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a b s t r a c t

Stable isotope profiles of 230Th-dated stalagmites from cave C126, Cape Range Peninsula, Western
Australia, provide the first high-resolution, continental paleoclimate record spanning the Last Glacial
Maximum, deglaciation, and early to middle Holocene from the Indian Ocean sector of Australia. Today,
rainfall at Cape Range is sparse, highly variable, and is divided more or less equally between winter and
summer rains, with winter precipitation linked to northwest cloud bands and cold fronts derived from
the southern mid- to high-latitudes, and summer precipitation due primarily to tropical cyclone activity.
Influences of the Indo-Australian summer monsoon at Cape Range are minimal as this region lies south
of the modern monsoon margin. The interaction of these atmospheric systems helps shape the envi-
ronment at Cape Range, and thus C126 stalagmite-based paleoclimatic reconstructions should reflect
variability in moisture source driven by changing ocean and atmospheric conditions.

The C126 record reveals slow stalagmite growth and isotopically heavy oxygen isotope values during
the Last Glacial Maximum, followed by increased growth rates and decreased oxygen isotopic ratios at
19 ka, reaching a d18O minimum from 17.5 to 16.0 ka, coincident with Heinrich Stadial 1. The origin of this
oxygen isotopic shift may reflect enhanced moisture and lower oxygen isotopic ratios due to amount
effect-driven changes in rainfall d18O values from an increase in rainfall derived from tropical cyclones or
changes in northwest cloud band activity, although the controls on both systems are poorly constrained
for this time period. Alternatively, lower C126 stalagmite d18O values may have been driven by more
frequent or more intense frontal systems associated with southerly-derived moisture sources, possibly in
relation to meridional shifts in positioning of the southern westerlies which have been linked to southern
Australia megalake highstands at this time. Finally, we also consider the possibility of contributions of
tropical moisture derived from the Indo-Australian summer monsoon. The Intertropical Convergence
Zone and associated monsoon trough shifted southward during Heinrich events and other periods of
high northern latitude cooling, and although clearly weakened during glacial periods, rainfall with low
d18O values associated with the monsoon today suggests that even small contributions from this
moisture source could have accounted for some of the observed oxygen isotopic decrease. Despite a
pronounced isotopic excursion coincident with Heinrich Stadial 1, no identifiable anomaly is associated
with Heinrich Stadial 2.

The Holocene is also characterized by overall low d18O values and rapid growth rates, with decreasing
oxygen isotopic values during the earliest Holocene and at w6.5 ka, roughly coincident with southern
Australiamegalakehighstands. Theorigins of these stalagmite oxygen isotopic shifts donot appear to reflect
increases inmean annual temperature but are tied here largely to changes in the d18O values of precipitation
and may reflect a more southerly influence of the Indo-Australian summer monsoon at this time.

C126 stalagmite carbon isotopic ratios offer an important complement to the oxygen isotopic time
series. Stalagmite d13C values averaged �5& during the Last Glacial Maximum and early deglaciation,
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and reached a plateau during the oxygen isotopic minimum at 17.5 ka. However, d13C values decreased
sharply to �12& between 11 and 8 ka, a shift interpreted to reflect increases in plant density in response
to the onset of interglacial conditions. Stalagmite d13C values at 6 ka are lower than expected for the
modern C4-dominated vegetation and thin soils of Cape Range, suggesting that a more C3-rich envi-
ronment was present during elevated rainfall conditions of the early and middle Holocene. The Cape
Range stalagmite time series thus reveals for the first time the millennial-scale sensitivity of the moisture
source variations in northwestern Australia, a result that has implications for precipitation dynamics
across much of the continent.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Identifying the timing and nature of regional responses to cli-
matic change is necessary for developing a holistic view of the
global climate system. This is particularly true for the Last Glacial
Maximum (LGM) through the Holocene, an interval of profound
environmental change, but attempts to construct an integrated
picture of this period are hampered in some regions by a scarcity of
the requisite high-resolution paleoenvironmental records. Western
Australia is one such area that lacks high-resolution, Late Quater-
nary paleoclimate time series, particularly north of 30�S latitude. To
date, the most continuous paleoclimate reconstructions from this
region are based on terrestrial pollen and spores obtained from
marine cores located off the Cape Range Peninsula (Fig. 1), but
interpreting these data is complicated by limited temporal resolu-
tion, the potential for bioturbation and unconformities, and the
likelihood that the pollen was sourced from a wide latitudinal
transect (van der Kaars and De Deckker, 2002, 2003; van der Kaars
et al., 2006). Cape Range is an area of particular interest because
part of it and the adjacent Ningaloo Reef are UNESCO world heri-
tage sites, and Cape Range and the surrounding region have a rich
archeological record.

Today, Cape Range lies at the northern margin of the zone of
winter precipitation associated with the southern hemisphere
westerlies, and the southern margin of the interval of Western
Australia experiencing the highest historical tropical cyclone ac-
tivity (bom.gov.au). Cape Range also receives a considerable per-
centage of its winter moisture totals from northwest cloud bands,
broad atmospheric systems stretching northwestesoutheast and
that can span much of the Australian continent (Telcik, 2003;
Indian Ocean Climate Initiative, 2012). Cape Range also lies south
of the margin of the Indo-Australian summer monsoon (IASM), but
given the dynamic nature of the IASM during the last deglaciation
(Muller et al., 2012; Denniston et al., 2013), it is conceivable that
this system, too, may have once contributed significant quantities
of rainfall to Cape Range (Fig. 1). Variations in the IASM, the
southern hemisphere westerlies, and tropical cyclones have each
been linked to extra-regional forcing, and thus globally expressed
climate changes may be reflected in the interactions of these and
related systems.

Despite this region’s paucity of traditional paleoclimate ar-
chives, Cape Range Peninsula contains numerous caves and thus
holds the potential for speleothem-based paleoenvironmental
reconstruction. Here we present an absolute-dated stalagmite iso-
topic time series from cave C126 in Cape Range that marks the first
high-resolution continental paleoclimate record from this region of
Western Australia spanning the LGM, deglaciation, and early/mid-
dle Holocene. Dating by 230Th methods reveals stalagmite growth
from 26 to 15 and 11 to 6 ka, and stalagmite carbon and oxygen
isotopic ratios track paleoenvironmental changes, thereby allowing
a rare and detailed examination of these mechanisms by which
climate variability was expressed in Western Australia during this
time.
2. Geologic and environmental settings

2.1. Cape Range and Cave C126 geology

Cape Range, Western Australia lies within the Exmouth sub-
basin of the Carnarvon geological province, and is composed of
anticlinal, middle Cenozoic marine carbonate sequences (Russell,
2004). The range itself reaches 330 m in elevation and is
dissected by gorges that cut karstic limestone bedrock stretching to
a coastal plain that ends in a series of raised, wave-cut terraces.
Cape Range marks the closest point in Australia to the continental
slope and thus remained proximal to the ocean throughout the
LGM. Approximately 800 caves are identified in this area, and two
stalagmites were collected in August of 1991 AD from cave C126
(22.1�S, 113.9�E), a solution pipe with lateral development at depth
(approx. 54 m below the land surface; cave floor elevation approx.
50 m), that represents a typical cave morphology for this region
(Hamilton-Smith et al., 1998) (Fig. 2). When visited, the cave was
21 �C with 96% relative humidity (D. Brooks, Pers. Comm.).

2.2. Regional climate

At Cape Range, regional climate is characterized by a mean
annual temperature of 25 �C and summer temperatures as high as
47 �C (Fig. 3). Mean annual rainfall, which is episodic and often
torrential, is only 280 mm, and potential evaporation rates are high
(pan evaporation� 3200mm/year). Groundwater recharge into the
unconfined aquifer system at Cape Range accounts for only 10% of
average annual rainfall (Forth, 1973). Rainfall is primarily derived in
roughly equal proportion fromwinter and summer, with the former
associated with northwest cloud bands (NWCB) and fronts that are
sourced at the southern mid- to high-latitudes (WAPC, 1996;
Frederiksen et al., 2011). The NWCB season is from April to
October, and these events represent a significant source of moisture
to Western Australia, providing up to 80% of annual rainfall for
northwestern Australia, particularly for (near)coastal sites (Wright,
1997; Telcik, 2003). NWCB can reach thousands of km in length,
stretching from the Intertropical Convergence Zone (ITCZ) on the
northwest to a cold front at their southeastern end. The develop-
ment of NWCB is influenced by regional ocean and atmosphere
variations including strong winds and high sea surface tempera-
tures (SST) (Meehl, 1993), and particularly SST anomalies in the
eastern Indian Ocean (Telcik, 2003). These ocean temperatures are,
in turn, influenced by a number of factors including the El Niño-
Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD)
(Telcik, 2003). NWCB are also strongly correlated with the latitude
of the subtropical ridge along eastern Australia, and in wet years,
are associated with an equatorward shift of the subtropical ridge
and associated frontal systems tied to the mid-latitude westerlies
(Pittock, 1975). Pronounced variability in NWCB has been docu-
mented over the last fifty years, with NWCB modes having
increased by approximately 25% or more for each of the 1975e1994
AD and 1997e2006 AD periods, compared with the 1949e1968 AD

http://bom.gov.au


Fig. 3. Climatological data for Cape Range (bom.gov.au).

Fig. 1. Map of Australia with locations of sites discussed in text. a. Flores Sea core
VM33-80 (Muller et al., 2012); b. Fitzroy River and Lake Gregory (Wyrwoll and Miller,
2001) and Ball Gown Cave (Denniston et al., 2013); c. Cape Range and C126 (this
study); d. FR1095/9C17 marine core (van der Kaars and De Deckker, 2002); e. Cape
Leeuwin (Treble et al., 2005); f. MD03-2611 marine core (De Deckker et al., 2012).
Dotted and dashed lines represent zones of precipitation seasonality (S ¼ summer,
W ¼ winter) (Gentilli, 1986). MLB ¼megalake basins discussed in text; contours define
average annual tropical cyclone occurrence (bom.gov.au). Blue shaded area represents
region of IASM. ITF ¼ Indonesian Throughflow.
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period (Indian Ocean Climate Initiative, 2012). Summer rains are
tied largely to tropical cyclones and are capable of delivering large
amounts of rainfall during some austral summers, with such events
occurring an average of once per 3e5 years (bom.gov.au; Milton,
1980; Dare et al., 2012), and occasionally deeply flooding some
caves (Humphreys, 1991a,b). Tropical cyclone activity is tied, in
part, to SST, most notably through ENSO (Nicholls, 1992; Dare and
McBride, 2011), and in Western Australia is highest just north of
Cape Range and decreases sharply with distance south (Fig. 1).
Fig. 2. Map of Cave C126. Redrawn from Humphreys (1991a,b: Appendix C: 11e12).
Cave surveyed by D. Brooks, M. East, A. Humphreys, J. Bass and R. Wood, original
drawing by R. Wood.
The Leeuwin Current, an anomalous poleward-flowing eastern
boundary current, develops off-shore of Cape Range and transports
warm water southward along the Western Australian margin and
eastward along the South Australian margin, reaching as far as
Tasmania in some years (Fig. 1). The Leeuwin Current has been tied
to temperature and rainfall patterns in southwestern Australia
(Pearce and Pattiaratchi, 1999), and impacts sea breezes at Cape
Range but the direct impacts of the Leeuwin Current on the climate
of northwestern Australia, including Cape Range, remain poorly
understood.

Regional vegetation is dominated by plants utilizing the C4
photosynthetic pathway, with C4 representing more than 90% by
subdivisional percent, and 66% of the total plant species. Plant types
are largely tussock grass (Triodia), with lesser amounts of Acacia,
Eucalyptus, and Banksia (Hattersley, 1983). Ficus is commonly
associated with cave entrances and roots can penetrate to great
depth in sinkholes and fissures, however Triodia completely dom-
inates the high country in the area of C126. Overall, plant density is
sparse, and soils are thin and weakly developed on the uplands that
overlie the caves.

3. Methods

3.1. U/Th dating

Two broken and down cylindrical stalagmites, C126-117 and
C126-118, were collected in 1991 AD from the floor of the main
chamber of C126. Both samples are composed of clear, dense, and
finely crystalline calcite, interlayered in many areas with sub-mm-
scale clay laminae (Fig. 4). Parallel cuts were used to slab the sta-
lagmites in line with the vertical growth axis, and chronologies
were established by using a computer-guided drill to mill approx-
imately 100e200 mg from the central growth axis of the slabs for
230Th dating at the University of New Mexico Radiogenic Isotope
Laboratory. Calcite powders were dissolved and spiked with a
mixed 229The233Ue236U tracer, and the sample and spike were
homogenized by drying the solution on a hot plate and then
redissolved in 7N HNO3. To ensure that any organic material
included within the calcite was destroyed, the solution was heated
in a mixture of 14N HNO3 and perchloric acid. Next, U and Th
fractions were isolated using standard column chemistry methods
(Chen et al., 1986).

Isotopic ratios were measured using either a Micromass Sector
54 thermal ionization mass spectrometer (TIMS) or a Thermo
Neptune multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) (Table 1). For analysis on the TIMS, all
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Fig. 4. Photographs of stalagmites C126-117 and C126-118. Note interlayered mud
laminae at base of C126-117.
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isotopes of interest (236U, 235U, 234U, 233U, 232Th, 230Th, 229Th) were
measured using a high-abundance sensitivity filter on an ion-
counting Daly multiplier, requiring very little background correc-
tion even for samples with large 232Th. Multiplier dark noise was
about 0.3 counts per second. A NBL-112A U standard was measured
during the course of this study and was always in the range of 0.1%
of the accepted 234U/238U ratio. For analysis on the MC-ICP-MS, the
U and Th fractions were dissolved in 4 ml of a 3% HNO3 solution
which was then aspirated into the instrument using a Cetac Aridus
II low flow (50e100 ml/min) desolvating nebulizer system. U and Th
separates were run as static routines where all isotopes were
measured in Faraday cups, with the exception of 234U and 230Th
which were measured using the secondary electron multiplier
(SEM). Gains between the SEM and the Faraday cups were deter-
mined using standard solutions of NBL-112 for U and an in-house
230The229Th standard for Th that were typically measured after
every fifth sample. U and Th blanks were less than 20 pg, and
corrections for unsupported 230Th were made using an initial
230Th/232Th ratio of 4.4 ppm, the mean crustal silicate value, with
an uncertainty of�100%. Decay constants usedwere those reported
by Cheng et al. (2000).

3.2. Stable isotopic analysis

Stable isotopic ratios were obtained from powders drilled from
the center of each slab using a 0.5 mm-diameter drill bit at average
spatial (temporal) intervals of 5 mm (34 yr) and 1 mm (71 yr) for
C126-117 and C126-118, respectively, and analyzed for d13C and
d18O values at the Las Vegas Isotope Science Laboratory in the
Department of Geosciences at the University of Nevada Las Vegas.
Stable isotopic ratios were measured using phosphoric acid diges-
tion at 70 �Cwith a ThermoElectron Delta V Plusmass spectrometer
linked to a Kiel IV automated carbonate preparation device. Six
internal carbonate standards calibrated against NBS-18 and NBS-19
were included with each run and yielded an analytical precision for
both carbon and oxygen of better than 0.1& (1s).

4. Results

4.1. Chronology

230Th dating reveals continuous growth from 26 to 15 ka for
C126-118 and 11 to 6 ka for C126-117 (Table 1; Fig. 5). Intervals
available for dating were limited by the high abundances of mud
laminae that increased detrital Th abundances, and as a result, of
the 27 dates obtained for these stalagmites, the nine with errors in
excess of 10% were excluded from the growth model. One area
where the chronology suffered from these limitations is the bot-
tom (oldest) 150 mm of C126-117 where mud layers are inter-
spersed within the stalagmite calcite at such fine scale that
physical isolation of clean calcite was impossible in all but one
area: 30 mm (Fig. 4). Taken at face value, the 230Th dates can be
interpreted as representing a substantial increase in growth rates
after 7 ka or an interruption in growth prior to this time. However,
as only one date anchors the oldest portion of the chronology, age
constraints alone cannot identify growth hiatuses, and the abun-
dant mud laminae complicate their identification by petrographic
analysis. Without clear evidence for a hiatus of significant tem-
poral duration, such as a corrosion layer, we assume continuous
stalagmite growth.

4.2. Controls on stalagmite d13C and d18O values

The C126 paleoclimate record is based on the carbon and oxygen
isotopic ratios of stalagmite calcite, the utility and limitations of
which have been reviewed for a variety of settings (Mickler et al.,
2004; Fairchild et al., 2006; Lachniet, 2009) and thus the
following discussion represents an abbreviated overview of this
topic. Stalagmite oxygen isotopic ratios reflect the oxygen isotopic
composition of infiltrating fluids and the temperature dependence
of isotopic fractionation associated with calcium carbonate crys-
tallization (�0.2&/�C) (Kim and O’Neil, 1997).

Carbon isotopic ratios in speleothem carbonate can reflect
multiple influences, most of which are tied, directly or indirectly, to
climate. Speleothem carbon is sourced from carbonate bedrock and
carbon dioxide derived from the soil and the atmosphere. The
proportion of carbon dioxide derived from atmospheric vs soil
sources varies as a function of vegetation density (Hellstrom et al.,
1998) and soil respiration rates (Genty et al., 2003), with atmo-
spheric CO2 playing an important role in shallow and poorly
vegetated soils (Cerling,1984; Frumkin et al., 2000). The d13C values
of soil CO2 itself reflect the relative abundances of C4 and C3
vegetation, with C3 values approximately 15& lower than C4
(�27& vs �12&) (Smith and Epstein, 1971; Cerling, 1984); the
average d13C value of the Last Glacial period atmosphere was
considerably higher than during the early Holocene, with LGM d13C
values of approx. �6& (Kohler et al., 2010). Isotopic enrichment of
13C by w10& occurs between soil gas and stalagmite carbonate
(Hendy, 1971), and, in some cases, diffusion-induced fractionation
can also increase d13C values of soil gas by w4& (Cerling, 1984;
Romanek et al., 1992). Assuming a closed system, bedrock car-
bonate d13C values of 0& (a common value for the Tertiary;
Saltzman and Thomas, 2012), and no diffusion-related fraction-
ation, then end-member C3 (C4) vegetation should yield stalagmite
carbonate with d13C values of approximately �8& (�1&) (Dorale
et al., 1992; Denniston et al., 2007). Secondary effects such as pre-
cipitation of calcite in voids above the cave (Prior Calcite Precipi-
tation, PCP) (Baker et al., 1997) have been shown to increase



Table 1
U/Th isotopic ratios and 230Th ages of C126 stalagmites.

Stalagmite Distance to
base (mm)

238U
(ng/g)

232Th
(pg/g)

d234Ua

(corr’d)
Errorb 230Th/238U

(activity)
Error 230Th/232Th

(ppm)
Error Uncorrected

Age (yr)
Error
(yr)

Correctedc

Age (yr)
Error
(yr)

Method Applied to
age model

117 30 491.7 9480 806.9 11.2 0.1653 0.004 141.6 2.4 10,410 260 10,100 400 TIMS X
117 240 196.0 4367 743.8 3.5 0.1120 0.004 83.0 2.7 7218 240 6850 440 TIMS X
117 407 129.8 3239 753.4 5.7 0.1098 0.002 72.6 1.7 7030 120 6620 430 TIMS X
117 520 108.7 2026 750.8 7.9 0.1036 0.006 91.8 5.2 6630 380 6330 490 TIMS X
117 602 131.1 7655 744.3 14.6 0.1046 0.005 29.6 1.4 6720 330 5750 1020 TIMS
117 729 97.0 2223 740.3 1.9 0.0948 0.001 68.2 1.0 6130 60 5750 390 MC-ICP-MS X
117 768 73.0 2064 738.4 2.0 0.0985 0.002 57.6 1.5 6390 110 5920 490 MC-ICP-MS X
118 6 69.9 15,573 814.7 13.3 0.3900 0.017 28.9 1.3 25,940 1310 22,420 3750 TIMS
118 9 88.8 16,179 809.5 1.9 0.4026 0.003 36.5 0.3 26,970 210 24,100 2880 TIMS
118 11 73.7 5964 863.2 3.7 0.3936 0.003 80.3 1.0 26,390 190 25,120 1290 MC-ICP-MS X
118 99 51.6 21,821 821.2 3.3 0.3799 0.003 14.8 0.1 25,100 220 18,320 6790 TIMS
118 110 47.6 3151 881.7 3.4 0.3312 0.003 82.6 1.4 21,450 210 20,420 1050 MC-ICP-MS X
118 133 50.7 2142 874.0 16.9 0.3025 0.013 118.1 5.3 18,970 870 18,320 1080 TIMS X
118 159 66.2 27,683 830.4 2.9 0.3485 0.002 13.8 0.1 22,700 170 16,020 6690 TIMS
118 180 54.5 9768 866.9 7.2 0.3268 0.002 30.1 0.2 21,260 160 18,430 2830 MC-ICP-MS
118 191 70.5 91,029 801.6 2.3 0.4147 0.002 5.3 0.0 28,010 180 5390 22,620 TIMS
118 205 53.0 3777 903.1 3.4 0.3033 0.003 70.3 1.1 19,200 200 18,110 1110 MC-ICP-MS X
118 226 47.6 3992 907.1 3.1 0.3098 0.004 61.0 1.1 19,610 260 18,320 410 MC-ICP-MS X
118 241 50.8 1663 881.5 18.3 0.2762 0.013 139.3 7.4 17,130 920 16,630 1040 TIMS X
118 286 52.4 5838 876.9 3.1 0.2873 0.002 42.6 0.4 17,910 150 16,210 1710 TIMS
118 317 56.7 245 909.6 11.1 0.2865 0.018 1095.6 183.9 17,530 1190 17,460 1190 TIMS X
118 343 45.5 1370 915.8 2.3 0.2778 0.003 152.5 4.7 17,320 180 16,860 490 MC-ICP-MS X
118 385 57.5 4120 930.2 3.5 0.2887 0.003 66.5 1.2 17,910 210 16,820 1110 MC-ICP-MS X
118 451 104.9 1780 919.5 2.1 0.2591 0.002 252.1 10.5 16,020 140 15,760 300 MC-ICP-MS X
118 462 75.1 4441 908.7 3.0 0.2568 0.002 71.7 0.8 15,950 110 15,040 910 MC-ICP-MS X
118 475 80.8 22,139 897.0 11.1 0.2889 0.002 17.4 0.2 18,170 160 13,900 4280 MC-ICP-MS
118 481 92.0 1659 877.4 13.3 0.2471 0.009 226.4 9.3 15,250 590 14,970 650 TIMS X

a d234Umeas’d ¼ [(234U/238U)meas’d/(234U/238U)eq � 1] � 103, where (234U/238U)eq is secular equilibrium activity ratio: l238/l234 ¼ 1.0. Values are reported as permil.
b Errors are at the 2s level.
c The initial 230Th/232Th atomic ratio of 4.4 � 10�6 � 4.4 � 10�6 was used to correct measured 230Th/232Th ratios.
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dripwater, and thus stalagmite d13C values by up to several permil
while changes in CO2 out-gassing or drip rate across the stalagmite
surface have also been demonstrated to alter d13C values of spe-
leothem carbonate by kinetic effects that interferewith equilibrium
exchange between various carbon species in the fluid (Mickler
et al., 2004).
Fig. 5. C126 stalagmite growth models with two standard deviation errors. Equations
reflect age models. Ages excluded from age models (i.e., dates with two standard de-
viation errors greater than �10%) are not shown but are presented in Table 1.
The stable isotopic values of infiltrating fluids can be altered by
evaporative enrichment of 18O prior to infiltration (Denniston et al.,
1999) or by processes occurring between the soil and the stalag-
mite surface (Mickler et al., 2006; Lachniet, 2009). Testing for these
effects is best accomplished through analysis of multiple, coeval
samples from the same cave because only stalagmites growing in
isotopic equilibrium with unadulterated dripwaters would yield
similar isotopic values and trends (Dorale and Liu, 2009). Other
methods involve assessing the nature of isotopic covariance within
individual growth layers (Hendy, 1971) although the reliability of
these techniques has recently been called into question (Dorale and
Liu, 2009; Day and Henderson, 2011).

Coeval stalagmites were not obtained from C126, however ox-
ygen isotopic values at the top of C126-118 and bottom of C126-117
are both approx. �7.8&, tentative evidence supporting equilibrium
crystallization. Interdependence of d13C and d18O values has also
been suggested as indicating disequilibrium crystallization
(Mickler et al., 2004), and carbon and oxygen isotopic ratios in
C126-118 display only weak covariance (R2 ¼ 0.04) while d18O and
d13C values in C126-117 are more strongly covariant (R2 ¼ 0.54)
(Fig. 6). These results suggest that the latter experienced some
degree of non-equilibrium crystallization, or that climate and soil
CO2 variations changed in concert. For example, several environ-
mental factors could similarly affect both carbon and oxygen iso-
topic ratios in stalagmite calcite, particularly in the tropics (e.g.,
wetter climates reducing PCP and therefore lowering stalagmite
d13C values while simultaneously reducing pre-infiltration evapo-
ration such that water d18O values remain low from a lack of
evaporative 18O enrichment). The high correlation between carbon
and oxygen isotopic values in C126-117 does not therefore neces-
sarily imply disequilibrium, nor does it necessarily suggest a
disconnect from paleoenvironmental conditions (Lachniet, 2009)
because climate could have been a common driver of both d18O and
d13C values.



Fig. 6. Comparison of carbon and oxygen isotopic ratios as an indicator for isotopic
equilibrium crystallization of C126 stalagmite calcite.
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5. Discussion

5.1. Origins of C126 stalagmite oxygen isotopic variability

The C126 stalagmite stable isotopic time series contains signif-
icant, short-term variability (Fig. 7), but identifying the origins of
isotopic dynamics at these scales is not necessarily straightforward,
and thus we focus our interpretation on millennial-scale trends.
The most pronounced features of the C126 oxygen isotopic record
are a d18O minimum from 17.5 to 16.0 ka, a second decrease in d18O
values that defines the earliest Holocene, and a smaller oxygen
isotopic minimum at w6.5 ka. Evaluating stalagmite oxygen
isotopic ratios during a period of rapidly changing glacial boundary
conditions involves assessing the relative influences of a number
of variables including temperature and the isotopic composition
of meteoric precipitation, the latter being a reflection of its
source area and evolution during transport (Dansgaard, 1964).
Although significant attention has been paid to the modern and
Fig. 7. C126 stalagmite (a) oxygen and (b) carbon isotopic time series (this study);
marine core pollen transfer function-based mean annual temperature (MAT) (c) and
mean annual precipitation (MAP) (d) for Cape Range region based on analysis of
sediment samples from major rivers bordering the ocean in the Cape Range region
(van der Kaars et al., 2006); vertical yellow bars represent periods megalake level
highstands (MLH) from South Australia (Cohen et al., 2011); horizontal blue bars
denote two sigma age ranges for respective 230Th dates on C126 stalagmites.
paleoclimatology of the IASM-dominated regions of tropical
northwestern Australia and the winter precipitation-dominated
southwestern Australia, origins of rainfall variability in the Cape
Range region remain far less well understood.

5.2. Influences of temperature

Previous determinations of continental Australian deglacial
paleo-temperature changes include isoleucine epimerization of
radiocarbon-dated fossil emu eggshells from the Australian inte-
rior, which yielded a rapid temperature rise starting at 16 ka, with
maximum warming of 9 �C between the LGM and the Holocene
(Miller et al., 1997). For Cape Range, pollen transfer functions
applied to assemblages obtained from a marine core suggest a 4 �C
increase in mean annual temperature between the LGM and early
Holocene, with rapid temperature rises from 23 to 19 and 11 to 7 ka
(van der Kaars et al., 2006) (Fig. 7). Because temperatures in deep,
poorly ventilated caves such as C126 typically approximate the
local mean annual temperature, calcite crystallization tempera-
tures should have tracked regional climate trends, and this
parameter could in principle be estimated based on the measured
stalagmite d18O values if the d18O value of precipitationwas known.
The nearest IAEA Isotopes in Precipitation collection stations to
Cape Range are located at Darwin, Northern Territory (within the
IASM regime) and at Perth, Western Australia (within the winter
rainfall regime) (Fig. 1). Monthly average rainfall data from Perth
reveal a precipitation d18O/air temperature relationship of þ0.2&/
�C and amount effects of approx.�1&/100mm/month, with winter
rain d18O values ranging from �3.5& to �4.1& (IAEA/WMO).
Monthly average summer monsoon rainfall d18O values obtained at
Darwin average �6& and yield no statistically significant rela-
tionship with air temperature but do exhibit an amount effect of
approx. �1&/100 mm/month (IAEA/WMO) (Fig. 8). Combining the
temperature signal in winter rainfall from Perth (þ0.2&/�C) with
the temperature dependence of oxygen isotopic fractionation of
calcite crystallization (�0.2&/�C) (Kim and O’Neil, 1997) results in
an essentially temperature-insensitive stalagmite paleother-
mometer, and temperature effects are further complicated by the
contribution of moisture derived from tropical cyclones, the d18O
values for which are dominated by amount effects rather than air
temperature (Lawrence and Gedzelman, 1996).

Applying such isotopic measurements of precipitation from
distal stations is a source of considerable uncertainty and
modern rainfall d18O values at Cape Range are not well con-
strained. Dogramaci et al. (2012) report three years of precipi-
tation and groundwater oxygen isotopic values for the
Hamersley Basin, located approximately 400 km east of Cape
Range. Precipitation d18O values were highly variable over this
interval and appeared to reflect amount effects, with the heavy
rainfall (>20 mm) events that dominate the area’s groundwater
recharge averaging �6.7 � 5.5&; shallow groundwater values
were more tightly clustered at �8.0 � 0.8&. Liu et al. (2010)
modeled Australian precipitation oxygen isotopic values based
on latitude, longitude, and altitude, and applying their model to
Cape Range produces an average rainfall oxygen isotopic value
of �6.2&, a result identical to water from the Cape Range
groundwater estuary (salinity ¼ 1.9 p.s.u.) sampled in September
2011. Using the calcite-water paleothermometer of Craig (1965),
water with this composition, coupled with the average middle
Holocene stalagmite d18O value of �8.0 � 0.3&, yields a calcite
crystallization temperature of 25 � 1 �C, identical to modern
mean annual temperature of Cape Range and consistent with the
middle Holocene temperature reconstruction of van der Kaars
et al. (2006). Nonetheless, stalagmite-based paleo-temperature
estimates are untenable for the deglacial and LGM given the
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possibility of changing contributions of moisture sources and
their respective oxygen isotopic ratios on Cape Range precipi-
tation d18O values. Substantial differences in d18O values be-
tween summer and winter precipitation is theoretically
sufficient to allow stalagmites to track temporal changes in the
relative influence of seasonal moisture, a technique similarly
applied to studies of speleothems that grew during the Last
Glacial cycle in the southwestern United States (Asmerom et al.,
2010). However, our limited understanding of the evolution of
these moisture sources under modern conditions, coupled with
increased uncertainty regarding the positioning and strength of
the IASM, southern westerlies, tropical cyclones, and northwest
cloud bands during the late Pleistocene places the goal of
uniquely constraining the roles of moisture source variations on
C126 stalagmite oxygen isotopic variability beyond our ability.

5.3. Influences of winter precipitation

The deglacial C126 oxygen isotopic record is dominated by the
negative oxygen isotopic anomaly coincident with Heinrich Stadial
1 (HS1), a feature that may be explained by changing contributions
of winter rainfall. Variations in positioning of the southern hemi-
sphere westerlies during the Last Glacial cycle have been suggested
from geomorphic evidence across South America (Heusser, 1989),
Africa (Mills et al., 2012), and Australia (Schulmeister et al., 2004)
including a more northward position during glacial periods
(Toggweiler et al., 2006; Fletcher and Moreno, 2012). Evidence for
precipitation changes associated with migration of the southern
hemisphere westerlies has also been obtained from south-central
Australia, where megalake level markers track variations in hy-
drologic balances across the Last Glacial cycle (Cohen et al., 2011).
Some of these interior basins, such as Lake Eyre, are located south
of the area receiving monsoon rainfall, but contain vast catchment
areas that reach far enough north to capturemonsoon-derived run-
off (Magee et al., 2004). Water levels in other nearby basins have
been demonstrated to reflect contributions from southerly sources,
as well. One such site, Lake Frome, experienced significant lake
level fluctuations during the deglacial period, including lake level
highs at 17.6e15.8 and 13.5e12.0 ka (Cohen et al., 2011) (Fig. 1;
Fig. 7), and which have been tied to increased precipitation from
southerly sources. This interpretation is supported by stalagmites
from southern Australia (w30�S) that reveal accelerated growth
from 17.1 to 15.8 ka (Cohen et al., 2011) and by an equatorward shift
in polar waters at this time (Barrows and Juggins, 2005). However,
using multi-proxy analysis of a marine core just south of the
Australian margin, De Deckker et al. (2012) documented deglacial
changes in the strength of the Leeuwin Current which, in turn,
reflect positioning of the Subtropical Front and the southern
hemisphere westerlies. These data reveal an anti-phasing with the
North Atlantic such that poleward migration of the southern
hemisphere westerlies occurred synchronously with HS1 and HS2,
possibly due to linkages to AMOC, and thus rainfall from these
sources should have been generally reduced across southern
Australia during HS1. However, concentrations of Fe from aeolian
dust within the same marine core record a sharp drop in South
Australia continental aridity beginning at 17.5 ka. Taken together,
these results may indicate that the relationship between posi-
tioning of the southern westerlies and rainfall balances across the
southern portion of Australia were not necessarily straightforward.
The C126 stalagmite record oxygen isotopic anomaly shows a
structural similarity to this reconstruction of Leeuwin Current
strength, although it is unclear whether there is a causal link be-
tween the two sites.

While some uncertainties therefore exist between the megalake
and marine core records, it is clear that the southern hemisphere
westerlies, along with associated storm tracks, are important
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components of winter rainfall in southern Australia today, and thus
latitudinal shifts of their position would have impacted southern
and possibly also central Australia precipitation patterns. Re-
ductions in South Australia aridity are coincident with periods of
decreased d18O values in C126 stalagmites, and given the pre-
dominance of modern winter rainfall at Cape Range, equatorward
migration of the westerlies may explain Last Glacial and early Ho-
locene climate variability at C126. This interpretation is challenged,
however, by precipitation reconstructions from pollen data ob-
tained from the Cape Range margin and interpreted using transfer
functions developed by van der Kaars et al. (2006). Although con-
taining substantial short-term variability, when smoothed, these
data suggest increases in summer rainfall and decreases in winter
rainfall from the LGM to the early Holocene. In addition, HS2 is not
apparent in the C126 record, although the relatively weak response
of HS2 in the marine core taken south of Australia similarly may
suggest that it was limited in magnitude in this region.

Treble et al. (2005) conducted daily precipitation isotopic ana-
lyses over a year-long interval from Cape Leeuwin Lighthouse
(34.5�S), located approximately 200 km south of Perth, and while
they found precipitation d18O values consistent with those from
Perth (weighted average of �4.3&), they also identified a negative
correlation with rainfall amount, with the largest amounts of
rainfall associated with the lowest d18O values; no statistically
significant correlation between precipitation and air temperature
was evident (although ultra-high-resolution d18O analysis of early
twentieth century stalagmite calcite from this area suggests a
breakdown in amount effects on precipitation at this time) (Treble
et al., 2005). These 18O-depleted rainfall events were delivered by
low pressure systems in the Southern Ocean that passed closest to
the South Australian coast. These data suggest that moisture
derived from southern sources such as these may have been more
isotopically-depleted further north in association with equator-
ward migration of the southern hemisphere westerlies.

Next, given their prominent influence on modern moisture
budgets at Cape Range today, changes in the strength or frequency
of NWCB must also be considered. Observational and modeling
studies demonstrate a correlation between northwest Australia
rainfall and SST (and SST gradients; Shi et al., 2008) in the tropical
eastern Indian Ocean (Fredericksen et al., 2011). Over the Last
Glacial cycle, this region experiencedmarked changes in SST driven
by changes in the strength of the Indonesian Throughflow (Zuraida
et al., 2009). Oxygen isotopic and Mg/Ca analyses of foraminifera
taken from a core located at the southwestern margin of the Timor
Straight (13�50S, 121�470E), the main outflow for the Indonesia
Throughflow, record SST variations that rose sharply during HS 3e
5, with minimum SST of w19.5 �C prior to HS and peak SST of 22e
24 �C during HS. If similar SST changes coincided with HS1, then
they could have driven a concomitant increased rainfall response
across northwestern Australia.

Additional sources of eastern Indian Ocean SST variability, at
least during the Holocene, have been the IOD and ENSO. Ashok et al.
(2003) found a statistically significant reduction in western
Australian winter rainfall during positive IOD years, although they
did not investigate impacts on rainfall during negative IOD years.
And Telcik (2003) noted an apparent inverse relationship between
the IOD and NWCB activity. Abram et al. (2007) attributed SST
variations in the northeastern Indian Ocean to strengthened and
more frequent IOD activity during the middle Holocene relative to
today which could have resulted in enhanced rainfall during
negative IOD events. Regional SST in the NWCB-generating region
are also influenced by ENSO with El Niño (La Niña) events resulting
in less (more) warm surface water passing through the Indonesian
Throughflow into the eastern Indian Ocean (Meyers, 1996), and
resulting in diminished (enhanced) NWCB production (Wright,
1997; Telcik, 2003). However, changes in rainfall alone do not
necessarily equate with changing precipitation (and therefore sta-
lagmite) d18O values, and given the lack of isotopic data for pre-
cipitation associated with NWCB in northwest Australia, this
mechanism remains largely untestable at the present time.

5.4. Influences of summer precipitation

The possibility also exists for a relationship between C126 sta-
lagmite d18O variability and summer rainfall, which in the Cape
Range region is largely attributable to tropical cyclone activity.
Today, tropical cyclones contribute approximately 30% of the
rainfall to the Cape Range (Milton, 1980; Dare et al., 2012; Indian
Ocean Climate Initiative, 2012), and can deliver rainfall substan-
tially lower in d18O values than average precipitation (Lawrence and
Gedzelman,1996; Lawrence,1998; Lawrence et al., 2002). Lawrence
and Gedzelman (1996) documented rainfall d18O values that ranged
from �7 to �14& associated with Hurricane Gilbert (in contrast to
non-cyclone-related summer rains which averaged �3&) (IAEA/
WMO) where it made landfall across Texas, USA in 1988 AD and
tied these lightest values to isotopic exchange between inflowing
vapor and falling rain. The area south of 18�S along the Western
Australia coast is dominated by dry subsiding anticyclonic air
masses associated with subtropical high pressure ridges. During
the austral summer, moist air masses shift southeast, bringing with
them convective thunderstorms, and inwinter, rain may be derived
from fronts that shift northward from the mid-latitudes. In general,
the contribution of tropical cyclones to the annual hydrologic
budget decreases with distance north and south of 18�S, in part
because of the increase in rainfall derived from the IASM to the
north and winter rainfall events to the south (Milton, 1980; Dare
et al., 2012).

Tropical cyclone activity is linked to positioning of the ITCZ
(Wang and Magnusdottir, 2006), and the coastal area just north of
Cape Range is characterized by the highest average frequency of
severe tropical cyclones in Western Australia (bom.gov.au) (Fig. 1).
Therefore, southward migration of the ITCZ conceivably could have
pushed this tropical cyclone activity further southward, resulting in
elevated landfall events at Cape Range, and concomitant decreases
in average annual precipitation d18O values. Prerequisites for
tropical cyclone genesis include minimum SST of w26.5 �C
(Nicholls, 1979; Dare and McBride, 2011) and variations in SST
associated with changes in Indonesian Throughflow form an
additional, poorly constrained influence on cyclone activity as this
would have impacted regional SST.

An alternative source of summer moisture during deglaciation
may lie in the IASM. Recent IASM reconstructions from the south-
ern Indo-Pacific Warm Pool (IPWP) (Flores and the Flores Sea;
Fig. 1) reveal evidence for monsoon links to North Atlantic climate
(Griffiths et al., 2009; Muller et al., 2012) with HS1 cooling in the
North Atlantic Ocean forcing a southward displacement of the ITCZ
through a reduction in Atlantic Meridional Overturning Circulation
(AMOC) and increased ice cover in the high northern latitudes
(Broccoli et al., 2006). Similar isotopic variability was documented
in stalagmites from Ball Gown Cave in the western Kimberley re-
gion of tropical Australia and which also showed a close similarity
to North Atlantic climate variations, with both HS1 and the Younger
Dryas marked by periods of enhanced IASM moisture and the
Bølling/Allerød characterized by a dramatic weakening in the IASM
(Denniston et al., 2013) (Figs. 1 and 9). The similarity of the d18O
record from C126 and the southern IPWP and western Kimberley
suggests that this monsoon displacement was regional in scale, and
thus raises the question of whether an increase in the contribution
of C126 dripwater derived from isotopically light IASM sources was
responsible for decreasing stalagmite d18O values during HS1.

http://bom.gov.au


Fig. 9. Comparison of C126 oxygen isotopic time series (blue) with records of (A) IASM strength from Th abundances in Flores Sea core VM33-80 (Muller et al., 2012); (B) IASM
strength from stalagmite oxygen isotopic ratios at Ball Gown Cave, tropical Western Australia (Denniston et al., 2013); (C) Leeuwin Current strength from G. ruber abundances in
South Australia marine core MD03-2611 (De Deckker et al., 2012). Vertical yellow bars indicate Heinrich Stadials 1 (HS1) and 2 (HS2).
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Interestingly, the C126 record does not preserve an isotopic
anomaly coincident with HS2 (24.5e23.5 ka) (Fig. 9), but HS2 may
have imparted a substantially smaller climatic response in the
western Pacific than did HS1, an interpretation supported by the
Chinese stalagmite record (Wang et al., 2001) as well as a South
Australia marine core (De Deckker et al., 2012) and the Ball Gown
Cave record (Denniston et al., 2013). Alternatively, the IASM may
have been sufficiently weakened during the LGM such that south-
ward migration of the ITCZ and the monsoon trough failed to
deliver a sufficient increase in 18O-depletedmoisture to Cape Range
during HS2 so as noticeably decrease stalagmite d18O values. In this
scenario, in which close teleconnections exist between Western
Australia and the North Atlantic, the gap in growth between the top
of C126-118 and the bottom of C126-117 is perhaps related to
northward migration of the IASM during Bølling/Allerød warming
in the high northern latitudes, although changes in cave plumbing
(infiltration pathways) are another possible source of the hiatus.
Geomorphic evidence from the Fitzroy River and Lake Gregory,
northwestern Australia, supports a significant strengthening of
monsoon activity only around 14 ka (Wyrwoll andMiller, 2001) and
pollen evidence from off-shore Cape Range supports increases in
monsoon rainfall at 14 ka (van der Kaars and De Deckker, 2002; van
der Kaars et al., 2006) (Fig. 1). Reconciling the hypothesis of a cli-
matic origin for the missing stalagmite growth interval with the
IASM data will therefore require further investigation.

The decrease in stalagmite d18O values from 11 to 9 ka marks the
earliest Holocene and is not coincident with a period of North
Atlantic cooling but is instead characterized by rapid sea level rise
that led to flooding of the Indo-Pacific continental shelves (Fig. 1).
Early Holocene strengthening of the IASM has been linked to
changing sea level (Griffiths et al., 2009), and thus at Cape Range,
Holocene moisture balances may reflect an overall higher contri-
bution of IASM rainfall than occurred during most of the LGM and
the rest of the deglaciation. Similarly, the distribution of summer
rainfall vs winter rainfall-related plant taxa in Lake Frome (Singh
and Luly, 1991) and oxygen isotopic ratios from speleothems
located proximally to Lake Frome (Quigley et al., 2010) argue for
more southerly penetration of IASM moisture during the early/
middle Holocene than occurs today.

5.5. Origins of carbon isotopic variability

Carbon isotopic ratios from C126 stalagmites offer a comple-
mentary view of climate dynamics at Cape Range. Like the oxygen
isotopic time series, carbon isotopic ratios remained relatively
heavy (w�5&) from 26 to 19 ka, after which point they decreased
by 7& to �12& between 8 and 5.5 ka (Fig. 7). The pronounced
decrease in d13C values is interpreted here to reflect enhanced
biologic CO2 production in soils overlying the cave due to increased
temperature and rainfall in the early Holocene. The pollen transfer
functions of van der Kaars et al. (2006) argue for aw50% increase in
mean rainfall over this time coupled with a rise in mean annual
temperature of w1 �C. Wetter conditions are generally associated
with reduced PCP, and awarmer, wetter environment, coupledwith
higher atmospheric CO2 concentrations (Schmitt et al., 2012),
would have favored plant growth, thereby increasing soil
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respiration and vegetation density (Hellstrom et al., 1998). Changes
in the C3/C4 ratio of vegetation over the cave may have been
responsible for the observed 7& decrease in carbon isotopic values
from the LGM to the Holocene but the dominance of C4 vegetation
at Cape Range today necessitates that if plant type alone drove
stalagmite d13C shifts from 20 to 7 ka, then an almost complete
replacement by C4 plants has occurred since themiddle Holocene, a
shift that is not recorded in regional pollen data (van der Kaars and
De Deckker, 2002). Alternatively, the large decrease in stalagmite
carbon isotopic values from 15 to 9 ka is a function of (or some
combination of) elevated atmospheric CO2 concentrations, tem-
peratures, and precipitation that increased vegetation density and
plant respiration, and thus the proportion of biogenic soil CO2
relative to atmospheric CO2 in the infiltrating fluids, and that may
have also been associated with a decrease in PCP (Fig. 7).

The concomitant decreases in carbon and oxygen isotopic ratios
from 19 to 17 ka may be explained by a similar mechanism. In this
arid deglacial climate, plant density would have responded to in-
creases in moisture, thereby elevating the production of soil CO2,
limiting the relative contribution of atmospheric CO2 in infiltrating
fluids, and thereby decreasing stalagmite d13C values. Although
stalagmite growth rates reflect a myriad of influences, in arid cli-
mates, effective moisture exerts a first-order control (Asmerom and
Polyak, 2004; Mattey et al., 2008). Therefore, the association of
elevated growth rates in both C126-117 and C126-118 with the
most negative d13C values likely reflects increased delivery of
dripwater to the stalagmite surface during periods of greater plant
density over the cave.

Under the current climate, deep caves such as C126 are seldom
seenwith active drips on the stalagmites. In the absence of modern
calcite deposition, it remains unclear why middle Holocene sta-
lagmite d13C values are characteristic of C3-dominated vegetation
over the cave site. One possibility is that vegetation has shifted
dramatically since 6 ka in response to changing rainfall conditions.
In fact, van der Kaars et al. (2006) document peak Holocene rainfall
at 6 ka, followed by substantial decreases in both summer and
annual average rainfall to the present, consistent with our data. The
Lake Frome and associated stalagmite records preserve evidence of
a middle Holocene (w5 ka) highstand which was tied to southward
migration of the IASM trough and resulting tropical rainfall (Singh
and Luly, 1991; Quigley et al., 2010; Cohen et al., 2011) rather than
winter moisture, and if correct, then this monsoon influence would
likely have been felt at Cape Range, as well. In addition, some effects
may be related to PCP and/or kinetic-driven fractionation that
decreased stalagmite d13C values through disequilibrium between
the calcite and dissolved inorganic carbon reservoirs, an effect
linked in tropical speleothems to negative shifts in stalagmite d13C
values (Mickler et al., 2004).

6. Conclusions

Paleoenvironmental signals in stalagmites from Cape Range,
Western Australia generally track glacial boundary conditions
during the LGM and deglaciation. Origins of millennial-scale oxy-
gen isotopic variability likely reflect multiple influences, including
shifts in winter moisture related to positioning of the southern
hemisphere westerlies, variations in IASM rainfall, and/or tropical
cyclone activity. A shift to lower stalagmite calcite d18O values
coincident with HS1 likely reflects changing moisture or moisture
source that could involve the positioning of the southern hemi-
sphere westerlies, an increase in the strength/and or location of the
IASM trough, tropical cyclone activity, and/or northwest cloud band
activity. In the absence of a clear relationship between air tem-
perature and precipitation d18O values at Cape Range, it appears
that temperature exerted at most a small influence on C126
stalagmite oxygen isotopic variability. Interestingly, the magnitude
of the d18O anomaly coincident with HS1 is similar to the Pleisto-
cene/Holocene oxygen isotopic shift, however no oxygen isotopic
excursion is associated with HS2. Stalagmite d13C data indicate a
dominant C4 vegetation type during the drier and colder LGM
period, with a transition to more prominent C3 vegetation being
complete by the middle Holocene (ca 5.5e7.0 ka), although the
roles of PCP and kinetic fractionation on stalagmite carbon isotopic
values cannot be ruled out. Decreased d13C values in the early
Holocene are a response to increased effective moisture, tempera-
ture and possibly also atmospheric carbon dioxide levels. A middle
Holocene minimum in stalagmite d13C and d18O values may reflect
increased IASM rainfall, as recorded by regional pollen evidence.
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