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High-frequency, spatially-dense discharge monitoring was conducted over fifteen months to characterise
unsaturated zone flow at Harrie Wood Cave (HWC), in the Snowy Mountains, Yarrangobilly (SE Australia).
The cave was formed in the Late Silurian Yarrangobilly Limestone, a fractured rock associated with very
low primary porosity due to past diagenesis. Over our monitoring period we simultaneously measured
rainfall, soil moisture saturation and drip discharge rate at fourteen sites to characterise infiltration–
discharge relationships. All drip discharge sites exhibited non-Gaussian distributions, indicating long
periods where low discharge predominates, punctuated by short infrequent periods of high discharge.
However, there was significant variability in discharge between sites and consequently no spatial corre-
lation in the cave. We investigated the depth–discharge relationship at HWC and found a moderate
relationship between depth and drip discharge lag (response) times to soil moisture content, but only
weak relationships between depth and mean and maximum discharge. This highlights that the karst
architecture plays an important role in controlling drip discharge dynamics. Principal Component
Analysis (PCA) and Agglomerative Hierarchal Clustering (AHC) were used to classify similar drip types,
revealing five unique drip regimes. Two-phase flow and non-linear response to recharge behaviour were
observed, suggesting secondary porosity is controlling unsaturated zone flow in mature limestone
environments with low primary porosity. Using the data presented here, the first coupled conceptual
and box hydrological flow model was developed. This study highlights the heterogeneous nature of
hydrological flow in karst and the need to understand unsaturated zone hydrology at the individual drip
discharge level, to inform speleothem studies for high-resolution paleoclimate reconstruction.

Crown Copyright � 2015 Published by Elsevier B.V. All rights reserved.
1. Introduction

Soil and unsaturated zone hydrologic processes are important
in controlling the infiltrating water chemistry, isotopic composi-
tion and flow dynamics in karst systems. This variability is a result
of both spatial karst heterogeneity (physical) and the temporal var-
iability in the climatic and hydrologic input. This, together with
non-Gaussian surface precipitation and cave discharge, makes
karst system dynamics highly non-linear (Baker and Brunsdon,
2003). The triple porosity nature of karst allows a large range of
flow variability from: (1) slow diffuse matrix flow where some
connected primary porosity still remains, (2) flow through
fractures and fissures, and (3) fast preferential flows via conduits
in limestones which have undergone neotectonic or tectonic
activity and cave formation (Ford and Williams, 2007). High
secondary porosity is associated with the epikarst, a zone of heav-
ily weathered carbonate rock, which may act as a water storage
reservoir retarding flow and sustaining slow percolation through
the unsaturated zone in rocks where karstification has occurred
(Arbel et al., 2010; Kiraly et al., 1995; Williams, 1983; Yonge
et al., 1985).

The existence of variable hydrological flow pathways in the
unsaturated zone was first recognised in a pioneering study from
Pitty (1966), which eventually prompted the earliest drip
othem
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classification method proposed by Smart and Friederich (1986).
This scheme classified flow (i.e. subcutaneous, seasonal, seepage
etc.) based on variations in rate and maximum discharge. It was
later modified by Baker et al. (1997) to examine the mean and nor-
malised variability of discharge. However, with automated drip
monitoring systems now commonly used in cave research, it has
become apparent that these classification systems cannot account
for the full range of drip regimes, i.e. flow regimes identified in
karst systems (Jex et al., 2012; Mariethoz et al., 2012).

1.1. Statistical classification of flow regimes

State of the art drip monitoring now involves the use of auto-
mated acoustic drip counters, with the ability to sample up to
5 Hz (5 counts per second), which have superseded conventional
methods such as tipping buckets or manual counting (Baker and
Brunsdon, 2003; Collister and Mattey, 2008; Riechelmann et al.,
2011; Jex et al., 2012). This allows for a higher temporal resolution
and more reliable drip discharge data to be collected. Furthermore,
the robustness of datasets produced lends itself to a wide range of
statistical and modelling approaches in order to fully understand
and classify drip discharge behaviour. For example, Jex et al.
(2012) were the first to use a geostatistical approach to a highly
resolved (space and time) discharge dataset, using multiple dimen-
sional scaling to group drip types of high similarity. A total of 18
drips were monitored at Wellington Caves (SE Australia), within
the karst of Devonian aged limestone, to identify relationships
between surface climate and drip water hydrology. The study
reported large spatial heterogeneity in drip data and evidence of
a variable mixture of seepage and fracture flow. They demon-
strated that cave chamber morphology and lithology was a domi-
nant control on drip discharge responses and that only certain
drips responded during extreme recharge events. This site has also
been used to pioneer several other recent studies that have used
high temporally resolved drip data over an infiltration-event scale.
For example, Mariethoz et al. (2012) used drip monitoring (0.5 Hz,
2 s intervals) to investigate chaos in cave percolation water drip
rates and identified that for a given drip rate, the interval between
individual drops can vary greatly, and that averaging drip rates
fails to record important hydrological processes. In another study,
hydrochemical responses in drip waters were investigated by
Rutlidge et al. (2014) using Parallel Factor Analysis (PARAFAC)
and Principal Component Analysis (PCA) to reveal two dominant
water chemistry components identifying a soil and a limestone
bedrock source.

1.2. Numerical modelling of flow regimes

Karst hydrology has also been investigated by building numeric
models based on a conceptual understanding of karst dynamics
including; a quantitative two layer hydrogeochemical flow model
(Fairchild et al., 2006); a single isotopically enabled reservoir
model with an overflow (Baker and Bradley, 2010); and an isotopi-
cally-enabled lumped parameter model (Bradley et al., 2010). In
Australia, Treble et al. (2013) investigated storage and flow path
hydrology in Quaternary aeolinite karst in SW Western Australia
and modelled flow using an adapted version of the isotopically-
enabled lumped parameter model in Bradley et al. (2010). This
was conducted using manual drip rate measurements conducted
every 4–6 weeks over a seven-year period. Discharge was constant
despite the highly seasonal recharge and was attributed to the pre-
dominance of diffuse flow aided by the high primary porosity of
the younger limestone at this site. Cuthbert et al. (2014a) used a
subset of the same network of drip loggers described above in
Jex et al. (2012) to model water stable isotope systematics over fif-
teen sites. This revealed that drip waters were more 18O and 2H
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enriched in comparison to the mean annually weighted rainfall
composition, highlighting the potential role of sub-surface evapo-
ration in altering the drip water isotopic composition.

1.3. Quantification of flow regimes in paleoclimate research

Understanding drip discharge behaviour in karst environments
is highly relevant to speleothem growth, as these (typically) cal-
cium carbonate precipitates are broadly a function of infiltrating
drip water. A necessary precursor to any speleothem-based high-
resolution (i.e. annual) paleoclimate reconstruction, where decadal
variation is of interest, is to attempt to constrain uncertainty by
identifying non-climatic controls influencing, or potentially domi-
nating, the geochemical and isotopic signal. Characterising the full
variability in drip discharge in the unsaturated zone of karst is
therefore vital.

Early cave monitoring work in mid-latitude regions recognised
that coeval speleothems from the same cave produced different
speleothem geochemical records, suggesting that interpretations
assuming simple connections between the surface and speleothem
are not realistic (McDermott et al., 1999; McGarry and Baker, 2000;
Roberts et al., 1999). Processes independent to climate have been
found to cause intra-cave variations in the speleothem signal such
as: (1) soil/epikarst unsaturated zone hydrology and aspect
(Baldini et al., 2006; Baker and Brunsdon, 2003; Bradley et al.,
2010; Cuthbert et al., 2014a; Denniston et al., 1999), (2) cave envi-
ronment, such as cave air ventilation (Kowalczk and Froelich,
2010; Spötl et al., 2005), (3) disequilibium during speleothem
CaCO3 precipitation (Dreybrodt and Scholz, 2011; Cuthbert et al.,
2014b), and (4) diagenetic alteration (Martín-García et al., 2009;
Railsback et al., 2002), complicating climate interpretation. Despite
these concerns, decadal scale reconstructions from speleothems
have been successfully validated against the instrumental climate
record (i.e. Treble et al., 2005). Cave monitoring is an important
step in targeting speleothems that are most likely to capture a cli-
mate signal. However, at present there is a general lack of high-res-
olution (annual to sub-annual) paleoclimate records for the
Southern Hemisphere compared to the Northern Hemisphere, par-
ticularly over the last 1–2 ka (Jansen et al., 2007), and particularly
in Australia. Here, there still remains large geographical spatial
gaps in mid-latitude records, for example in New South Wales, a
region the size of �802,000 km2 (over three times the area of the
United Kingdom), where no known published speleothem paleocli-
mate records exist.

In this study, a high spatial (14 sites) and temporal (0.001 Hz,
15 min intervals) resolution drip monitoring campaign was con-
ducted in Harrie Wood Cave (HWC) in the Snowy Mountains, Yarr-
angobilly (SE Australia). Our aim was to:

(1) capture drip discharge variability and dynamics on a highly
spatially and temporally resolved dataset;

(2) investigate to what extent depth controls discharge variabil-
ity; and

(3) derive relationships between surface inputs (rainfall and soil
moisture balance) and discharge responses and discuss
potential implications for speleothem paleoclimate records.

Here, a statistical approach employing two techniques, both
Principal Component Analysis (PCA) and Agglomerative Hierarchi-
cal Clustering (AHC), was used to provide the basis for a new
method of classifying drip types. This forms the foundation for
the first combined conceptual hydrological model and box hydro-
logical model of drip discharge flow types. It allowed the identifi-
cation of key variables impacting discharge dynamics, which are
highly relevant to similar cave systems of low primary porosity
limestone with a shallow soil subsurface. It also allowed us to
ology and cave drip discharge water response: Implications for speleothem
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assess the potential implications in using speleothems for paleocli-
mate reconstructions and we suggest that cave monitoring can be a
useful tool in assessing speleothem choice based on discharge
behaviour.
2. Study site

The Yarrangobilly karst area is located in the north-west
(35�730S148�490E) of Kosciuszko National Park, at an elevation of
approximately 1000 m asl along the valley of the south-westerly
flowing Yarrangobilly River (Fig. 1A). The generally westward dip-
ping limestone belt (Worboys, 1982) is approximately 14 km long
and 1.5 km wide (Karst and Geodiversity Unit, 2010). It is
impounded on all sides by non-limestone formations such as the
Goobarraganda Volcanics to the east, Ravine Beds to the west,
and Silurian Skarn to the North (Fig. 1B). Tertiary basalt deposits
are also found throughout the general area and have been observed
at Yarrangobilly Caves. The dark grey Yarrangobilly Limestone is a
hard massive limestone, of Late Silurian age, most probably identi-
fying a series of shallow platforms separated by intraplatform
basins (Percival and Glen, 2007), developed in a back-arc region
(Fergusson, 2010). The limestone in the cave area is dissected by
fractures and faults that in some cases cross-cut original synsedi-
mentary faults and breccia. There is also evidence for paleokarst
of unknown age, but most probably related to the sub aerial expo-
sure of the platform in the Paleozoic. The primary porosity and per-
meability of the limestone was mostly destroyed by diagenesis.
Furthermore, during extensional tectonic phases associated with
the Late Silurian to Early Devonian development of the Lachlan
Fold Belt (Fergusson, 2010) fractures were filled by siliciclastic sed-
iments, which, when consolidated, cemented the breccia above
HWC. Karstification is thought to have begun in the Carboniferous,
the period where the last major tectonic action occurred (Johnson,
2009). Nevertheless, fractures, fault lines and paleokarst are all
potential pathways for infiltration water to flow from the surface
to below caves and HWC itself cross-cuts paleokarst features. The
Yarrangobilly Cave area is steeply dipping, with north–south
trending limestone bluffs (Osborne and Branagan, 1988). The ex-
tourist cave (HWC) now has access limited to scientific research
only, and was thus used for this study.

HWC is approximately 80 ± 2 m in length and 34 ± 1 m deep
(Nicholl, 1974; Fig. 1C and E). The surface above HWC has a
north/north-west facing aspect of 350�. The general dip of the
slope above HWC is �30� on average, the steepest sections tending
to occur at the lower and upper sections of the slope. In the cave,
there is a discernible southerly dip of the floor and ceiling, which
is in contrast to the northward surface dip. In general, HWC is
well-decorated with stalactites, stalagmites, straws, columns and
draperies. Field observations have revealed that there are two dis-
tinct facies of limestone, which we have termed ‘‘pale limestone’’
and ‘‘dark limestone’’, shown in Fig. 1D and indicated on cave maps
in Fig. 1C and E. The darker limestone appears to be more com-
pacted and lacking in primary porosity with evidence of phreatic
passages. The two facies are separated by a linear discontinuity
zone, which we have termed the ‘fracture contact zone’ (Fig. 1D),
with extensive calcite decorations most likely due to a higher den-
sity of fractures and fissures. This zone is likely formed due to past
deformation and could indicate a sheer or fault zone. Above HWC is
a shallow (�0–0.5 m) medium-dark loam and rocky soil, with char-
acteristic angular stones due to high mechanical weathering (frost-
thaw action) on the north-facing slope throughout. The vegetation
above HWC is sparse coverage (10–30%) of low shrubland.

The climate of the Yarrangobilly Caves area is temperate mon-
tane, with no dry season and mild summers (Stern et al., 2012).
Mean annual precipitation is 1170 mm (Bureau of Meteorology,
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2014a). Mean annual temperature is approximately 10 �C with
mean minimum and maximum temperatures of �9 to 25 �C for
summer (December–February) and ��1 to 10 �C for winter
(June–August), respectively. Typically, the greatest rainfall occurs
during winter (June–August) and early spring (September) (med-
ian monthly rainfall is >100 mm) (Fig. 2), and occasionally precip-
itation falls in the form or snow or sleet. Over the monitoring
period the summer months experienced significantly above aver-
age rainfalls, exceeding the ninth deciles (i.e. atypical rainfall).
These observations are strongly linked with the moderate atmo-
spheric (Southern Oscilation Index (SOI)) and oceanic indicators
(Sea Surface Temperatures, (SST)) consistent with La Niña in
2011–12, which was the most enhanced over the summer months
(SOI 2.5–23.0) (Bureau of Meteorology, 2014b). Atmospheric indi-
cators showed that La Niña conditions persisted until March
2012, concluding late in the month with a shift to a mild neutral
phase (Bureau of Meteorology, 2012). This resulted in above aver-
age summer rainfall (Fig. 2). Autumn and winter rainfalls were typ-
ical (i.e. April to October) (Fig. 2).
3. Materials and methods

3.1. Climate and soil monitoring

Climate variables were measured at a weather station installed
on the surface directly above the fracture contact zone in HWC
(Fig. 1E). Precipitation (precision: max ±4% of total), temperature
(precision: ±0.5 �C) and barometric pressure (precision: ±1.0 hPa/
mb) were measured using a Davis Vantage Pro 2� weather station
at 15 min intervals (0.001 Hz). Soil moisture probes (Hydra Probe
II) were used to measure soil moisture saturation (±0.03 WFV) at
the same intervals (0.001 Hz). An array of three soil moisture probes
was buried in the soil above HWC�5 m apart at 20 cm depth in the
soil. The sensor electrodes were installed in vertical orientation and
are approximately 8 cm in length, indicating that each soil moisture
probe represents an 8 cm thick section of the soil.

3.2. Cave monitoring and statistical methods

Stalagmate� Plus Mk2b (http://www.driptych.com/) acoustic
drip loggers (55 mm � 55 mm � 65 mm) were used to count drip
discharge at the same time and frequency as the climate data
(0.001 Hz all synchronised). Fifteen sites (HW_1b to HW_15b:
see Fig. 1E) were chosen for the installation and deployment of drip
loggers. These sites were assigned along a depth transect from the
upper section of the cave (��18 m), down to the lowest chamber
(��32 m) (Fig. 1C). This transect traverses the upper paler lime-
stone zone (�18 to �24 m) as well as the darker limestone zone
(�24 to �32 m). Drip rates were measured continuously for
approximately fifteen months between 14/10/2011 and 9/01/
2013 and monitoring is ongoing. Part way through the monitoring
period, it appeared that site HW_14b was recording dual drips, and
after several unsuccessful attempts to isolate the single drip it was
removed from the campaign. Discharge volume (L/s) was calcu-
lated using Eq. (1) derived from empirical measurements
(Collister and Mattey, 2008), where m = mass (g) and r = stalactite
radius (mm). Stalactite radius was averaged at 4.15 mm for all cal-
culations. Coefficient of variation was calculated using the formula
CV% = r/�u � 100.

m ¼ 0:245
1þ 7:74r�1 ð1Þ

Depths of the drip loggers were obtained by a cave survey using
a fibre surveyors tape as well as a SUUNTO tandem 360PC/360R cli-
nometer to calculate dip and orientation. A metal surveyors tape
ology and cave drip discharge water response: Implications for speleothem
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Fig. 1. (A) Yarrangobilly Caves is approximately 60 km from Tumut in the Kosciusko National Park. (B) A geological map showing the approximately 14 � 1.5 km
Yarrangobilly Limestone deposit, impounded on all sides by different geological formations. (C) Depth profile of the Harrie Wood Cave with marked drip discharge monitoring
sites. (D) Photo of the linear discontinuity zone or ‘fracture contact zone’ of the two limestone facies (pale and dark) in the cave ceiling. The paler limestone is highly calcified,
where the darker limestone is less calcified. (E) Plan view map of HWC (adapted from Nicholl, 1974) showing all drip discharge monitoring sites HW_1b to HW_15b and the
fracture contact zone is indicated by the yellow dashed line, near site HW_3b. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. Median monthly rainfall at Yarrangobilly Caves, with 1st to 9th deciles indicated by error bars. Recorded monthly rainfall conditions (Bureau of Meteorology station
072141) are shown for 2011 (red) and 2012 (green), highlighting well above average rainfalls during November and February 2011 and February and March 2012, with
February 2011 and March 2012 receiving approximately five times the median rainfall. The cooler months (April to October) all experienced typical rainfall for the region. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was used to measure distance. Estimated error for tape measure-
ments is approximately ±0.1 m, orientation ±5� and dip ±1–2�,
respectively. The error was estimated by remeasuring surveyed
sites once and calculating differences. A Bosch GLR225 Laser Dis-
tance Measurer was used to survey ceiling heights (accuracy
±1.5 mm). Although a detailed surface survey was not possible
due to the steeply sloping terrain above HWC, one (4 point)
north–south transect (�32 m) was measured to gain surface eleva-
tion and a total thickness of overburden over the cave estimated
(Fig. 1C). The Bosch GLR225 Laser Distance Measurer was also used
to measure distance between points and a SUUNTO tandem 360PC/
360R clinometer to measure dip and orientation, with the same
estimated errors listed above.

A Principal Component Analysis (PCA) was chosen to classify
drip discharge by extracting systematic variation and elucidating
patterns in the data. First, data were interpolated for gaps in the
discharge time series due to download or logger misalignment. A
simple linear step-wise interpolation between points was
employed where the time period of missing data was short (3–40
points). Two synthetic datasets were produced for longer periods
of missing data (1–2 months) (see HW_9b and HW_2b, Fig. 4)
using the drip time series from other drips with the most similar
drip rate behaviour (based on period of overlapping data and the
highest correlation (r2 = 0.63–0.86)). If the missing period occurred
during quiescence baseline conditions, baseline data were taken
from another part of the same drip data (see HW_1b and
HW_12b, Fig. 4). The PCA was run in XLStat� on the logged (ln)
and mean centred drip discharge dataset using the covariance
method as the dataset was non-parametric and a Varimax rotation
used. Agglomerative Hierarchical Clustering (AHC) was used to
assess the similarity of drip types and run in XLStat�. The log nor-
malised discharge dataset was used and a Pearson’s correlation
algorithm employed to compute a similarity index. In AHC each
discharge time series starts in its own cluster, and pairs of clusters
merge as the algorithm moves up the similarity hierarchy.

Linear cross-correlation analysis of each normalised drip dis-
charge site and the normalised soil moisture saturation time series
(using the average of three soil moisture probes) was conducted.
This produced a correlation coefficient time series of the relation-
ship between discharge and soil moisture saturation versus time
(Fig. 5). Two Gaussian distributions were fitted to the cross-corre-
lation times series. The first (blue), from the first peak in the times
series till the end of one week (t = 672) and the second (red) from
the beginning of the time series (t = 0) to the point where the cross
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
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correlation function equals zero (y = 0). Discharge lag times to soil
moisture saturation changes were also calculated, using the first
highest peak in the cross-correlation coefficient time series to give
an indication of response times to infiltration (Table 1). Pearson
correlations were calculated for each individual discharge time ser-
ies against averaged soil moisture saturation and rainfall, using the
lag times calculated in the cross-correlation analysis to find the
optimum correlation (in time) (Table 1). Finally, each individual
discharge time series was regressed against the soil moisture satu-
ration time series to provide an r2 (Table 1).

4. Results and discussion

4.1. Rainfall, recharge and discharge relationships

Drip logger results, mean and maximum discharge, COV and
skewness, are shown in Fig. 3 and plotted against depth (from
�16.6 m to �32.9 m). A time series of rainfall (mm), soil moisture
saturation and drip discharge data are shown in Fig. 4 for the mon-
itored interval September 2011 to January 2013. There is signifi-
cant variability in discharge between sites and within the
individual time series, evidenced by differences in maximum and
mean discharge rates and coefficient of variation, e.g. mean dis-
charge ranges from 2.85 � 10�7 to 6.09 � 10�5 L/s. Site HW_4b
shows the largest variation within the time series and has a mean
of 1.27 � 10�5, and maximum discharge of 3.74 � 10�4 L/s. All sites
have a non-Gaussian distribution, indicating long periods of low
discharge rates predominate the time series, punctuated by short
infrequent periods of high discharge.

There were five key rainfall events over the monitoring period,
which were effective in terms of cave discharge (Fig. 4), the most
significant being the March 2012 event during a La Niña phase
(see Section 2: Study Site). Discharge does not appear to correlate
directly with rainfall (Fig. 4), as several large events ranging
between 10 mm and 31.4 mm observed in the time series, did
not trigger a discharge response. At other times discharge
responses were observed following smaller events, indicating that
a simple rainfall–discharge relationship does not exist, and ante-
cedent water saturation within the soil/karst zone is important in
initiating drip response. Typically, in periods of water excess where
field capacity is reached, such as the prolonged rainfall intervals of
late-November, early March, mid-July and late-August (7–13 days),
large discharge responses are observed at almost all sites (Fig. 4).
By contrast, exceeding field capacity following antecedent periods
ology and cave drip discharge water response: Implications for speleothem
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Fig. 3. Depth versus mean discharge (error bars = ± r) where standard deviation broadly decreases with depth (top left). (log) Maximum and (log) mean drip discharge versus
depth (top right) show a weak relationship (r2 = 0.30 and r2 = 0.31, respectively), suggesting a weak trend of decreasing or attenuated discharge at deeper sites. Coefficient of
Variation (COV) was plotted against depth, but showed no relationship, suggesting that variance does not change with depth (bottom left). Skew versus depth showed no
relationship, however it did reveal that all sites were positively skewed, suggesting predominating discharge at lower discharge rates interrupted by small intervals of high
discharge.

6 M. Markowska et al. / Journal of Hydrology xxx (2015) xxx–xxx
of soil moisture deficit does not necessarily result in a discharge
response (e.g. HW_4b January 2012; Fig. 4, Panel F), suggesting
insufficient rainfall to saturate the entire soil profile. The minimum
rainfall required to initiate discharge at any site was determined as
13 mm (regardless of antecedent conditions). We hypothesise that
any rainfall below this threshold typically remains in the unsatu-
rated soil storage zone or epikarst. Broadly, all drip types are anal-
ogous in their increased drip response during periods of soil
moisture excess. Nonetheless, there is still considerable variation
between sites in terms of base flow, magnitude of response, and
attenuation; indicating substantial flow path variability in the
overlying unsaturated zone.

In previous karst aquifer studies, White (1969) suggested that
discharge broadly fits within two extremes: entirely diffuse matrix
flow, characterised by low discharge and low variability, and
entirely conduit flow, characterised by high discharge and high var-
iability. Atkinson (1977) however, suggested that unsaturated zone
flow is typically some combination of both diffuse flow (i.e. seepage
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
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from storage) and conduit flow (i.e. via fractures). This does not nec-
essarily require all flow to fit a two-reservoir model, despite the two
dominant flow mechanisms. White (2002) suggests that some flow
types in the karst unsaturated zone can only be modelled if there is
a coupling interconnecting the two flow regimes and allowing for
mixing in the subsurface, prior to discharge. At this study site,
where matrix permeability is very low (see Section 2: Study Site),
most flow is likely to occur via fracture flow via single joints, joint
swarms, bedding plane partings and conduits. Any one ‘drip flow
type’ therefore is likely to be a combination of rapid infiltration dri-
ven by, for example in this study, the five key rainfall events, as well
as a base flow component during periods of no active precipitation,
feeding storage water to the drip site.

4.2. Depth drip rate relationship

Shallow sites (eg. HW_8b, HW_7b, HW_6b, HW_5b, HW_4b,
HW_15b) are typically associated with higher maximum drip rate,
ology and cave drip discharge water response: Implications for speleothem
ydrol.2014.12.044
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Fig. 4. Drip sites HW_8b to HW_11b (Panels C to P) in depth order from shallowest (HW_8b = �18 m) to deepest (HW_11b = �32 m) shown in drips per 15 min. Climate
variables including rainfall (mm) and soil moisture (Lwater/Lsoil) from three soil moisture probes buried in the soil above HWC are also shown over synchronous 15 min
intervals. The estimated field capacity lies between 0.3 and 0.45 Lwater/Lsoil. Soils of low clay content such as those above HWC, have a field capacity that lie at the lower
estimate of 0.3 Lwater/Lsoil. The field capacity threshold is indicated by the red dashed line, above which the soil has reached capacity and hence starts to drain, usually
corresponding with a discharge response in HWC. Periods of misalignment or logging interference from field work have been removed, particularly in Panels K, L and N. There
are five key rainfall infiltration periods during the observation period including November/December 2011, March 2012, mid July 2012, late August 2012 and November 2012,
indicated by numbers 1–5 respectively. March 2012 is the most significant rainfall period in terms of overall magnitude and drip response initiation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Markowska et al. / Journal of Hydrology xxx (2015) xxx–xxx 7
mean and standard deviation versus deeper sites (HW_10b,
HW_11b, HW_12b) (Fig. 3). However, scatterplots in Fig. 3 reveal
that (log) mean and maximum discharge only exhibited a weak
relationship with depth (r2 = 0.30 and 0.31, respectively). The
depth relationship is not consistent for all sites, for example, site
HW_9b (one of the deepest sites in the cave, with an estimated
�60 m total overburden) has a high maximum, median and stan-
dard deviation similar to the shallower sites (i.e. HW_7b).
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
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4.3. Cross-correlation analysis

A cross-correlation of averaged soil moisture saturation (aver-
age of three soil moisture probes) and drip discharge time series
was calculated. The cross-correlation plots show similarity of dis-
charge to soil moisture saturation changes over time and an exam-
ple of four sites are shown in Fig. 5. All other sites are shown in
Supplementary Information (Figure Cross-Correlations). Two
ology and cave drip discharge water response: Implications for speleothem
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Fig. 5. Cross-correlations time series plotted for sites HW_6b (A), HW_13b (B), HW_3b (C) and HW_10b (D). Two Gaussian distributions were fitted to each time series, one
short one in blue (over one week) representing fast (fracture) or transient flow and one longer fit (from t = 0 to the point where t = 0 again) in red, representing seepage or
base flow (typically 5–6 weeks). Plots for all other sites can be found in the supplementary information. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Table shows the Lag (hours) of soil moisture saturation and discharge from September 2011 to September 2012 (the latter part of the time series November 2012 to January 2013
were omitted from this calculation due to the gap in the data between September 2012 to November 2012). Sites are ordered with increasing depth (��18 to �32, relative to cave
entrance). Correlations between rainfall and discharge are poor for all sites (q = 0.01–0.07). Correlations between soil moisture saturation and discharge are weak (q = 0.05) to
strong (q = 0.77). Soil moisture was regressed against discharge to provide an r2 statistic, which varied from weak (r2 = 0.00) to strong (r2 = 0.59) between sites.

Site Depth (m) Lag time (h) Correlation: rainfall and
discharge (q)

Correlation: soil moisture saturation
and discharge (q)

Soil moisture and discharge (r2)

HW_8b �16.6 4.5 0.05 0.62 0.36
HW_7b �17.0 4.25 0.04 0.62 0.38
HW_6b �17.7 5.75 0.03 0.77 0.59
HW_4b �18.1 2.25 0.07 0.35 0.12
HW_5b �18.7 8.75 0.04 0.52 0.27
HW_15b �19.2 5.5 0.01 0.44 0.20
HW_2b �22.3 11.75 0.02 0.23 0.05
HW_3b �22.7 11.75 0.01 0.14 0.02
HW_1b �22.8 7.5 0.06 0.51 0.26
HW_12b �30.5 10.75 0.06 0.51 0.26
HW_13b �31.3 14 0.03 0.54 0.30
HW_9b �31.7 7.25 0.04 0.57 0.32
HW_10b �32.0 54 0.04 0.05 0.00
HW_11b �32.9 13.25 0.04 0.06 0.00
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Gaussian distributions were fitted to each of the correlation coeffi-
cient time series, one over a short time scale (one week) in blue
and one over a longer time period (five to six weeks) in red. The
one-week fit represents the more immediate short-term correla-
tion to soil moisture saturation, which could be associated with
fast and more direct flow through fractures and fissures. The
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
paleoclimate record variability. J. Hydrol. (2015), http://dx.doi.org/10.1016/j.jh
second, longer fit, more likely represents water slowly draining
from subsurface reservoirs via the discharge site. The cross-corre-
lation time series are also considerably different between sites,
for example HW_6b in Fig. 5A has a peak correlation coefficient
approximately four times greater than HW_3b (Fig. 5C), indicating
it is more sensitive to soil moisture saturation changes. HW_6b has
ology and cave drip discharge water response: Implications for speleothem
ydrol.2014.12.044
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Fig. 6. Depth versus peak lag times (calculated using cross-correlation: see Section
3.2 Cave monitoring and statistical methods) between drip discharge and soil
moisture saturation. A moderate relationship (r2 = 0.52) between increasing lag
times and depth was found. Site HW_10b was excluded from the graph as an outlier
with a lag time of 54 h.

Fig. 7. Principal component time series of the five main components identified in
the PCA. Superimposed over the lighter colour trace is a darker 16-point smoothed
time series of each principal component.
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a high initial peak correlation in conjunction with a very steep
decline, indicative of increased discharge over shorter time scales
due to faster fracture flow rapidly draining from soil or epikarst
reservoirs, which decreases rapidly after an event (Fig. 5A).
HW_13b (Fig. 5B) however, shows a small initial peak correlation
(beginning of blue fit), which is interpreted as the initial immediate
response to recharge, and also a secondary correlation approxi-
mately two weeks later. This indicates that although quick dis-
charge response is observed (Fig. 4 Panel M), the point in time
where the two times series are most similar is after a recharge
event has occurred. This may be explained by a discharge site’s
connectivity to a subsurface reservoir that ‘fills up’ via drainage
from the soil zone reservoir after an event. After filling, this subsur-
face reservoir then slowly drains until the next recharge event,
therefore the recession limb in the discharge series is delayed in
comparison to other sites. Sites HW_2b and HW_3b also exhibit
similar ‘drainage’ behaviour after an event (Fig. 4; Panels I, K).
HW_3b was less correlated over time to soil moisture saturation
compared to HW_13b (Fig. 5C) and showed a similar secondary
peak at approximately three weeks. The fact that this site is so
weakly correlated to soil moisture saturation, may suggest that it
has reduced direct connectivity to the Soil Storage Reservoir and
rather is fed by storage water in the epikarst below. Site HW_10b
was also weakly correlated to soil moisture saturation and showed
multiple peak correlations, suggesting that its relationship to soil
moisture saturation is not as simple or direct.

The cross-correlation analysis was also used to identify
response or lag times, which are shown in Table 1, in depth order.
Typically, shallower sites had the shortest response times between
4.25 and 5.75 h. In comparison, deeper sites had longer lag times to
changes in soil moisture saturation, suggesting buffering of the sig-
nal by increased water storage in the overlying rock mass (eg.
Table 1, HW_3b). These response times (lag times) were consider-
ably longer, between 11.75 and 54 h (Table 1). A moderate but sta-
tistically significant relationship between depth and drip discharge
response times was found (r2 = 0.52, p < 0.05) (Fig. 6). Depth is
therefore more important in determining discharge lag times
opposed to mean or maximum discharge rate. However, depth
can only explain approximately 50% of the variability in the dis-
charge response lags, thus highlighting that the karst unsaturated
zone architecture, including complex fracture and fissure networks
and lithology in the unsaturated zone, must have significant influ-
ence on subsurface flow.

Rainfall and discharge showed no statistical correlation
(Table 1), which agrees with previous observations in the time ser-
ies (Fig. 4). Soil moisture saturation showed a range of correlation
statistics over the different discharge time series from 0.06 (no cor-
relation i.e. HW_11b) to 0.77 (strong correlation i.e. HW_6b) and
appears to be much more important in elucidating direct discharge
responses (Table 1) than rainfall. This suggests that despite pre-
dominating flow pathways in the limestone being due to second-
ary porosity (fractures and fissures), as the primary porosity is
very low, the soil and epikarst zone are important in retarding flow
and have considerable water storage capacity.

In order to classify drip types by their unique discharge charac-
teristics, additional analysis was required, and a statistical
approach was used, see Section 4.4.

4.4. Principal component analysis and conceptual model

A PCA was used to group drip discharge types; and revealed
fourteen significant principal components, which together
explained 100% of the variability in the drip discharge dataset.
The scree method (Cattell, 1966) revealed that the first five compo-
nents were the most important in explaining the data, and that
they cumulatively explain 95.19% of the observed variability in
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
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the dataset (Fig. 7). The correlations between variables and princi-
pal components are also shown in Table 2. Principal Component
(PC) 1 explains 30.51% of all the observed variability; PC2 explains
an additional 23.80%, PC3: 10.19%, PC4: 26.09% and PC5: 4.60%.

All sites were positively correlated to PC1 to varying extent
(Table 2). Sites HW_7b, HW_5b and HW_8b showed the highest
correlations (q P 0.87). Poor correlations were observed for sites
HW_4b, HW_10b and HW_11b (Table 2) (q 6 0.14). PC1 appears
to physically represent a direct correlation to soil moisture satura-
tion (Fig. 7, PC1), therefore sites, which are strongly coupled to soil
zone storage reservoirs are correlated strongly to this component.
Generally shallower sites were more highly correlated to PC1 in
comparison to deeper sites (Table 2). These strongly correlated
sites (q 6 0.8) tend to exhibit variable flows, i.e. high standard
deviation (Fig. 3), and also show decay curves similar to what is
ology and cave drip discharge water response: Implications for speleothem
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Table 2
PCA shows correlation of the variables (sites) to the principal components (principal
components 1–5) in depth order. The highest correlations are highlighted in bold.

Sites PC1 PC2 PC3 PC4 PC5

HW_8b 0.87 0.04 0.32 0.08 0.12
HW_7b 0.93 �0.07 0.14 0.23 0.02
HW_6b 0.82 0.08 0.09 0.44 0.12
HW_4b 0.18 0.13 0.11 0.09 0.96
HW_5b 0.89 0.04 0.09 0.22 0.06
HW_15b 0.79 0.16 0.13 0.26 0.08
HW_2b 0.76 0.13 0.20 0.03 0.13
HW_3b 0.66 0.19 0.18 �0.01 0.11
HW_1b 0.51 0.01 0.84 0.08 0.14
HW_12b 0.69 0.33 0.32 0.11 0.21
HW_13b 0.83 0.06 0.07 0.35 0.09
HW_9b 0.47 0.26 0.07 0.83 0.11
HW_10b 0.14 0.89 �0.05 0.11 0.07
HW_11b 0.04 0.99 0.09 0.08 0.08
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observed in the soil moisture time series following a discharge
response (Fig. 4). The discharge time series for such sites show
moderate to strong correlations with the soil moisture saturation
time series (Table 1). Other sites, such as HW_10b, were not well
correlated with PC1. If we treat PC1 as a proxy for soil moisture
connectivity, then sites that are poorly correlated with PC1, such
as HW_10b and HW_11b, are thus more likely to be de-coupled
from surface processes (Table 2).

PC2 only shows two peaks at the first half of the time series
(Fig. 7), suggesting sites correlated to this component only respond
to surface infiltration intermittently. HW_10b and HW_11b,
weakly correlated to PC1, were instead most correlated to PC2
(q = 0.89, 0.99 respectively) (Fig. 7, Table 2). PC’s 3, 4 and 5 were
correlated most strongly to sites HW_1b, HW_9b and HW_4b
respectively (Table 2). The flow paths feeding these sites must con-
sequently experience significantly different routing through the
unsaturated zone before discharging in the cave. Site HW_9b (cor-
related to PC4) is only moderately correlated to soil moisture sat-
uration (q = 0.57; Table 2) and therefore must also have
additional influences from non-climatic processes such as the karst
architecture, to explain all observed discharge variability. Features
such as voids in the karst, the location of storage reservoirs, micro-
fractures and solutionally enhanced fractures could all potentially
attribute to the differences in observed flow and variability in flow
path activation. Sites HW_1b (correlated to PC3) and HW_4b (cor-
related to PC5) both exhibit very ‘flashy’ short term flow (Fig. 4)
during the five significant rainfall events. Discharge as site
HW_1b immediately reduces to 2–4 drips per day after an event
response and no slow drainage is observed. The site is at the base
Fig. 8. AHC of the drip discharge times series (A). Drip discharge classifications (B) based
AHC (A), cross-correlation analysis (Section 4.3) and discharge time series (Fig. 4).
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of a very large (�1 m) ‘lumpy’ stalactite with evidence of micro-
crystalline calcite (‘moonmilk’) growth and is consistently wet on
the surface as observed during fieldwork. We suggest that this
slow dripping may be a result of condensation of water vapour
on stalactite and roof surfaces as observed in Baldini et al.
(2012), which feed the drip site. Estimated rates of dripping
between 1 and 15 ml day�1 have been observed as a result of con-
densation of water vapour (De Freitas and Schmekal, 2003). Con-
versely, although HW_4b also exhibits a similar ‘flashy’ discharge
response during an event, post discharge volumes are much
greater and baseflow is maintained between periods of recharge.
Statistically this is demonstrated in the differences in COV between
sites HW_1b and HW_4b (257, 429 respectively) and median
(7.13�6, 0 L/s respectively).

In addition to PCA, Agglomerative Hierarchical Clustering (AHC)
was used to build a similarity tree (dendogram) in order to reveal
the order of site groupings based on the AHC dissimilarity algo-
rithm (Fig. 8, Panel A). The similarity index elucidates the progres-
sive grouping of data and reveals communality between sites.
There are five main branches shown in the dendogram. Approxi-
mately half of the sites grouped with a similarity index of 0.65.
The grouping of sites in the AHC analysis agrees well with the cor-
relations between PC’s from the PCA (Fig. 8, Table 2). However,
again, these similarly behaving sites show no spatial correlation
in the cave.

Using the PCA correlations and the AHC similarity hierarchy,
discharge types were classified (Fig. 8, Panel B). A theoretical
framework was then developed to categorise drip discharge types
and their flow regimes based on the climate and discharge time
series, cross-correlation analysis (Fig. 5 and Table 1), PCA output
(Fig. 7) and AHC output (Fig. 8, Panel A). Fig. 9 shows the five
key discharge flow types identified using a combined conceptual
flow and box hydrological model. The simplest explanation of dis-
charge variability was demonstrated using a two-reservoir model
including a (1) Soil Storage Reservoir and (2) an Epikarst Storage
Reservoir. The dynamics of the Soil Storage Reservoir were based
on field measurements of soil moisture saturation (Fig. 4). Epikarst
Storage Reservoir dynamics were based on the measured discharge
time series of drip sites, in particular the variability of flow during
periods of soil moisture deficit, or ‘baseflow’ conditions. Inputs into
the system include Hydrologically Effective Precipitation (HEP) and
outputs include Evapotranspiration (EVP) and discharge. A detailed
description of flow models are summarised below in Table 3.

Results from this study were compared to the traditional Smart
and Friederich (1986) classification grid. The classification grid
failed to elucidate the observed differences in discharge behaviour
at this site as all, but one site (HW_3b) which fell in the ‘Seepage
Flow’ group, fell in the ‘Seasonal Drip’ classification. This may be
on the output from the PCA (Table 2: strongest correlations are highlighted in bold),
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Fig. 9. A combined conceptual and box hydrological model to explain the five drip types identified. All flow types are fed via two theoretical storage reservoirs in the
subsurface: The Soil Storage Reservoir and Epikarst Storage Reservoir. Dashed lines indicate temporary flow paths and the solid arrows indicate permanently connected flow
paths. Each flow type has a unique flow path, which explains the observed variability of discharge. The width of the brown fracture (not to scale) sitting directly above drip
sites (red dashed arrow) is indicative of the relative size of the Epikarst Store connected to each drip type and is based on observed drip rate and discharge behaviour. Table 3
explains flow paths and connectivity in further detail. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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due to sampling frequency bias, as earlier discharge datasets from
other studies contained data only resolved at frequencies of weeks
to months, opposed to the highly resolved data (15 min intervals)
used in this study. We tested this hypothesis by sub-sampling our
dataset and found that discharge fell in the ‘Seepage Flow’ group in
all cases (subsampled daily), 13 of 14 cases (subsampled weekly)
and 12 of 14 cases (subsampled monthly). However, as mentioned
above, the highly temporally resolved time series (15 min interval
data) fall within the ‘Seasonal Drip’ classification (apart from site
HW_3b), suggesting that the classification scheme is strongly
biased by the sampling frequency. McDonald and Drysdale
(2007) also found that the scheme failed to separate different drip
types as most sites in their study fell into the same ‘Seasonal Drip’
classification. The McDonald and Drysdale (2007) study high-
lighted that the ‘seasonal classification’ was dominated by the
impact that El Niño Southern Oscillation (ENSO) exerts on the
recharge-to-discharge relationship and that the classification
boundaries relevant for cooler Northern Hemisphere sites may
not be applicable in the Australian climatic context.

4.5. Partitioning of rainfall via different flow types: Implications for
speleothem records

Variability of flow paths in the unsaturated zone may lead to
biasing of the signal in speleothem records. In this study, Mixed
flow/storage connectivity (High flow) sites (Fig. 9) will likely con-
tain a combination of mixed drip waters, including a homogenised
baseline water component from the Epikarst Storage Reservoir, iso-
topically reflecting mean annual rainfall, as well as an intermittent
addition of fracture ‘event’ type rainfall with event specific isotopic
Table 3
Detail of inputs (HEP), outputs (EVP and discharge flow types) which are shown in Fig. 9.

Water reservoirs

HEP Hydrologically Effective Precipitation. The portio
Storage Reservoir, Epikarst Storage Reservoir or d

EVP Evapotranspiration, an outflow removing water f
could also influence the lower Epikarst Storage R

Soil Storage Reservoir Water reservoir with a minimum capacity of 13
include EVP, intermittent drainage into the Epika
downwards percolation and fracture flow) and d

Epikarst Storage Reservoir Primary karst storage reservoir formed through p
irregular shape from uneven dissolution within t
temperature is >0 �C via gravity draining capillar
solutionally widened fractures when field capaci
Reservoir and the Epikarst Storage Reservoir, dep
Reservoir include EVP and fracture fissure draina
head in this reservoir, which controls the connec
soil moisture deficit it is foreseeable that the Epi
discharge sites.

Discharge flow types
Mixed flow/storage connectivity

(High flow)
In periods of water excess, when the Soil Storage
Storage Reservoir bypasses the Epikarst Storage R
water preferentially drains from the Epikarst Sto

Mixed flow/storage connectivity
(Low flow)

Water that feeds this discharge site is predomina
through the Soil Storage Reservoir. The underflow
increase to a critical level, filling up the ‘pocket r
drainage from the smaller ‘pocket reservoir’ with

Extreme event activated Flow requires large infiltration events to initiate
infiltration are often non-linear, suggesting comp

Overflow Discharge occurs after a threshold is surpassed, o
discharge site. Discharge of this type is infrequen
reservoir’ may often be severed during periods o

Non-linear Non-linear flow feeds discharge site. The Soil Stor
after a threshold has been surpassed. It is also fed
Non-linear type flow prevails due to intermittent
controlled by the karst architecture.

Underflow Discharge occurs via preferential underflow switc
network, and directly bypassing both Epikarst an
moisture saturation and very large but short lived
is the dominant source of flow.
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composition. Discharges at these sites closely reflect changes in the
soil moisture saturation content (Fig. 7), and we suggest spe-
leothems related to this flow type are likely to contain a record
influenced by paleo-soil moisture balance. Mixed flow/storage
connectivity (low flow) sites are more likely to have less input from
fracture flow ‘event’ rainfall, and more from bulk homogenised
storage water, i.e. the Epikarst Storage Reservoir (as suggested by
the cross-correlation analysis in Section 4.3). In physical terms,
the Epikarst Storage Reservoir has been previously described as a
perched water table and in a zone where water moves rapidly
down vertical shafts or larger joints, as well as draining out slowly
through the soil infillings and small fractures (Kiraly et al., 1995).
The uppermost layers of the epikarst would thus allow for rapid
movement of water, which is then slightly retarded as it flows
downwards, due to a reduced fracture and fissure aperture
size with depth. Epikarst like behaviour is supported by depth
relationships with (log)mean discharge (r = 0.31) and (log)lagged
discharge (r = 0.52). The Epikarst Storage Reservoir we suggest
for HWC is small interconnected (via small joint and fissures)
voids, formed via past dissolution processes, along bedding planes
or joints, as shown in the Conceptual Model (Fig. 9), which allow a
perched reservoir to exist in the subsurface. The relative size of the
Epikarst Storage Reservoir connected to each drip type has
also been indicated in the Conceptual Model by the width of the
brown fracture sitting directly above drip sites (above the red
dashed arrow) and is based on observed drip rate and discharge
behaviour. Epikarst Storage water has been shown to be subject
to isotopic fractionation by evaporation due to prolonged residence
times in storage reservoirs near the surface (Ayalon et al., 1998;
Bar-Matthews et al., 1996; Cuthbert et al., 2014a), and may
n of precipitation inflow which results in unsaturated zone recharge via the Soil
irectly via a fracture or fissure network.

rom the system. These outflows generally occur in the Soil Storage Reservoir, but
eservoir in times of water stress.
mm of rainfall over a few days. Inflows to the Store include HEP and outflows
rst Storage Reservoir when field capacity is overcome (>100%) (via gravity driven
irect flow to discharge sites during periods of high recharge.
ast dissolution of limestone along bedding planes and fractures and typified by
he unsaturated zone. Receives inflows from the Soil Storage Reservoir if water
y action through the Soil Storage Reservoir to the below unsaturated zone, or
ty is overcome. Thus, variable connectivity exists between the Soil Storage
endent on antecedent saturation conditions. Outflows from the Epikarst Storage
ge via flow mechanisms described below into the cave below. There is a variable
tivity between the reservoir and discharge sites and in periods of very prolonged
karst Storage Reservoir could drain to very low levels, limiting its ability to feed

Reservoir exceeds 0.3 Lwater/Lsoil (or >15.2 mm in 48 h), direct flow from the Soil
eservoir and is routed directly to the discharge point. In periods of water deficit,
rage Reservoir to discharge sites.
tely via a ‘pocket reservoir’ in the Epikarst Storage Reservoir and indirectly

connection is only activated during periods of high infiltration where heads
eservoir’. In between active infiltration events, discharge occurs via gravity
a variable head, to the discharge site.

discharge, and generally only responds during ‘extreme events’. Responses to
lex pathways through the unsaturated zone prior to discharge.
r the ‘pocket reservoir’ is adequately filled to initiate overflow, feeding the
t and only short-lived during substantial infiltration. Connectivity to the ‘pocket
f soil moisture deficit, or when water volumes in storage reservoirs are low.
age Reservoir intermittently provides diverted flow directly to the discharge site
by flow from the Epikarst Storage Reservoir depending on antecedent conditions.
connections between two different storage reservoirs over time, which is largely

hing during periods of high infiltration, flowing downwards via a fracture/fissure
d Soil Storage Reservoirs. Discharge is associated with short lag times to soil
discharge responses. During baseflow conditions, the Epikarst Storage Reservoir
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consequently be affected by subsurface evaporation and/or Prior
Calcite Precipitation (PCP) due to CO2 degassing in a variable air-
filled head spaces in the Epikarst Store (Tooth and Fairchild,
2003). The dynamics of Mixed flow/storage connectivity (Low
flow) sites are controlled by gravity driven drainage from the
Epikarst Storage Reservoir versus direct infiltration input. This
may result in changes of the water composition between wet
and dry periods, thus allowing speleothems under such drips to
be a recorder of palaeohydrology (wet versus dry periods) similar
to the observations in Wombeyan Caves, NSW by McDonald
et al. (2007), and as described by Fairchild and McMillan (2007).

Extreme event activated drip sites are most likely to be biased
towards large intense infiltration events, as only two events trig-
gered a discharge response throughout the monitoring period
(Figs. 4 and 7). These events were during the summertime La
Niña phase storms. Speleothems related to this flow type could
contain an ‘event’ record and are more likely to have hiatuses
due to periods of no growth during no-flow periods. Furthermore,
the rapid flushing related to this flow type may increase the prob-
ability of undersaturation (with respect to calcite) of the drip
water, leading to the possible formation of erosional hiatuses such
as those observed in Railsback et al. (2011).

Overflow sites are more likely to have input from mixed storage
water residing in the Epikarst Storage Reservoir for significant peri-
ods of time (minimum 2 months between events). Response to infil-
tration is very flashy and short lived and only occurs during the five
key rainfall events. Discharge appears to be triggered by a threshold
surpassed in the unsaturated zone Epikarst Storage Reservoir
releasing older or mixed water in an overflow mechanism similar
to an ‘overflowing bathtub’. It is unlikely that drip sites of this type
are a result of a direct connection to a surface fracture, as discharge
responses would then be expected at least every time the soil mois-
ture field capacity is surpassed, which was not observed in the time
series (Fig. 4). Resultant speleothems are likely to be very slow
growing due to no or low baseflow conditions (i.e. 2–3 drips per
day), contain an isotopic record of mean annual rainfall from
Epikarst Storage Reservoir contributions or potentially a record of
humidity and water vapour from baseflow dripping if they are
caused by vapour condensation waters (i.e. HW_1b in Section 4.4).

Non-linear flow is associated with intra-karst dynamics that
may be highly moderated by individual routing pathways. Spe-
leothems related to this flow type are likely to contain a complicat-
ed geochemical and isotopic record, with non-climatic controls in
the unsaturated zone (hydrological architecture), dominating dis-
charge flow. Lastly, Underflow (see Smart and Friederich, 1986;
Tooth and Fairchild, 2003) drips are fracture flow dominated, with
a constant low baseflow component fed by the Epikarst Storage
Reservoir during periods of no surface infiltration. Discharge water
of this type will likely yield stalagmite records with a composite
mix of waters with alternating inputs from ‘event’ waters in peri-
ods of soil moisture excess and ‘baseflow’ storage water in periods
of soil moisture deficit. Depending on antecedent soil moisture
reservoir conditions and the prevailing rainfall (which in this study
could be dominated by the presiding ENSO phase) the annual input
of ‘baseflow’ versus ‘event’ may vary considerably. Disentangling
‘event’ from ‘baseflow’ infiltration in the stalagmite record may
in practise be quite difficult due to highly variable time scales
between events and would require at least a sub-annual sampling
resolution to appreciate these nuances in the stalagmite record.

5. Conclusion

This study highlights the importance of hydrogeological con-
trols on water movement in the karst unsaturated zone, which
have a critical influence on drip hydrology. The nature of the karst
architecture led to heterogeneous flow in the unsaturated zone,
Please cite this article in press as: Markowska, M., et al. Unsaturated zone hydr
paleoclimate record variability. J. Hydrol. (2015), http://dx.doi.org/10.1016/j.jh
and gave rise to five different drip types at our study site. A simple
depth–discharge relationship could not explain all the variability
in discharge responses in HWC, but a moderate statistically signif-
icant relationship with lag times was established, suggesting a par-
tial attenuation of flow with depth. Rainfall was only an indirect
driver of discharge at the HWC site; rather discharge was more
sensitive to the accumulated soil moisture balance in the overlying
soil storage zone. A bias of drip waters at HWC recording larger
scale recharge events with a minimum of 13–31.4 mm will exist
depending on antecedent conditions. Precipitation less than this
did not appear to be hydrologically effective in terms of recharge
and initiated no discharge response.

The storage capacity in the unsaturated zone and connectivity
throughout the subsurface controls water residence times, flow
rate, mixing and exposure to air filled voids, and these processes
have been shown to act as partial controls on geochemical (eg.
Wong et al., 2011), and isotopic evolution (Fairchild and
McMillan, 2007; Bradley et al., 2010; Treble et al., 2013) of infiltrat-
ing water. Variability in the drip discharge flow rate can control
ability of calcite precipitation by affecting the extent to which
the thin film on the stalagmite cap is completely degassed. Thus,
the variability of flow and karst routing in the unsaturated zone
impact both ability for speleothem growth and thus the capturing
of a potential paleoclimate record. Understanding rainfall trans-
mission and chemical and isotopic evolution prior to discharge at
cave drips is thus crucial in disentangling isotopic and chemical
signals preserved within speleothems. The relationship between
surface infiltration and cave discharge must be constrained in indi-
vidual karst environments, and even at individual drip sites within
a cave, as demonstrated in this study, to truly appreciate the evo-
lution of infiltration waters (i.e. d18O, trace elements) in the unsat-
urated zone prior to discharge.
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