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Abstract

The Murray Darling Basin contains 40% of Australia’s farms and is subject to multi-year droughts that put severe pressure on southeast Australia’s
freshwater resources. Yet the long-term frequency, timing and potential severity of these droughts is unknown, as there are few high-resolution
paleoclimate records from the basin that extend past the instrumental era. In this study, we investigate the potential of stalagmites from Careys Cave,
Wee Jasper, in the Murray-Darling Basin to record past droughts. We use a multiproxy approach of stalagmite stable isotopes, trace element data, and
climate reanalysis. We show that (a) stalagmite 3'20 at this site likely records either local or regional precipitation amount and (b) stalagmite §'80 shows
reasonable coherence with decadal-scale wet and dry changes in regional rainfall over the last |50years, including the Federation Drought (1895-1902).
Therefore, stalagmites from Wee Jasper can be used to draw regional inferences about past rainfall and have potential to extend the record of past
droughts in the Murray Darling Basin beyond the limits of historical data. Extracting such a record will enable a better understanding of the causes of

multi-year droughts in the region and consequently better planning, mitigation, and resilience in the basin.
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Introduction

Australia has had three major droughts during the historical
period: the Federation Drought (1895-1902), the World War II
Drought (1937-1945) and the “Big Dry” or Millennium Drought
(1997-2010). The nature of Australia’s three major historical
droughts are disparate, differing in their severity, spatial footprint
and different seasonal rainfall anomalies. Whether the underlying
climatic drivers of these droughts are also disparate, driven by
climatic teleconnections (Verdon-Kidd and Kiem, 2009), or are
largely the result of Indian Ocean variability (Ummenhofer et al.,
2009) is under debate. Prior to the instrumental era the frequency
of these major multi-year to decadal droughts is almost com-
pletely unknown, with poor spatial coverage of the region pro-
vided by high-resolution paleoclimate proxies (Neukom and
Gergis, 2012).

Modern observations, reanalysis, and modeling studies of
rainfall variability in southeast Australia (SEA) suggest that a set
of ocean-atmosphere interactions in and between the Pacific (El
Nifio-Southern Oscillation, ENSO), Indian (Indian Ocean
Dipole, I0OD) and Southern (Southern Annular Mode, SAM)
Oceans influence regional precipitation (Cai et al., 2014;
McBride and Nicholls, 1983; Murphy and Timbal, 2008; Timbal
and Fawcett, 2013; Ummenhofer et al., 2009). In addition, the
paleo-record indicates that the interactions between ENSO, IOD
and SAM also influenced past SEA rainfall on multi-decadal and
centennial scales. A review of Australian paleoclimate records
suggests that Indian Ocean variability dominates over Pacific
Ocean variability in the southeast (Gouramanis et al., 2013).
Other multi-site studies have indicated potential links between
SEA hydroclimate during the last millennium and local and
regional temperatures, and suggested a possible ENSO influence
(Tyler et al., 2015).

An understanding of controls on decadal-scale drought in
SEA is hampered by a lack of available high-resolution records.
Paleoclimate records that do exist from SEA are frequently
restricted by poor resolution and poor age control, especially at
the sub-centennial scale over the last 2000 years (Dixon et al.,
2017). This prohibits accurate comparisons with the historical
record and measured climate indices. Several high resolution
SEA climate reconstructions of the last 1000 years do not mea-
sure Australian conditions directly but rather infer Australian cli-
mate using records from Antarctica (Vance et al., 2013, 2015)
and China (McGowan et al., 2009) and assume stationarity in
regional teleconnections.

Speleothems may provide these missing records of interan-
nual to decadal scale droughts in SEA. Speleothems, and stalag-
mites in particular, are long term (growing for thousands of
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years), high resolution (potentially subannual), precisely date-
able (frequently <1% 2o error) archives that record changing
hydroclimate through variable stable isotope ratios and trace ele-
ment concentrations.

Despite numerous dripwater studies at Yarrangobilly (Coleborn
etal.,2016; Markowska etal.,2015; Tadros et al., 2016), Wombeyan
(McDonald and Drysdale, 2007; McDonald et al., 2004, 2007) and
Wellington (Cuthbert et al., 2014a, 2014b; Jex et al., 2012; Mar-
kowska et al., 2016; Rutlidge et al., 2014) caves, so far few long-
term speleothem results have been produced (Goede et al., 1996;
McGowan et al., 2018; Webb et al., 2014). This is in part because
speleothems in the area have proven difficult to date precisely
(McDonald et al., 2013). In addition, speleothem 8'%0 in parts of
SEA may not be controlled by precipitation amount but dominated
by in-karst evaporation. For example, in semi-arid zones potential
evaporation is higher than local precipitation throughout the year.
Stalagmite §'*0 records from semi-arid caves, for example, Wel-
lington Caves, New South Wales, are likely records of infiltration
event frequency, modulated by evaporative enrichment during dry
periods, rather than local rainfall amount (Markowska et al., 2020).
Further, stalagmites in semi-arid areas are more likely to exhibit
discontinuous growth during dry intervals (Markowska et al., 2016)
making precise inferences about rainfall variability, and therefore
drought frequency, difficult.

More humid (P>PET) areas of SEA, such as the windward
slopes of the Great Dividing Range and the Snowy Mountains
experience more rainfall and less evaporation than the semi-arid
zone and a greater likelihood of effective recharge to karst areas.
Thus speleothems from these regions have greater potential for
continuous growth and are more likely to be recording antecedent
water conditions and karst water balance, and therefore be more
sensitive to rainfall amount. Dripwater monitoring studies at
Yarangobilly Caves (75km south of the study site) indicate that
drip-water chemistry is related to Pacific Ocean variability, with
both trace elements and stable isotopes correlating well with the
Southern Oscillation Index (SOI) (McDonald et al., 2004; Tadros
et al., 2016). However, a 2000-year-long speleothem record from
Grotto of Oddities at Yarrangobilly Caves was shown to be domi-
nated by changes in moisture source area, and therefore also
unsuitable for long-term precipitation amount reconstructions
(McGowan et al., 2018).

In this study we investigate a stalagmite from a previously
unstudied cave in the temperate zone of SEA: Careys Cave, Wee
Jasper, New South Wales. Careys Cave (—35.07°S, 148.66°E) is a
show-cave located 50km northwest of the center of Canberra in
the Murrumbidgee catchment of the Murray-Darling river basin
(Figure 1a). Rainfall at the nearest weather station of Burrinjuck
Dam (BOM ID: 073007), 10km to the north, is 923 mm per year
(Bureau of Meteorology, 2016), substantially higher than the
southeast Australian average of 580mm per year (Timbal and
Fawcett, 2013). The additional rainfall is largely due to the oro-
graphic effect of the site’s location at 393 masl on the western
windward slope of the Great Dividing Range (Chubb et al., 2011;
Pook et al., 2006). Precipitation at the site occurs all year round,
with an increase during the winter months (Figure 2). Potential
evapotranspiration at the site is =650 mm (Matsuura et al., 2009),
with higher evapotranspiration in summer months (111 mm/
month in January vs 12 mm/mm in July). This leads to an annual
cycle of moisture deficit and surplus in the soil, with increasing
soil moisture during April to June and decreasing soil moisture
during November to March.

Methods

The focus of this study is stalagmite CC14-6 (Figure 3). CC14-6
was under an actively dripping stalactite, out of sight of any pub-
lic walkway and was collected in August 2014. We constructed a
concrete replica of CC14-6 using a latex mold to replace the
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Figure |. Location maps and local climate relationships. (a)
Correlation of hydrological year (July—June) precipitation anomalies
at 0.5° resolution with the Wee Jasper gridcell (black square,

not to scale). All areas with color have a signification correlation

p <0.05. Black boxes denote areas of regional climate correlation
in (Timbal and Fawcett, 2013) (southern box) and (Vance et al,,
2015) (approximate location, northern box). Correlations
calculated using the CRU TS3.23 dataset from 1901 to 2014
(Harris et al., 2014) and the KMNI Climate Explorer (Trouet and
Van Oldenborgh, 2013). (b) and (c) Topographic maps iondicative
proximity of Carey’s cave to local weather stations, regional caves,
and topographic features. (b and c) were generated in QGIS using
9s digital elevation model with smoothed contours (Hutchinson

et al,, 2008), and lake shapefiles from 1:2.5 million topographic data
(Geoscience Australia, 2003), both from Geoscience Australia on a
Creative Commons 4.0 international license.

stalagmite and reduce the visual impact of the stalagmite’s
removal. A central slab from CC14-6 containing the growth axis
was removed and polished. The active stalagmite grew on top of
an older speleothem that displayed signs of dissolution and calcite
infilling. A shift in drip position in the younger section created
two growth axes. The U-Th ages indicate no growth hiatus
between the two sections, however to ensure fidelity in the iso-
tope record we avoided flank growth, taking samples only from
sections of the stalagmite containing visible horizontal growth
layers. This creates a sampling hiatus of approximately 10 mm
between the top and bottom section.

Four samples weighing 75-90 mg were milled from CC14-6
for U-Th dating (Figure 3), and analyzed at the University of
Queensland using MC-ICP-MS (Hellstrom, 2003; Zhou et al.,
2011). Ages were calculated using Isoplot 3.7 (Ludwig, 2012)
and the half-lives of (Cheng et al., 2013) and (Jaffey et al., 1971).

Twenty-three additional samples, weighing ~5 mg each, were
milled from the top-section of CC14-6 for radiocarbon analyses,
using the same track milled for stable isotopes (below). Samples
were collected at 0.5mm vertical resolution, with every other
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Figure 2. Typical yearly precipitation (blue line) and evaporation
(black line) at Wee Jasper. Data from WebWIMP version 1.02
(Matsuura et al.,, 2009). Assuming default parameters and 150 mm
soil moisture store, colored shading indicates state of soil moisture:
Orange, DEF, total deficit; Yellow, —DST, draining on soil moisture;
Light Blue, +DST, increase in soil moisture; Dark Blue, SURP,
surplus of soil moisture.
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Figure 3. Stalagmite CC14-6. (a) Photograph of the slabbed and
polished sampling face with location of milled sections (yellow, red),
Hendy Test (green) and U-Th dates (blue) highlighted. (b) Results
from the Hendy Test indicating lateral 5'80 (blue) and §'3C (green)
measurements (circles) at mid-points of milled sections, alongside
stable isotope measurements of coeval milling axis samples
(squares).

sample analyzed between 0-8.5mm and 11.5-20mm depth, and
at full resolution from 8.5 to 11.5mm depth with the goal of cap-
turing the Southern Hemisphere expression of the 20th century
radiocarbon bomb pulse. Radiocarbon analyses were performed
at The Australian National University in the Single Stage Accel-
erator Mass Spectrometry (SSAMS) Lab in the Research School
of Earth Sciences following the methods of Fallon et al. (2010).

CC14-6 was milled for carbonate powders at 0.3 mm resolu-
tion over 36 mm total growth distance. A total of 179 samples,
plus six samples for Hendy tests, were analyzed for §'%0 and §'3C
on a Thermo-Finnigan MAT253 gas source isotope ratio mass
spectrometer with a coupled Kiel IV carbonate device at The Aus-
tralian National University. Results are reported according to the
VPDB scale using the NBS-19 and NBS-18 standards (Santrock
et al., 1985). The long-term lab reported errors are 0.09%o for
8'80 and 0.02%o for §'3C.

Trace element analysis was conducted on the same powders as
the stable isotopes, using Varian Vista AX inductively coupled

plasma atomic emission spectroscopy (ICP-AES) at the Austra-
lian National University. Following the methods of Schrag (1999)
and de Villiers et al. (2002), 1 mg of carbonate powder was dis-
solved in 5ml of 2% HNO3 and underwent 10 replicate analyses,
with bracketing standards, to determine magnesium and stron-
tium concentrations in ratio to calcium (Mg/Ca and Sr/Ca).

Results

Careys Cave is in the Taemas Limestone. The steeply dipping lime-
stone (40° west) leaves about 10-20% of the land surface above the
cave as exposed karst with highly variable soil depth. At the time of
sample collection~70-80% of the land cover was grass or intro-
duced gorse, but the surrounding hillsides were open forest, sug-
gesting grass was not the natural cover. Approximately 10% of the
land is covered in trees, mainly eucalypts. The speleothem carbon
isotope signature of CC14-6 shows a range of —5.8 to —11.0%o,
within the expected range of speleothem growth under C3 plants.
The rock overburden is approximately 30 m thick. In the far
end of the cave, daily visual inspection over 10years suggests
that large formations in the cave become wet a day after signifi-
cant rainfall or prolonged rainfall over several days (Geoff Kell,
2014, personal communication). These observations need to be
quantified by a more thorough monitoring study. Approximately
50m into the cave, a slight restriction creates a pronounced ther-
mal barrier. A temperature and humidity logger placed beyond
the barrier showed no response to diurnal or synoptic scale
weather above the internal logger error (0.2°C, 1% relative
humidity). Prior to the thermal barrier stalagmite growth is more
likely to be influenced by kinetic effects and as such stalagmites
appropriate for recent paleoclimate reconstructions should be
located beyond the thermal barrier, as is the case for CC14-6. A
Hendy Test for kinetic fractionation in CC14-6 indicates no posi-
tive correlation between §'°0 and §'°C, and no deviation of sta-
ble isotope values from coeval axis samples within +4.5/—6.5 mm
of the sampled axis (Figure 3b). Since Careys Cave was discov-
ered in the mid 1800s and a wide entrance was installed for pub-
lic opening in 1968CE, it is possible that stalagmites located
closer to the entrance than the thermal barrier and older than
200years may still be suitable for paleoclimate analysis.

Ages and age model

U-Th dates for CC14-6 are presented in Table 1. Stalagmites from
other caves in the region have proven problematic to date due to low
uranium concentrations (McDonald et al., 2013). CC14-6 has simi-
larly low uranium concentrations which results in relatively large
error. Nevertheless, all ages are in stratigraphic order, and the growth
rate is approximately constant in both sections of the stalagmite.

Interpretation of radiocarbon ages (Table 2) as a dating tool in
cave environments is complicated due to the incorporation of dead
carbon from the dissolved limestone host rock and aged organic
matter in the soil, both of which are incorporated into drip waters
along with ambient atmospheric CO, (Cai, 2005). However, the
fraction of modern carbon (F'C) can still provide age constraints
using the bomb-pulse method (Genty and Massault, 1997).

The top section of the stalagmite grew over the modern era
and shows a dampened bomb-pulse like peak (Figure 4). The first
three F'“C measurements are tightly coupled and show a slight
decreasing trend (—0.004 F'*C), likely related to the Suess (1995)
effect. This is followed by a rise in F“C from ~0.687 (19.5—
17.25mm) to peaks of 0.714 (12.15-8.25mm) before a gradual
return to lower values (0.681) toward the top of the stalagmite.
Given that both the U-Th ages and dripping stalagmite suggest
recent and 20th century growth, we interpret this pattern as
reflecting the bomb pulse of radiocarbon associated with nuclear
weapons testing in the mid-20th century.
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Table 1. U-Th dating results. All ratios refer to activity ratios calculated using decay constants for 22°Th and 2*U from (Cheng et al., 2013); and the 2*®U decay constant for from (Jaffey et al., 1971). Ages are

corrected for detrital 22°Th assuming a bulk earth 22°Th/22Th atomic ratio of 4.4 +2.2 X 107%. Samples were dated in April 2015, which was used to calculate ages in CE (Common Era).

Year +2c

*+2c

Corr. initial
234Ul238U
(per mil)

+2c

Uncorr. *2c Corr.
age Age
(ka)

+2c

230Th /232Th
(activity)

+2c

230Th, /238U
(activity)

28 26 ®Th +26 BYYPBY  +26
(ppb) (per mil)

(ppm)

Transect

Sample ID

(years)

(CE)

distance
(mm)

(ka)

22

1987
1945
1903
1873

0.0033
0.0036
0.0035
0.0057

2.4628
2.4342
2.3066
2.3244

0.022

0.028

0.0044
0.0057
0.021

0.0716
0.1395
0.213

0.083

1.360
1.654
1.74

0.00010

0.00162

0.0033
0.0034
0.0032
0.0056

24613

0.0010
0.0013
0.0017

0.4504
0.7192
0.6783
0.3356

0.00010

0.12489
0.12606
0.08680
0.09756

|
19
33

CCl4-6-Ul0

35

0.035

0.070

0.068
0.17

0.00013

0.00311

24317
2.3034

0.00012

CCl14-6-U20
CCl4-6-U33

56
23

0.056

0.112

0.00045

0.00449

0.00013

3.498 0.107 0.1863  0.0057 0.142 0.023

0.00012

0.00397

0.00014 0.00067 2.3226

44.5

CCl14-6-U40

Table 2. Radiocarbon results from CC14-6. F'“C is the fraction
modern. Errors are * | sigma.

S-ANU# Depth (mm) Fl4C *

57638 0.25 0.6807 0.0019
57639 1.25 0.6941 0.0017
57704 225 0.6725 0.0022
57705 325 0.6968 0.0022
57706 425 0.6843 0.0023
57707 525 0.6960 0.0023
57709 6.25 0.7007 0.0022
57710 7.25 0.6893 0.0047
57711 8.25 07187 0.0023
57712 8.75 0.7073 0.0024
57713 9.25 0.6854 0.0022
57714 9.75 0.7082 0.0023
57715 10.25 0.7140 0.0023
57716 10.75 07115 0.0027
57717 11.25 0.7065 0.0024
57718 12.25 0.7145 0.0031
57719 13.25 0.7062 0.0024
57720 14.25 0.7031 0.0023
57721 15.25 0.6887 0.0023
57723 16.25 0.6943 0.0024
57724 17.25 0.6856 0.0023
57725 18.25 0.6866 0.0023
57726 19.50 0.6896 0.0022

We modeled the speleothem radiocarbon bomb pulse using
the soil model of Markowska et al. (2019). This model consists
of four pre-determined carbon reservoirs represented by an
array of Weibull distributions to capture carbon in its various
availability states, from highly available to very protected.
After accounting for the “dead carbon proportion,” a solver
function is used to determine the specific and % combination of
reservoirs which best fit the measured speleothem F'“C, based
on the highest 77 statistic. The input datasets used to model res-
ervoirs were SHZ1 2 (Hua et al., 2013) and SHcall3 (Hogg
et al., 2013). Modeled reservoirs range from an instantaneous
reservoir (<1 year old) representing carbon from fast organic
matter turnover or root respiration, to a physically and chemi-
cally protected carbon reservoir which is not bioavailable
(<1000 years old). The model produces a best fit using an
instantaneous reservoir contributing 7%, a fast reservoir (1—
Syears) and an intermediate reservoir (1-40 years) contributing
0% each, and a slow reservoir (1-1000years) contributing
93%.

The start of the bomb pulse is modeled as half-way between
the first F'*C value above the preceding baseline and the preced-
ing data point (Figure 4). The initial sustained rise in F'*C is at
14.25mm, giving an inflection point at 14.75mm which the
model suggests occurred in year 1959. Stalagmite F'*C variability
is controlled by numerous processes, with the modeled best fit
response to measured values having an 72 of 0.36. The radiocar-
bon model indicates a high dead carbon fraction of 0.29, suggest-
ing the F'“C variability is heavily overprinted by the karst
environment in addition to variations in atmospheric F'“C. Due to
this dampening, peak F'*C is indistinguishable between three
datapoints at 12.25, 10.25, and 8.25mm; we thus use a mean
depth of 10.25mm and a depth uncertainty of 2mm in our age
model. A second-pass radiocarbon model was then run (see Mar-
kowska et al., 2019; Figure 5) with the best fit model indicating a
date of 1969 for peak F14C.

We constructed an age-model for the top section of CC14-6
using a mixed U-Th and radiocarbon modeling approach (Akers
et al., 2019) using the following restrictions:
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Figure 5. CCl14-6 age model. Subset of Monte Carlo simulations (blue lines) through a combination of U-Th (dark green error bars)

and radiocarbon (lighter green error bars) ages with Gaussian and Weibull age uncertainty distributions, and uniform depth uncertainty
distributions. Additional maximum age constraints in light green (lines and circles). Median age models in yellow (top section of stalagmite) and
orange (bottom section of stalagmite). 15.9 and 84.1 percentiles in dashed black lines. 2.5 and 97.5 percentiles in dotted black line.

(1) Two U-Th dates at 1 and 19mm depth, of 1987 CE
+22years (20) and 1945 CE *35years (20), with depth
errors of =1 mm.

(2) Radiocarbon modeling constraints of 1959 CE at 14.75 mm
*0.5mm and 1969 CE at 10.25mm *=2 mm based on best
fit modeling of the first sustained rise and peak F'*C (see
below for discussion on uncertainty).

(3) The oldest three F'*C measurements are a decreasing
trend and tightly coupled. They occur before the bomb
pulse and so no point below 17.25mm can be younger
than 1959.

(4) The stalagmite was collected in 2014, so the top cannot be
younger than 2014.

Uncertainty on the modeled radiocarbon-based ages is difficult to
quantify as the transfer of '*C atoms from the atmosphere to the
stalagmite surface is a process of variable duration controlled by
different carbon reservoirs. However, the following additional
constraints on the age distribution can be considered:

(5) The first sustained rise in F'*C at 14.75mm, modeled
at 1959, cannot be older than 1955 when the first atmo-
spheric F'*C measurements above background in the
southern hemisphere were recorded (Hua et al., 2013).

(6) Peak F'C at 10.25mm, modeled at 1969, cannot be older
than 1965 when atmospheric F'“C peaked in the southern
hemisphere (Hua et al., 2013).

(7) Previous studies with sub-annual resolution (Markowska
etal., 2019) suggest that it takes 441 years for initial and
peak radiocarbon to transfer from atmosphere to stalag-
mite. A long tail of younger ages is therefore possible.

To accommodate these restrictions the age model for the top section
of CC14-6 was created using a modified version of Undatable
(Lougheed et al., 2018), a Bayesian age-depth modeling software
which allows for uncertainty in depth as well as age. We used an
xfactor (a between date deposition rate uncertainty coefficient) of
0.3, the highest recommended value, producing the most conserva-
tive error bars. Zero bootstrapping (bootpc=0) was used as there



612

The Holocene 31(4)

Depth (mm) Depth (mm)
0 5 10 15 20 30 35 40 45 50
b7 71— LA AL B BB R R I T T 2:5
4 : b
| 3
4 3 g
3 3
° €
s {3s £
5 S
14 ©
6180 ] E
O,@ Mg/Ca |
_4 P 1 | | P 1 1 1 45
-6_ T T '*'ll"0'89'_ 'd' '|"'n'|""|""|"" -1.5
e slope=0.89 | I a3 B —~
r=0.27 [ g od an_,_dFl 0 . & -
-5.5 Lo e .tgfﬂ €
_Dr| =R wl E L} - _2 =
<> I gO o =
4 ° £
7] + 1-2.5 5
= O
45 @ (0} o slope=1.82 E
4 I I I o ] L ‘ .1 | r2:10.39
25 3.0 3.5 4.0 45 1 1.1 1.2 1.3 14 1.5

Mg/Ca (mmol/mol)

Mg/Ca (In(mmol/mol))
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were only four ages, all in stratigraphic order. Uniform depth uncer-
tainty distributions were used. The modifications to Undatable
were as follows: instead of a Gaussian probability density function
for the two radiocarbon modeled ages, we used a Weibull probabil-
ity density function with zero probability at the timing of atmo-
spheric signal (1955, 1965), a peak in probability at the modeled
age with best fit (1959, 1969) and a long tail. Because the zero
probability minimum age and the maximum likelihood age are
already constrained, the median age model is insensitive to the
exact Weibull parameters chosen. We used parameters of scale=7
and shape=1.9. A total of 10,000 initial simulations were screened
to meet criteria 3 and 4 above. About 7181 age models passed these
tests, from which mean and median age models were calculated
along with the 2.5, 15.9, and 84.1 and 97.5 percentiles (approx. 1o
and 2c). As the age models do not produce a Gaussian error distri-
bution at each/any individual depth, we use the median age model
as it is likely closer to the peak of the distribution than the mean.

Undatable does not calculate age models with less than three
ages. Therefore, we used a simple Monte-Carlo linear interpola-
tion between the two U/Th ages as the age model for the bottom
section of the stalagmite. As the bottom section contained no
bomb-pulse radiocarbon individual age models were screened for
criteria 3 (i.e. no value younger than 1959), until 10,000 successful
individual realizations were achieved. Despite the large age uncer-
tainties (1872 +23years at 34.5mm and 1902 *56years at
23 mm), a linearly interpolated age model (and therefore the most
likely age model) has a growth rate of 0.34 mm/yr which is compa-
rable to the average 0.39mm/yr growth rate of the top section.
Again, the median rather than mean age model is used.

Stable isotope and trace element results and
interpretation

The CC14-6 30 and Mg/Ca records are presented in Figure 6.
Both records show remarkable coherence. In the older section of

the record, two and a half cycles with minima at 45, 39, and
33mm are superimposed on an increasing trend. In the younger
section of the record, there are relatively stable conditions
between 20 and 14mm, followed by a large amplitude increase
and then decrease in values. 8'%0 minima occur at 2 and 16 mm,
and a local minima at 8 mm.

Variability in Mg/Ca and Sr/Ca are typically inferred as a proxy
for paleohydrology, recording the hydrological response to chang-
ing precipitation (Fairchild and Treble, 2009; Fairchild et al.,
2000; Johnson et al., 2006). Drier conditions lead to increased low
pCO, air gaps in the karst, increasing the amount of calcite precipi-
tated upstream of the stalagmite, known as “prior calcite precipita-
tion” (PCP). As calcite preferentially takes up calcium, ratios in
the residual fluid and therefore downstream speleothem calcite are
enriched in both Mg and Sr, increasing Mg/Ca and Sr/Ca ratios.

If PCP is the major cause of trace element variation, then a
predictable gradient between In(Sr/Ca) and In(Mg/Ca) should be
observed. The slopes of the younger and older sections of stalag-
mite are 1.08 (6=0.13) and 1.82 (6=0.31), respectively (Figure
6d). The younger section (z=53) is within the range predicted for
PCP by both Sinclair (2011) of 0.88 £0.13 and Wassenburg et al.
(2020) 0f 0.709 “or even lower” to 1.45. The older section is out-
side the Sinclair range and within 2c of the Wassenburg range. 72
are similar for both sections: 0.37 and 0.39, respectively. We sug-
gest that PCP is the likely major control on Sr/Ca and Mg/Ca in
CC14-6 but recognize that other potential influences may exist
(McDonald et al., 2007; Tadros et al., 2016).

The absolute Sr/Ca values are offset between the older and
younger growth axes. There are two possible explanations. The
first is an absolute change in Sr availability in the new drip path-
way. The second is incongruous dissolution of fresh calcite sur-
faces when switching to a new drip pathway. As incongruous
dissolution would also result in an increase in Mg, and an increase
In(Mg/Ca)/In(Sr/Ca) gradient, neither of which are observed (Fig-
ure 6d) (Sinclair, 2011), we favor the former explanation.
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Figure 7. CCl4-6 stable isotopes. 3'3C versus 5'80 top section
(yellow squares) and bottom section (red circles), with geometric
mean regression for the top section (yellow line).

The Mg/Ca results show remarkable coherence with the 8'%0
results, both in broad-scale features and finer details of the record
(Figure 6). This agreement suggests that CC14-6 8'80 record is
likely to be recording local effective rainfall amount. Therefore spe-
leothem 8'*0 may be recording local rainfall amount through the
amount effect. However, outside of the tropics, the control of spele-
othem 8'30 by the “amount effect” cannot be assumed @ priori, even
when 8'30 is well-correlated to a proxy of local infiltration. Alterna-
tive mechanisms include the recharge frequency mechanism, the
continental effect, and possible in-cave non-equilibrium effects.

A proposed alternative mechanism for caves elsewhere in
New South Wales, the recharge frequency mechanism, suggests
cave drip water 8'%0, and therefore speleothem 8'%0, correlates
with the time between rainfall events due to evaporation in the
karst (Markowska et al., 2016, 2020). In contrast to the Welling-
ton Cave site, Careys Cave is not in the semi-arid zone, and
P>ET for most of the year. It is unlikely that the recharge fre-
quency mechanism applies here all year round, but we cannot rule
out this mechanism as contributing to stalagmite §'%0 variability
between November and March.

Disequilibrium fractionation may also influence §'*0 variabil-
ity. Good correlation between stable isotopes and trace elements
(Figure 6) suggests that disequilibrium fractionation is not the
dominant control on speleothem 3'%0, or that if it is present, varia-
tion in the amount of disequilibrium fractionation is forced by cli-
mate, changing 8'%0 in the same direction. The Hendy test (Figure
3) also suggests that disequilibrium fractionation is limited, but the
Hendy test is itself limited. Disequilibrium fractionation would
also likely cause a correlation between §'*C and 8'%0, in the same
direction and close to a 2:1 ratio. There is no relationship between
8'80 and 8'3C in this bottom section of the stalagmite (Figure 7).
The top (younger) section of the stalagmite has a strong correlation
between §'%0 and 8'3C (Figure 7), which may suggest kinetic pro-
cesses fractionated the isotopes in the same direction. Together, the
Hendy test and change in §'3C/§'%0 indicate that any disequilib-
rium fractionation is likely to have taken place in the karst, not in
the cave environment, and is likely related to the changing karst
water balance and processes controlling variable prior calcite pre-
cipitation and the Mg/Ca/3'30 relationship.

Alternatively/in addition, speleothem 8'%0 at Careys Cave may
record regional rainfall amount through the “continental effect.”
Under the continental effect precipitation 8'%0 evolves through a
combination of recycling of continental moisture via evaporation

(but not evapotranspiration), and continuing isotopic enrichment
through Rayleigh distillation as the air mass cools and precipitates
over land (Dansgaard, 1964; Lachniet, 2009). Consequently, rain-
fall 5'30 at sites with a long moisture transport path becomes cor-
related to the cumulative rainfall amount along the moisture
transport pathway. Measurements of precipitation 880 in the
Snowy Mountains approximately 150km south of Careys Cave
suggest that the continental effect is important in controlling the
isotopic composition of rainfall in the region as air masses move
across SEA with the prevailing westerly wind (Callow et al., 2014).

Local precipitation amount at Careys Cave is correlated with
regional rainfall, determined by correlating local rainfall anoma-
lies with a gridded field using the CRU TS3.23 gridded dataset
(Harris et al., 2014) (Figure 1a). The CRU TS3.23 dataset uses
high quality weather stations and an existing climatology (1961—
1990 baseline) to produce monthly gridded precipitation anoma-
lies at 0.5° resolution, which we averaged to the hydrological year
(July—June). Precipitation anomalies at the Careys Cave grid cell
were compared to the rest of Australia using the KMNI climate
explorer (Trouet and Van Oldenborgh, 2013). Results indicate a
correlation (> 0.5, p <0.05) between Careys Cave and the Mur-
ray-Darling Basin, especially the southern basin (> 0.6, p <0.05).

In summary: the CC14-6 5'80/Mg/Ca relationship suggests an
effective recharge control on both proxies. Local precipitation
isotopes suggest a regional control on §'%0. We also cannot rule
out minor contributions from the recharge frequency effect or in-
karst disequilibrium fractionation. The high correlation between
local and regional rainfall suggests that regardless of the exact
mechanism, CC14-6 §'%0 is likely to be a good proxy for rainfall
in the Murray-Darling Basin, at least under modern boundary
conditions. It should therefore be possible to make inferences
about past regional rainfall using stalagmites at this site.

Discussion

We test the hypothesis of local/regional rainfall control on speleo-
them 8'%0, and the validity of the age model, by comparing the
CC14-6 8'%0 record with rainfall records from the historical era.
The nearest weather station at Burrinjuck Dam (BOM ID:
073007) is 10km north-northwest of Careys Cave and has been
operational since 1908. Prior to 1908 we use data from Fairlight
Station (BOM ID: 070032), 29km southeast of Careys Cave,
operational since 1884. The rainfall reconstruction of Timbal and
Fawcett (2013) comprises 11 SEA weather stations (not including
Burrinjuck Dam or Fairlight Station) back to 1865.

The sampling resolution of CC14-6 is approximately annual.
However, there were no visible annual laminations under visible
or ultraviolet light that would allow an annually resolved record.
Due to age model uncertainty and the risk of aliasing, direct com-
parisons with regional precipitation records at an annual level are
not possible. Instead, we use 5-year running means instead to
evaluate the recording fidelity of multi-year and decadal scale
precipitation variability.

Figure 8 highlights the excellent relationship at the decadal to
subdecadal scale between low 8'®0 and wet periods, and high
380 and dry periods. A near perfect 1:1 relationship can be
obtained by wiggle matching of just 3—5 years of the current age
model, well within the approximately +20 age uncertainty. How-
ever, age model uncertainty also allows for alternative explana-
tions within 2c uncertainty envelopes, including a lagged
response, out-of-phase relationship, antiphase relationship, and a
one wet/dry cycle adjacent in-phase relationship. The shallow
nature of the cave, and the fast response of formations becoming
wet within a day or two after rainfall makes a lagged response
unlikely. The excellent agreement between §'*0 and Mg/Ca
mechanistically rules out out-of-phase and antiphase relation-
ships between §'30 and rainfall.
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The mean distance between the median age model and the 2.5
and 97.5 percentiles is 18 years. A shift in the age model to a paral-
lel age model one cycle different requires a shift of approximately
21years (the periodicity in the Timball and Fawcett rainfall
reconstruction). Such a shift is therefore theoretically possible,
but statistically unlikely according to the CC14-6 age model.
However, a shift by one cycle can be achieved by altering the
assumptions made in the construction of the age model. For
example, if the stalagmite is assumed to be growing at the time of
collection (2014) then the topmost 8'%0 trough at 1.7-2.1 mm
could represent wet conditions during the back to back La Nifa
events of 2010-11 and 2011-12, rather than the wet conditions
around 1983-1984 indicated by the current median age model.
Therefore, while we have confidence that the stalagmite 5'%0 and
Mg/Ca records are proxies for local and/or regional rainfall,
recording decadal to sub-decadal scale wet and dry periods, 1:1
assignment of wet and dry decades remains a working hypothesis.
Hereafter, we assume the median age model is correct but note a
shift of wet and dry cycles by one period is possible.

Comparison with instrumental era rainfall

Assuming a median age model, good agreement can be found
between high stalagmite 3'%0 and dry periods around 1880,
1885-1900, 1915-1920, 1965-1970, and 1980-1985. Wet peri-
ods between 1865-1970, 1887, 1907-1911, 1945-1965 and
1970-1975 and 1985-1990 match well with low §'%0.

Discrepancies do exist between the CC14-6 8'%0 record and
local and regional rainfall. The 1970-1975 8'80 minima is rela-
tively small compared to the 1950s and 1980 minima. This could
represent a longer-term multi-decadal variability in §'%0, possibly
related to source moisture effects or a low frequency local cumu-
lative water balance (i.e. soil moisture) effect. Longer, more con-
tinuous records are required to infer any multi-decadal variability
or periodicity with any certainty. Another area of disagreement is
in the early 1940s where low stalagmite 3'%0 is inconsistent with
the 1937-1945 drought. If we assume that the stalagmite grew at
a near-constant rate throughout deposition, rather than faster than
usual between 20 and ~17mm, then the base of the top section
8'80 record would be around 1950 rather than 1939 and the §'30
record would no longer be in disagreement.

Which of the three major historical droughts are visible in the
stalagmite? The Federation Drought (1895-1902) shows the clear-
est expression in the CC14-6 5'%0 record as a dry period. High §'%0
at 34.9mm and 30.5 mm are both within the age model uncertainty.
The World War II Drought (1937-1945) is either recorded as a wet
period, or if linear growth throughout the top section of the stalag-
mite is assumed, is not recorded in the stable isotope record due to
non-horizontal growth in the stalagmite following a change in drip
location. Whether the Millennium Drought (1997-2010) is
recorded is dependent on the assumptions made in the age model.
The median age model suggests the drought was the cause of ces-
sation of growth in CC14-6. However, if the stalagmite is assumed
to be growing at the time of deposition then the positive '%0 excur-
sion between 8.3 and 5.1 mm is potentially the Millennium Drought.

Seasonality

Comparison of the CC14-6 5'%0 record with seasonally resolved
precipitation records allows us to make initial hypotheses on sea-
sonal biases in CC14-6 (Figure 8). The 8'%0 time series was interpo-
lated to 1-year resolution (180 to 113 data points) and correlated to
the seasonal reconstructions of Timbal and Fawcett (2013). In the
bottom section of the stalagmite significant (p-value >0.05) correla-
tions occur between the annual §'30 time series and rainfall during
the SON and DJF seasons, summed rainfall during the JJASON,
SONDJF and DJFMAM 6-month seasons, summed rainfall during
all four 9-month seasons, and Annual rainfall. The lowest r-value
(=0.59) and lowest p-value (>0.0001) are for SONDIJF. This result
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Figure 8. Comparison of the CC14-6 record with the historical
record and regional reconstructions. (a) CC14-6 §'®0 record, top
section in yellow, bottom section in red. (b) Local rainfall from
Burrinjuck Dam (light green) and Fairlight Station (dark green with
black 5-year running mean) weather stations. (c) Annual (gray) and
5-year running mean (gray) rainfall reconstruction of (Timbal and
Fawcett, 2013) based on || long-term weather stations across
south east Australia. (d) Seasonal breakdown of the (Timbal and
Fawcett, 2013) rainfall reconstruction at annual (light colors,
thinner lines) and 5-year running mean (darker colors, thicker lines)
resolution. (Spring, SON, green; Summer, DJF, red; Autumn, MAM,
orange; Winter, JJA, blue). Green and brown bars indicate periods
where the 5 year running mean regional rainfall reconstruction was
above/below 580 mm/yr. Black open boxes highlight the three major
historical droughts in Australia: the Federation Drought (1895-
1902), the World War Il Drought (1937—1945) and the Big Dry or
Millennium Drought (1997-2010).

suggests that CC14-6 could well be recording year-round rainfall,
but with a potential bias toward spring and summer seasons. The top
section of the stalagmite does not significantly correlate with any of
the Timbal and Fawcett seasonal reconstructions, potentially due to
age model errors at the base of the section described above or a
smaller than expected negative excursion during the early 1970s.

A bias away from autumn and winter is somewhat unexpected
given that evaporation exceeds precipitation in the summer
months, and more rainfall falls in the winter. One possible expla-
nation for this bias is increased growth rate during the warmer
summer months. Alternatively, it might be related to how indi-
vidual rainfall events contribute to karst recharge. A more detailed
monitoring program is required to test these hypotheses.

Conclusion

High correlation between CC14-6 §'%0 and Mg/Ca records sug-
gests that speleothems from Careys Cave, New South Wales act
as an archive of local rainfall amount. Further, good correlations
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between local and regional rainfall (CRU data), and previous
studies on regional precipitation (Callow et al., 2014), suggests
that speleothems from Careys Cave may also act as an archive of
regional rainfall amount. The precise mechanism controlling
speleothem 830 cannot be elucidated here, but is potentially a
combination of different isotopic effects, including cumulative
rainout along moisture trajectories, local rainfall amount, in-
karst evaporation and in-karst non-equilibrium effects. All of
these processes should result in higher 8'%0 during drier condi-
tions and lower 8'%0 during wetter conditions. Additional cave-
monitoring studies of drip-site hydrochemistry and local
precipitation will enable further investigation into the controlling
mechanisms of speleothem 8'%0 recorded in the stalagmites at
this site.

Speleothems from Careys Cave have demonstrated potential
to record the timing, duration and intensity of past droughts in the
Murray-Darling Basin beyond the limits of the historical record.
Poor age control caused by low uranium concentration, normal
for the region, was overcome by using a multi-proxy approach,
incorporating radiocarbon modeling to constrain 20th century
growth. The enhanced chronology shows a close correspondence
between dry and wet decades in southeast Australian rainfall over
much of the last 150 years. While 1:1 identification of individual
wet and dry decades is not certain, it is likely that speleothem
8'80 from CC14-6 does record regional droughts, most likely the
Federation Drought (1895-1902).

In the future, a combination of a thorough cave monitoring
program and the extension of the speleothem record back through
time will enable more reliable estimates of drought frequency in
the region, and how it might have changed under a changing cli-
mate. This will allow investigation into potential common drivers
of Murray-Darling Basin droughts, determine the climate sensi-
tivity of rainfall in the basin, and ultimately inform local farmers
and other policy makers, enabling them to increase resilience to
potential future droughts.
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