001; Miorandi et al., 2010). We note that the
relationship between stalagmite morphology and drip character-
istics at the studied sites in Golgotha Cave agree with those else-
where; narrower candle-stick shapes are found where discharge is
the least variable (our low !ow sites) while wider, !at-topped
stalagmites with high rates of calcite deposition on !anks are
associated with sites where discharge is more variable (our high
!ow site). Signi"cantly, a stalagmite of variablemorphology (visible
in cross-section) was found at our mixed-!ow site.

In this paper, we have identi"ed a number of important con-
siderations for paleoclimate reconstruction using Golgotha Cave
stalagmites. In particular, we have identi"ed a potential bias
whereby stalagmites fed from fast-dripping sites are sourcing wa-
ter from karst-water stores that selectively sample high recharge
events, in contrast with those from low dripping sites which pro-
vide an attenuated seasonal rainfall d18O signal, via the epikarst.
Our mixed-!ow site highlights the possibility that !ow states may
vary through time e.g. via exhaustion of secondary reservoirs. Thus,
a clear outcome from this study is that d18O records reconstructed
from coeval stalagmites growing underneath our low versus high-
or mixed-!ow drips will differ both in terms of mean d18O value
and seasonal to decadal-scale variability. Importantly, the main
in!uence on speleothems from mixed-!ow sites may be cave
hydrologic variability, rather than preservation of rainfall d18O.
Although the degree to which the latter could dominate a speleo-
them record will depend upon the magnitude of the isotopic offset
between reservoirs and whether switches in !ow state persist
suf"ciently long to be detected in the speleothem record.

Our study also illustrates the value of seeking to model water
movement to speleothems and the implications of water routing
for speleothem d18O. Whilst individual karst hydrology models
could be criticised given that their calibration is speci"c to an in-
dividual speleothem, in this case our calibrated model has enabled
a broader classi"cation of water !ow paths in the cave and thus
may be used to assess the suitability of other speleothems in the
cave for paleoclimate records. Further development of this
approach is possible, and anticipated future research will include
running the model over longer time periods to understand past
hydrologic variability and to assist with the interpretation of spe-
leothem records (e.g. Baker et al., 2012), and where data availability
permits, sub-monthly modelling of karst-water movement may
enable the tracking of speci"c events through the cave system.

Finally, the implications of our study may also apply to other
cave systems including those developed in mature limestones. For
example, Ayalon et al. (1998) also measured sites in a mature karst
setting in Israel and observed isotopically-distinct dripwater which
they attributed to storage of high recharge events, versus seepage
!ow from elsewhere in the cave. Our study is the "rst to capture
this distinctive !ow routing in a karst-hydrology model and use the
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model to assess the suitability of different stalagmites for paleo-
climate records i.e. ones that selectively record high recharge
events versus those that yield a better representation of mean
rainfall.

6. Conclusions

In summary, our 6-year long monitoring of the isotopic signal
from recharge to dripwater has led to a number of "ndings that
have important implications for our ultimate goal of reconstructing
paleoclimate records from Golgotha Cave speleothems. We con-
clude that this site is particularly suitable owing to the high in"l-
tration rate and negligible isotopic impact of evapotranspiration,
resulting in speleothem d18O being largely a function of rainfall
d18O. Our low !ow sites are sourcing water from the epikarst
recharged by a distribution of rainfall events evidenced by (atte-
nuated) seasonal d18O cycles. In contrast, our high and mixed-!ow
sites are sustained by a secondary reservoir recharged by
isotopically-distinct high-magnitude rainfall events. Records from
our low-!ow sites are thus likely to be the most straightforward to
interpret, however, speleothem records selected from high- or even
mixed-!ow sites would provide a useful comparison to detect
multi-decadal (or longer) shifts in the magnitude of rainfall events,
such as that observed in the instrumental record since the 1970s.

We have shown that monitoring sites before speleothem col-
lection is an important step to reduce the uncertainty of karst-
climate dynamics and improve our understanding of the climatic
signal in speleothem paleoclimate records. Long-monitoring stud-
ies such as this are particularly useful for identifying non-linearities
such as thresholds and non-linear responses to climate which are
unlikely to be evident on shorter monitoring timescales. In addi-
tion, the data-model comparison enables us to constrain a number
of key uncertainties regarding hydrological processes in the Gol-
gotha Cave system, which would not have been possible with data
alone. We will use KarstHydroModel-SWWA in a future modelling
study as a tool to investigate the possible hydrological modi"ca-
tions to the speleothem-based paleoclimate record.

Our study has produced one of the longest cave monitoring
datasets available, capturing multiple !ow regimes in a setting
dominated by diffuse !ow. These data thus also contribute to our
understanding of !ow through the unsaturated zone of Quaternary-
age dune limestones, for which there are few data. In the SWWA
region, the Tamala Limestone hosts multiple shallow aquifers which
are an important source of groundwater (Smith et al., 2012). Studies
such as these, particularly where there is potential to reconstruct
speleothem archives of past rainfall variability, enhance our
knowledge of these water resources.
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