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ARTICLE INFO ABSTRACT

Editor: P Hesse We present a record of hydroclimatic change over the Holocene from Kinrara Lake, in a seasonally dry savanna

location in north-eastern Australia. The record is derived from the oxygen (6180) and carbon stable isotope (613C)

Keywords: composition of endogenic and biogenic (gastropod) carbonate. The stable isotope proxy records are com-
Sa"am‘_a plemented by elemental geochemical (Itrax) and sedimentological proxy data providing a record of hydrologic
Stab,le Isotope and climate change, spanning 10.5 ka to the present day. Two main forms of endogenic carbonate occur in the
Radiocarbon . " . . s e . .

Carbonate lake sediments; (i) carbonate associated with biofilms during the early-Holocene, under drier-than-modern

Hydroclimate conditions, (ii) photosynthetic and evaporatively-enriched precipitates in the late-Holocene, associated with

ENSO enhanced climate variability inducing drought periods. Strong relationships between negative 5'%0 values and
increased Ti, Rb, Fe/Mn, inc/coh, are linked with strengthened monsoon conditions, while enhanced periods of
dryness are inferred from more positive 5'%0 values, increased Ca/>_Fe, Ti, Al, and subsequent intensifications in
lake productivity (higher Si/Ti, S/Ti, Mn/Ti). Three distinct phases can be identified in palaeohydrological
history of the lake; (i) a relatively stable drier-than-modern phase during the early-Holocene (10.5 to 8.2 ka), (2)
a significantly wetter-than-modern, monsoon-dominated phase through the mid-Holocene into the late-Holocene
(8.2-2.8 cal yr BP), and (3) after 2.8 ka, increased intensity of ENSO-related rainfall variability during the late-
Holocene, continuing into the present.

1. Introduction

North-eastern Australia lies adjacent to the western equatorial Pa-
cific, in a region that is critical for the redistribution of energy and
moisture within the Earths climate system. Convection within this re-
gion is driven by evaporation in the Indo-Pacific Warm Pool (IPWP), the
region of largest heat energy transfer on the globe, vital for ocean-
atmospheric convective transport from the equator to the poles
(Krause et al., 2019). The climate of the region is currently subject to
considerable inter-annual rainfall variability driven by a number of
interacting phenomena including the El Nino-Southern Oscillation
(ENSO) and the Inter-decadal Pacific Oscillation (IPO) to the east, the
Indian Ocean Dipole (IOD) in the west, as well as the traverse of the
Madden-Julian Oscillation (MJO) (Lough et al., 2014; Wheeler et al.,
2009).
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Inter-annual rainfall is modulated by latitudinal shifts in the position
of the Inter-Tropical Convergence Zone (ITCZ) bringing warm moist air
from the IPWP southwards into northern Australia (Reeves et al.,
2013b), as part of the complex Australasian Monsoon System which in
turn interacts with the East Asian summer monsoon and Indo-Australian
Summer Monsoon (IASM) to the north (Krause et al., 2019). The modern
climate of tropical Australia is dominated by the IASM. Therefore,
tropical Australian paleoenvironmental data on centennial to millennial
timescales is likely to dominantly reflect shifts in IASM intensity and
position of the ITCZ, modulated by changes in the frequency, intensity
and/or phase of shorter-term phenomena, likely dominated by ENSO,
but including the influence of IPO, IOD, and MJO dynamics.

Understanding past hydroclimate variations across northern
Australia provides critical information on timing and magnitude of
monsoon variability on centennial to millennial timescales beyond the
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relatively short instrumental record that is available. Such information
assists in the identification of the drivers of IASM variability and the
trajectory of regional hydroclimate change into the future. Local
changes in IASM intensity are generally attributed to changes in the
position of the ITCZ, in-turn related to millennial-scale changes in North
Atlantic climate and meridional ocean circulation (decreased tempera-
tures and/or increased ice cover resulting in southward ITCZ displace-
ment (Denniston et al., 2013a; Griffiths et al., 2009; Griffiths et al., 2010;
Lewis et al., 2010; Muller et al., 2012; Partin et al., 2007).

The most widely applied terrestrial proxy used to infer spatiotem-
poral changes in hydroclimate are time series changes in the §'80 values
of carbonate in speleothems (Denniston et al., 2013b; Krause et al.,
2019). Low latitude speleothems record periods of intense monsoon
rainfall as more negative 5'20 values can be linked to increased low-'80
monsoon-derived rainfall (Zwart et al., 2018; Bird et al., 2020). While
shifts in the ITCZ have been linked to spatial changes in IASM rainfall
distribution, changes in the strength of deep atmospheric convection
generally has implications for total rainfall received and the 5'%0 values
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of that rainfall (Krause et al., 2019). However, a time series of 5'%0
values from calcite and aragonite in the Kimberly speleothem (KNI-51 -
Denniston et al., 2013b), related IASM variability throughout the Ho-
locene to changes in ENSO intensity in the later Holocene, rather than to
the changes in the position of the ITCZ.

Late-Holocene ENSO intensification impacting the IASM has also
been identified, with varying times of initiation, in a range of micro-
fossil, elemental geochemical and humification studies in north
Queensland (Burrows et al., 2016; Kershaw, 1976; Moss and Kershaw,
2000; Tibby and Haberle, 2007; Turney et al., 2004; Walker, 2007; Moss
et al., 2012), in addition to one speleothem record from the Chillagoe
cave system (Turney et al., 2006a) (Fig. 1). However, these studies, with
the exception of the Witherspoon swamp pollen record of Moss et al.
(2012) are biased toward the rainforest areas in north-eastern Queens-
land, due to a paucity of perennial lakes and lack of continuous spe-
leothem archives in seasonally dry environments. Tropical savannas are
located in regions characterised by high evaporation and a strong
contrast in seasonal precipitation (Peel et al., 2007), resulting in
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Fig. 1. Kinrara Lake study site (red marker) with reference to other palaeoenvionment studies in the region, modified from (Hughes and Croke, 2017). Sites are as
follows: 1 — ODP820 (Moss and Kershaw, 2007); 2 — Chillagoe cave system (Haig et al., 2014; Turney et al., 2006a); 3 — Lake Euramoo (Haberle, 2005; Haberle et al.,
2010; Tibby and Haberle, 2007); 4 — Lake Barrine (Walker, 2007; Li et al., 2022, 2023); 5 — Lynch’s Crater (Muller et al., 2008; Turney et al., 2004; Turney et al.,
2006b); 6 — Bromfield swamp (Burrows et al., 2016; Burrows et al., 2014); 7 — Magnetic Island (Lough et al., 2014); 8 - ENSO compilation sites (Donders et al., 2007);
9 — key Great Barrier Reef sea level sites (Lewis et al., 2013); 10 — Witherspoon Swamp (Moss et al., 2012). Satellite imagery from © 2018 Google Earth showing the
water sampling sites (yellow and white circles), and CTD diver logger locality (blue square) used to characterize Kinrara Lake and spring with reference to the coring
location (red diamond). Mapped using © 2019 Maxar Technologies imagery. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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ephemeral lakes and therefore in non-continuous and/or degraded
environmental archives (Bird et al., 2020).

No previous studies in northern Australia have examined lacustrine
carbonates, which, like speleothems, can provide relatively direct in-
formation on hydroclimate as carbonates record the 5'20 value of pre-
cipitation, modified by fractionation effects related to the temperature
of the lake water (Leng and Marshall, 2004; van Hardenbroek et al.,
2018a). While biogenic carbonates (e.g. gastropods) are common in
some lacustrine environments, their use as a paleoenvironmental proxy
is complicated due to poorly constrained metabolic fractionations and
often incomplete representation throughout lake sediment cores. As a
result, when analysed, their use tends to be restricted to well-studied
species, with demonstrated applications biased to the northern hemi-
sphere (van Hardenbroek et al., 2018b). In lake sediment records,
mollusc stable isotope compositions are often analysed in conjunction
with endogenic carbonates, which precipitate in lake waters directly
from the epilimnion or sediment water interface (Leng et al., 1999; Leng
and Marshall, 2004; van Hardenbroek et al., 2018b). However, envi-
ronmental controls coupled to a usual lack of carbonate influx from
inorganic sources due to elemental mobility and through-flow lead to a
lack of endogenic carbonates in a stratigraphically secure context in
most northern Australian lacustrine settings.

Kinrara Lake, located in the seasonally dry interior region of tropical
north Queensland (Koppen Climate Classification - Peel et al., 2007), is
potentially unique in that it is not only a perennial lake, but intervals in
the sedimentary record contain abundant gastropods and endogenic
carbonates, providing access to isotopic information on Holocene
hydroclimate. This lake therefore has considerable potential to yield a
unique, high-resolution record of northern Australian hydroclimate over
the Holocene. The principal aim of this study is to provide the first
lacustrine carbonate isotope record of palaeohydrological change for
tropical northern Australia. The record will provide centennial/millen-
nial scale insight into the drivers of monsoon intensity and variability in
a low latitude tropical savanna.

This study has the following objectives; (i) provide a comprehensive
stratigraphic description of the sedimentary record of Kinara Lake (ii)
develop a robust chronology for lake sediment accumulation and
determine the time of lake genesis, (iii) identify the mineralogical
composition and mode of deposition of endogenic carbonates within
Kinrara Lake, (iv) develop a chronologically controlled record of
changes in the stable isotopic composition of endogenic and biogenic
(gastropod) carbonates, (v) complement the carbonate isotope record
with other geochemical and sedimentological information from the
sediment core, (vi) contrast results from Kinrara Lake with other pale-
oclimate proxies from the north-east Queensland, and (vii) identify the
possible drivers of environmental change inferred from the record.

2. Study area
2.1. Geological setting and lake genesis

Kinrara Lake (18°30'4.43”S, 145°2'27.74'E, elevation 592 m — Fig. 1)
is a spring-fed, basalt-dammed lake located in northeast Queensland on
the weathered basalts of the McBride Volcanic Province (up to 3 Ma,
Whitehead, 2010). Kinrara Lake was formed as a result of an eruption
from the Kinrara Volcanic vent ~20 km NE damming springwaters and
creek waters with basalt that flowed southeast into a pre-existing
drainage channel toward the Burdekin River. Dating the complex ‘a‘a
and pahoehoe Kinrara basalt flows has been difficult (Cohen et al.,
2017). Direct *°Ar/3Ar dating of Kinrara basalt has yielded a weighted
mean age of 7 + 2/2 ka (Cohen et al., 2017), noting that the flows
sampled for dating in that study did not include the flow that dammed
the lake.
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2.2. Hydrology

Kinrara Lake is a small (~2.5 kmz), shallow open lake with an
irregular perimeter. The catchment feeding the lake is gently sloping
(<0.01°) and covers an area of ~111 km?. Satellite imagery indicates
that the lake surface area increases substantially during high rainfall wet
seasons. However, due to the flat topography of the region, a doubling of
lake area increases lake depth by only 1 m (maximum 2.8 m), at which
point a sill is breached in the SE corner of the lake. While an ephemeral
stream, Glenlofty Creek, runs into the lake along the basaltic drainage
line, the major and perennial source of water is groundwater of the
Upper Burdekin River Basin in the McBride Province. The lagoon is fed
by Kinrara spring located ~2 km NNW of the lake (Fig. 2). The spring
has been continually active since the Kinrara cattle property was
established in the early 20th century, discharging bicarbonate-
containing freshwater suitable for human and livestock consumption
as well as irrigation. Average daily water temperatures from 2012 to
2019 in the Burdekin River headwaters (Valley of Lagoons gauging
station - 120123 A), 18 km south of Kinrara Lake, are consistently stable
at 24.7 £+ 1 °C (Queensland Government, 2019).

2.3. Modern climate and vegetation

Regional temperature varies seasonally, with a mean minimum of
16.1 °C and a mean maximum 31 °C (Mount Surprise Township, 77 km
NE from Kinrara Lake) with lowest temperatures in June-July and
highest November-December based on data from 1873 to 1978 (BOM,
2019a). Rainfall in the region is highly variable with a mean annual
rainfall of 759 mm subject to substantial inter-annual variability and
with rainfall dominantly falling in the summer months (Craigs Pocket
Station - 18°33'47.88”S, 144°59'21.12"E; 10 km SW of Kinrara Lake from
1968 to 2019;BOM, 2019b). Around 90% of the rainfall is associated
with tropical depressions off the coast to the east (QPWS Enhanced Fire
Managment Team, 2012). Currently, no information exists on the stable
isotope composition of precipitation at the study location. However,
daily rainfall isotope data over seven years are available for Cairns
(Fig. 1) 250 km to the northeast. The data indicate that rainfall oxygen
isotope composition varies widely from ~ — 5 to —10 %o during
monsoon rain events, and ~ 0 to —3 %o associated with trade wind-
derived rainfall (Munksgaard et al., 2019). Model estimates based on
the Australian meteoric water line, location and altitude suggest average
annual precipitation values at the site of —5.8% VSMOW for 5'%0
(—34.9%0 VDPB) (Bowen, 2019). Seasonal changes in temperature and
precipitation results in hot, humid summers and cooler, dry winters with
the region being classified as a tropical savanna.

Kinrara Lake lies within the tropical savannas of the Einasleigh Up-
lands bioregion, characterised by open Eucalypt woodland with an
extensive grass understory community (Department of Environment and
Energy, 2019). The region primarily maintains its original vegetation
cover of annual and perennial grasses along with Eucalyptus spp., Mel-
aleuca spp., Acacia spp., and Cypress spp., and cattle grazing is the
dominant landuse in the catchment and more widely (Cohen et al.,
2017).

3. Materials and methods
3.1. Modern lake hydrochemistry

Water for modern calibration studies was collected in 50 mL sealable
plastic containers for measurement of the stable isotope composition of
both the water and dissolved inorganic carbon (DIC). Samples were
collected pre-wet season (December 2019 and 2021) and post-wet sea-
sonal (April 2019 and August 2011/2018) from the spring outflow and
sites within the Lake (Fig. 1). Fig. 1 shows additional sites where water
quality measurements (temperature, pH, specific electrical conductivity,
total dissolved solids and turbidity) and analysis of major cations.
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Fig. 2. Stratigraphic column for Core 2; optical image and x-ray scan, grainsize results (%) and depth sampled (cm), magnetic susceptibility (unitless) and ITRAX
data (in raw counts per second) showing the 5 identified units (see SI - Section 2 for core description). Al, Si and Si represent raw counts x 1000.

Further information on collection and results for water are summarised
in the Supplementary Information (SI - Section 1).

The water 5'80 values were measured using isotope ratio infrared
spectroscopy via a Picarro L2130-i (Zwart et al., 2018) while dissolved
inorganic carbon (DIC) and gastropod carbonate composition was ana-
lysed by acidification using the ThermoFinnigan Gasbench II coupled to
a Thermo Delta Plus mass spectrometer. Refer to Sample Preparation -
carbonate and dissolved inorganic carbon stable isotope analysis for
details on instrumentation and technique.

3.2. Coring

Two cores were collected from locations a few metres apart in the
deepest central part of the lagoon (18°30'4.428”S, 145°2'27.744'E —
Fig. 1). Core 1 was collected in September 2010 to 4 m using a piston
hand coring system from a floating platform. Core 2 was collected in
October 2018 to 7 m using a hydraulic piston raft-mounted coring rig.
Both cores were 5 cm in diameter and collected in 1 m plastic liners.
Core 1 was described in the field and subsequently sub-sampled at 1 cm
intervals, weighed and lyophilized for bulk density and archival pur-
poses. Core 2 was frozen, halved in the laboratory, with one half kept for
archival purposes and non-destructive geochemical analysis (i.e.
ITRAX). The other half was sub-sampled every 2 cm using a drill press
(diameter 1.9 cm), with samples weighed and dried for subsequent
analytical work. Core 1 was correlated with Core 2 using a combination
of stratigraphic boundaries including marker layers (e.g., shell domi-
nated beds), radiocarbon ages of organic material, and stable isotopic
data. All intervals from both cores were corrected to represent the 1 m
interval recorded as cored in the field prior to analysis to create a master
stratigraphy.

3.3. Stratigraphy and grain size analysis

Core 2 was subject to detailed description of stratigraphy focusing on
the physical features (e.g. darkness, stratification, elasticity), colour,
structure and visible components (origin of organic fragments, charcoal,
gastropods). Unit boundaries were identified as distinct contacts be-
tween units of different colour and structure, with further support for
boundaries derived from magnetic susceptibility, elemental profiles,
gastropod abundance, stable isotope results and grain size analysis. A
detailed stratigraphic description is provided in the SI - section 2.

The grain size distribution for 16 samples (2-3 samples per metre)
from Core 2, was determined using a Malvern Mastersizer 2000 laser
diffraction spectrophotometer. Samples were selected based on visual
transitions in stratigraphy, magnetic susceptibility and pXRF results.
Approximately 500 mg of sample was pretreated with 10-20 mL of 30%
H,0; to remove organic matter then ~10 mL of 2 N HCl to remove
carbonates. Samples were then rinsed with ~500 mL deionized water to
remove acidic ions and further treated with ~25 mL of 1 M NaOH to
remove biogenic silica. The samples were then rinsed to neutralize the
sediments before adding ~10 mL of 0.05 M of sodium hexametaphos-
phate and agitated to disperse the grains prior to laser analysis.

3.3.1. Chronology

Radiocarbon measurements from sixteen samples were obtained (see
SI - Section 3); five samples selected from Core 1 (from 1 to 4 m), and
eleven samples from Core 2 (4-7 m), using a marker bed at the 4 m
interval to correlate between the two cores (see SI - Section 2). Two
samples of bulk sediment and one sample of woody material were sub-
mitted for dating, both sample types subject to acid-base-acid pre-
treatment prior to combustion and graphitization. The remaining sam-
ples submitted for radiocarbon measurements were stable polycyclic
aromatic carbon (SPAC) - the stable pyrogenic carbon fraction isolated
using hydrogen pyrolysis (HyPy) (Ascough et al., 2009; Bird et al., 2014;
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Waurster et al., 2012). Briefly, 1-3 cm® of sediment was pre-treated using
30% H302 overnight, to enhance removal of labile carbon (Orr et al.,
2021), followed by 2 N HCl, to remove carbonates (Mishra et al., 2019),
then filtered with ultrapure water until neutral. SPAC was separated
from labile carbon via HyPy which involves heating up to ~600 °C
assisted by high (>10 MPa) hydrogen pressures in the presence of a
dispersed sulphided molybdenum catalyst (i.e. aqueous/methanol (1:1)
solution of ammonium dioxydithiomolybdate [(NH4)2Mo00O3S>]) (Bird
et al., 2015; Wurster et al., 2012). Hypy pre-treatment was conducted at
James Cook Universitys Advanced Analytical Center (JCU-AAC) in
Cairns. Other pre-treatment (acid-base-acid), combustion, graphitiza-
tion, radiocarbon dating was conducted at either the Centre for Accel-
erator Science (CAS) at the Australian Nuclear Science Technology
Organisation (ANSTO; prefix OZ) in Sydney or the Waikato Radiocarbon
lab in New Zealand (prefix WK). Radiocarbon ages were calibrated with
the SHCal20 calibration data set (Hogg et al., 2020) within the Bayesian
age-depth modelling programme rbacon (Blaauw and Christen, 2011)
which provides output as calibrated years before 1950 (Cal yr BP).

3.4. Sample preparation

3.4.1. Endogenic carbonates

A total of 175 samples were analysed from Core 1 (87 samples) and
Core 2 (88 samples). Additionally, one modern sample of carbonate
precipitating within the epilimnion was analysed. To separate the
endogenic carbonates from the biogenic carbonates (i.e. gastropod
shells) and other detrital material, samples were wet-sieved with
distilled water using mesh sizes from 2000 pm to 63 pm. The fine frac-
tion (<63 pm) was collected in a glass beaker and excess water decanted
after centrifugation of the sediment. At this point samples were sub-
divided for additional analysis (e.g. XRD, SEM, TEM) and prepared
accordingly.

3.4.2. Biogenic carbonates - gastropod shells

A total 158 gastropod shells were analysed from Core 1 (76 in-
dividuals) and Core 2 (82 individuals), in addition, two live individuals
(Melanoides tuberculata) were collected from the lake. In total, 8 different
species were identified throughout both cores, however, only two of the
most common species were analysed in this study; M. tuberculata,
including its conspecific morphotype formerly described as “Thiara
(Plotiopsis) balonnensis” (Glaubrecht et al., 2009), and Gyraulus gilberti,
all both species biomineralizing aragonite (Hallan, 2011; Shanahan
et al., 2005). These two species were selected due to their dominance
throughout the core, co-occurrence in a number of intervals, and single
occurrence during periods of minimal biogenic input, to facilitate sta-
tistical analysis and accurate comparison throughout the core (Leng and
Marshall, 2004). Shells were selected based on preservation, ability to
identify to species, dominance within the layer and size (4-15 mm; mean
6 mm; G. gilberti maximum size is 5 mm). Generally, whole shells were
used for stable isotope analysis, however, within 4 intervals of Core 2,
only shell fragments were preserved and were used accordingly.

3.4.3. Carbonate stable isotope analysis

Stable isotope pre-treatment involved the oxidation of organic ma-
terial from the endogenic carbonate fine fraction, modern shells and
modern carbonates, using alkaline 18% Hy0, reagent (Falster et al.,
2018). The solution was prepared by mixing 20 mL 0.5 M NaOH, 240 mL
30% H30, and 200 mL of ultrapure water. A 2 mL aliquot of the reagent
was added to ~2 cm® (shell or 1 cm® modern carbonate) per sample and
gently agitated every 15 mins for one hour in a 50 °C oven. After 1 h a
further 2-4 mL of reagent was added, agitated and left to react in the
oven overnight. After 24 h, each of the 10 mL vials were filled with
distilled water and centrifuged. The supernatant fluid was decanted, the
sample rinsed 3 times with distilled water and freeze-dried. Endogenic
and biogenic carbonates (whole individual shells) were homogenised to
a powder using an agate mortar and pestle prior to isotope analysis.
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Carbon and oxygen isotope analyses were performed following a
procedure similar to Breitenbach and Bernasconi (2011) using a Ther-
moFinnigan GasBench II equipped with a CTC Analytics autosampler
coupled via a ConFlo IV interface and Delta V Plus mass spectrometer.
For endogenic carbonates 100-3000 pg of powder (depending on car-
bonate content) was weighed into 12 mL (or 4 mL, if carbonate content
was low) borosilicate glass exetainer vials to generate enough CO; for a
reliable measurement. Biogenic carbonates and international reference
materials required approximately 100 pg of pure carbonate. A total of 13
aliquots of international reference materials, NBS-18 and NBS-19, and
Carrara marble were used within each analysis sequence (for a total of
46 samples per run), along with two blanks.

The vials were flushed with helium, reacted with 3-4 droplets of
100% orthophosphoric acid (HsPO4), manually injected using a syringe,
to generate CO, gas and left to equilibrate at ~40 °C on the aluminium
block of the autosampler for 16 h. Generated CO5 was then measured for
5180 and 8'3C values, with an uncertainty of +0.1 %o or better. Sample
measurements are reported in conventional delta notation with respect
to V-PDB (Vienna Pee Dee Belemnite) and oxygen isotopes were cor-
rected for phosphoric acid fraction using the Kim et al. (2007) temper-
ature dependence equation (SI - Section 4). All isotope analyses were
conducted at the Advanced Analytical Centre, James Cook University,
Cairns.

3.4.4. Dissolved inorganic carbon (DIC) isotope analysis

Carbon isotope analysis for DIC was performed following a similar
procedure as described above. The 6 mL of water was sampled using a
filter syringe (0.2 pm PTFE membrane) directly from Kinrara Lake into a
vial that was pre-flushed with helium. The samples were then stored at
4 °C and 6 mL of lake water was sampled directly into the vials at Kinrara
Lake. The vials were then chilled until analysed. Samples were then
reacted with 3—-4 droplets of 100% H3POy, to generate CO gas and left
to equilibrate at ~40 °C on the aluminium block of the autosampler for
16 h. Generated CO, was then measured for §'80 and 5'3C values.
Samples were run in batches of 25, including blanks (3 mL water), bi-
carbonate (NaHCO3), NBS18 and LSVEC standards. Sample measure-
ments are reported in conventional delta notation with respect to V-PDB
with an uncertainty of +0.1 %o or better.

3.4.5. Statistical analysis of isotope variation within mollusc shells

One-way analysis of variance (ANOVA) and t-tests (i.e. Tukeys-
Kramer t-test for ANOVA and two-sampled t-test) were used to assess
potential species-specific vital effects on 5180 value (e. g. species-specific
food or habitat preferences) in mollusc shells (Apolinarska et al., 2015),
intra- or inter-species variation within sampled layers (1-2 cm intervals)
and to validate the use of shell fragments in intervals where whole shells
do not occur. Due to the uncertainties in phylogenetics and naming of
M. tuberculta, T. balonnensis) were analysed as different species. No
statistical significance was observed in either cores for assessed in-
tervals, validating the use of both species (M. tuberculata/“T. balonnen-
sis’, and G. gilberti) and their fragments for paleoenvironment
interpretation of 5180 value (see SI — Section 5 for ANOVA tables and t-
test summaries). Isotope results reflect mean stable isotope values for all
analyses in a given interval.

3.4.6. ITRAX core scanning, X-radiographic, optical images and magnetic
susceptibility

Core 2 was used to generate pXRF elemental profiles using the
second-generation non-destructive ITRAX core scanner at the Institute
of Environmental Research, ANSTO, Sydney. Operating conditions were
30 kV and 55 mA, step size of 1000 pm and 10 s count time. XRF data
generated by ITRAX is in thousands of counts per second (cps) and re-
quires normalisation to account for variations throughout the sediment
associated with differing amounts of water content, organic matter,
grain size and bulk density (Davies et al., 2015). To correct for inter-
ference, the elemental counts were divided by the Mo incoherent



J. James et al.

integral (cps), as a Mo-tube X-ray source is used for XRF scanning, and
reflect a ratio (Davies et al., 2015). All data was then smoothed using a
10-point running mean to reduce noise.

Initially, geochemical records of 38 elements were produced,
reduced to a subset of useful elements (Ca, Fe, K, Mn, S, Si, Ti), elemental
ratios including scattering; incoherent (inc, Compton scattering equiv-
alent) and coherent (coh, Rayleigh scattering equivalent), indicative of
lighter element scatter from C, O, H, which are useful for paleoenvir-
onmental reconstruction. As Fe and Mn are both also lithogenic ele-
ments, they were normalised by Ti to remove influence of detrital input
(Kylander et al., 2007; Moreno et al., 2007). As elements can play
multiple roles depending on their individual chemistry and limnological
conditions, choice of elements and elemental ratios was narrowed down
based on the reliability of individual elemental profiles and by reference
of other Holocene palaeolimnological studies from tropical latitudes or
similar hydrological settings using the same geochemical pXRF proxies
(see SI - Section 6 for discussion).

The ITRAX core scanner produced X-radiographic (45 kV and 55 mA
with a step size of 1000 pm) and optical images. Radiographic images
were positives, with higher density sediments appearing darker and
lower density sediments appearing lighter (Croudace et al., 2006). A
sensor also produced low-field magnetic susceptibility (k) profile at 0.5
cm intervals for Core 2 which helps to distinguish different origins of
magnetic minerals in lacustrine sediments (e.g. allogenic; fluvial or
aeolian, endogenic precipitates or authigenic; reductive diagenesis or
bacterial magnetosomes - Dearing, 1999).

3.4.7. Supplementary analyses

In addition to the techniques required for chronology development
and environmental reconstruction, other techniques were used to pro-
vide accessory information on mineralogy and mineral morphology to
assist in interpretation. This included X-ray diffraction (XRD) analysis of
both powders and clay smears to provide information on carbonate
mineralogy and scanning electron microscopy (SEM) in conjunction
with energy-dispersive X-ray spectroscopy (EDS) to obtain information
on carbonate and sulphide morphology. The methodologies used for
these components are provided in SI — Section 8.

4. Results
4.1. Stratigraphy, uXRF and grain size

Five major units were identified in the sedimentary sequence for
Kinrara Lake Core 2 (Fig. 2), summarised below and described in detail
in the SI - Section 2. The upper 4 units are of sedimentary origin while
the lower unit (Unit 5 is at least partly volcanogenic).

Unit 1 (depth from 0 to 147 cm) - The uppermost unit, is charac-
terised by dark-grey and brown very fine sand and clays, rich in organics
(visibly and also indicated by Mo incoherent/coherent scattering), shell
macrofossils and endogenic carbonates.

Unit 2 (depth from 147 to 200 cm) - Greenish-black blocky silty mud,
high in organics and split into sub-units (a) and (b). Sub-unit (a) is rich in
shells (40% volume composition from 138 to 205 cm) and has endogenic
carbonates. Sub-unit (b) does not contain biogenic or endogenic car-
bonates. The interval 245 cm to 267 cm is black, rich in organics and
with the lowest Si, Ti and Rb measured throughout the core. From the
base of sub-unit (b), Si, Rb and Ti counts increase in a stepwise pattern,
X-ray images show dark bands of high-density sediments with low
magnetic susceptibility (relative to Unit 5) indicating that the clastic
component is not volcanogenic.

Unit 3 (depth from 200 to 380 cm) - Greenish-black silty mud and
and split into two sub-units. Sub-unit (a) lacks any gastropods and
ITRAX shows a distinct peak in Si, Rb and Ti from 300 to 330 cm with a
related decrease in organic matter. From 330 cm endogenic carbonates
are present and in sub-unit (b) gastropod shell fragments are present and
endogenic carbonates are found throughout.
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Unit 4 (depth from 380 to 560 cm) - Is a carbonate marl characterised
by clear wavy and flat, thin, laminar carbonate layers, interbedded with
very fine sands and organic matter (Fig. 3c-d). The top of this unit is
marked by a 3 cm layer composed dominantly of gastropods and used as
a marker bed for correlation between Core 1 and Core 2 (Fig. 3a-b).
ITRAX shows elevated levels of Ca throughout the unit and relatively
lower Si, Rb, and Ti. The base of this unit represents the base of the
lacustrine sequence.

Unit 5 (depth from 560 to 700 cm) - The base of the core is charac-
terised by sediments fining upwards from coarse sand-sized material,
likely partly granite saprolite at the base to fine clays at the top. The unit
has a very high magnetic susceptibility and high metal content poten-
tially indicative of a partly volcanogenic origin of the unit (ash and
debris), mixed with saprolitic material. Unit 5 pre-dates lake formation
so is not suitable for palaeolimological interpretation and not considered
further in this study.

4.1.1. Chronology

Results of samples radiocarbon dated are presented in Table S4. Two
markedly old dates occurred in unit 4, which are attributed to
contamination by geogenic graphite that formed a component of the
ejecta from the Kinrara eruption(s). Two additional dates at 3.3 and 3.9
m were flagged by rBacon as outliers and excluded from consideration in
developing the final age model which is presented in Fig. 4. The model
suggests the initiation of the lake by damming by the Kinrara flow at
10,500 cal yr BP, with periods of comparatively rapid sedimentation
occurring both before and after a period of slow organic-dominated
sedimentation between 200 and 280 cm (~7500-2500 cal yr BP).

Initial attempts to date the sediments using gastropods indicated a
very significant, and variable, hardwater effect, resulting from the
addition of geogenic CO3 into the lake water from the Kinrara Spring. As
aresult, a living gastropod returned an apparent age of 937 + 27 yrs. BP
(WK-51096) and a modern (but dead at collection) specimen returned
an age of 1290 + 35 yrs. BP (OZ0-415). These dates are not included in
Table 1 nor in the dates used to generate the age model presented in
Fig. 4.

4.2. Geochemistry

4.2.1. Modern lake water and carbonate isotopic values

Modern water stable isotope values were constant for spring waters
independent of season (~ — 7.7%o; Table S2). However, lake 580 values
vary +1.5 %o between wet and dry season, with dry season values more
enriched in heavier isotopes, an indication of evaporative fractionation
effects. It is also observed that within the lake there is a lateral gradient
to increasing 5'0 values with distance from the spring, likely indicating
mixing of spring waters with evaporated lagoon waters (SI — Section 1).
Additionally, both spring and lake water §'%0 values are within the
broad range of values known to be associated with regional rainfall
(Zwart et al., 2018; Munksgaard et al., 2019).

Modern carbonate samples from biogenic and endogenic sources
returned the same 5180 values (~ — 9 %o) irrespective of sampling time.
The gastropod shell (M. tuberculata) is likely to reflect a 2 to 3-year
average based on size (~2.5 cm; Vogler et al., 2012; Work and Mills,
2013) while the endogenic carbonate precipitation occurred over a
maximum period of 10 months (based on the time that the CTD logger
on which the carbonate was precipitated had been deployed in the lake
waters). Temperature fractionation equations (Dettman et al., 1999; SI -
Section 3) for aragonite, using average 5180 wet season values (—7.8 %o
VSMOW), yield values of ~27 °C, equivalent to measured modern
average temperatures, highlighting the modern precipitation is in iso-
topic equilibrium. 8'3C values for biogenic and endogenic carbonate
samples diverged by +3 %. and were higher than water dissolved inor-
ganic carbon (8'3Cpjc) sampled from the spring and more similar to lake
water values.
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Fig. 3. Core images of Unit 4 carbonate marl; shell layer marker bed (a) and close up (b) at 384-387 cm, (c) wavy, organic rich laminae at ~500 cm, (d) flat laminae

at 545 cm.

4.2.2. Lake sediment carbonate stable isotope composition

The sedimentary carbonate stable isotope record is incomplete, for
both endogenic and biogenic aragonite, with all results presented in
Fig. 5. This is due to the lack of significant carbonate precipitation be-
tween 7499 and 2742 cal yr BP. However, two brief periods of aragonite
formation occurred around 7702 and 6944 cal yr BP producing both
biogenic and endogenic carbonates. The biogenic aragonite record ini-
tiates at 10660 cal yr BP and the endogenic aragonite record begins 290
yrs. later (10,370 cal yr BP). Where cores 1 and 2 overlap, the cores also
show similar isotope trends in that they both exhibit more positive and
relatively stable values during the early-Holocene (~10,700 to 8200 cal
yr BP) followed by abrupt decline to more negative values into the early-
Holocene (8200 to 4200 cal yr BP) with values decreasing further into
the late-Holocene (2600 cal yr BP to present) and exhibiting higher
variability during these periods (Fig. 5).

Average isotope values and standard deviations for endogenic
(61806,1(10, 613Cendo) and gastropods (Slsobio, 613Cbio) summarised in
Table 1, and all data is available in Table S5 and S6. One outlier value for
8"3Cendo (+3.4 %o) is potentially associated with intense volcanic
degassing (Italiano et al., 2014; Votava et al., 2017) was identified at the
base of the Core 2, at 10480 cal yr BP and was not included in the
descriptive statistics.

While §'80engo and 5180y, values showed minimal variation (Fig. 5),
values for 513Cbi0 exhibited a clear vital effect (Leng and Marshall,
2004), with relatively lower 51%Chio compared to 5'3Cendo. The offset

ranged from 1.6 to 10.3 %o (mean — 6 %o) between 613Cend0 and 613Cbio
(Fig. 10). Despite 513C values exhibiting the same overall trends,
consistent differences in vital effects and clear offset relationships could
not be distinguished from the available results, and this did not allow
systematic corrections to be applied to the endogenic carbonate data.
Therefore, only 5'3Cendo was used for paleoenvironmental reconstruc-
tion in the following sections.

In contrast, offsets between §'%0epq, and 580y, values ranged from
0 to +3.9%o (mean 0.4 %o). The largest offsets were restricted to the Mid-
to late-Holocene with 5'3Cy;, becoming consistently more enriched in
180 (mean 613Cbio = +1.8 %o). As this trend was not seen consistently
throughout, it is likely that the difference is not due to vital offsets, but
changes in environmental conditions.

4.2.3. Element ratios

Like the isotope data, elemental (ITRAX) data (Fig. 6) shows a clear
distinction between early-Holocene and Mid- to late-Holocene sedi-
ments. Additionally, the ITRAX data provides insight into periods where
there is little or no carbonate precipitation (between 7900 and 2900 cal
yr BP — Fig. 9). This period corresponds with changes in the elemental
geochemical record with a decrease in Ti (only slightly for the at 8100
cal yr BP followed by a rapid increase from 6900 cal yr BP, which is
maintained until 3000 yrs), During the 6900 yr event, Fe/Mn reduces
and Mn/Ti ratios increases, highlighting a change to more oxidising
conditions.
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Fig. 4. rBacon age depth model for the Kinrara Lake composite record (see Table S4 for the dates used to construct the age model.

Table 1

Mean isotope values of carbonates in the Kinrara Lake cores with their associ-
ated standard error and sample size (n). Bold represents the average of both
cores. All results are presented in Tables S5 and S6.

PERIOD Core  8"®0endo 5'%0bio 8"3Cendo 8"3Chio
(%0 VPDB) (%o (%o VPDB) (%o VPDB)
VPDB)
early-Holocene 1 -6.9(0.1) -75 —5.8 (0.1) -13.1
(>8200 cal yr (n=6) (0.1) (n=6) (0.3)
BP) (n=12) (n=12)
2 -6.6 (0.1) -7.7 —6.6 (0.2) -13.8
(n=35) (0.1) (n=35) 0.3)
(n=31) (n=31)
1&2 —6.8 -7.6 -5.9 -13.3
0.1) 0.1) 0.1) 0.2)
(n=41) (n=43) (n=41) (n = 43)
Mid to late- 1 —9.4 (0.9) -8.6 -10.3 —16.4
Holocene (n=39) (0.1) (0.1) (0.3)
(<8200 cal yr (n=25) (n=39) (n = 25)
BP) 2 -10.3 -8.6 -10.9 -15.9
(0.2) (0.1) 0.1) 0.3)
(n=24) (n=30) (n=24) (n=30)
1&2 -9.8 -85 -10.5 —16.1
0.1) (0.1) 0.1) 0.2)
(n=63) (n = 55) (n=41) (n = 43)

Table S10 shows the correlation between lithogenic elements (Ti, Rh,
Mn, Fe, Si) and other elements (S, Ca) used for paleoenvironment
proxies and excluding the values in volcanogenic Unit 5. High correla-
tions between Ti, Rb, Fe and Si, suggest a lithogenic origin for these
elements, however, Al is input from, or generated by, another unrelated
source. Elemental ratios of Ca/} Fe, Ti, Al, Mn/Ti and Si/Ti all increase
as isotope values increase (predominantly during the late-Holocene
period), while Fe/Mn, Inc./Coh and elemental Ti decrease, resulting in
inverse correlations between the two time periods (Fig. 6). During the
period of no carbonate precipitation (Unit 3), metals associated with
increased detrital input (i.e. run-off) increase; Si, Ti and Rb, along with a
high Fe/Mn ratio and Inc./Coh (organic matter) associated with
reducing conditions. Ti, Fe/Mn and Inc./coh also show more variability
toward the end of the late-Holocene (~2900 cal yr BP).

4.2.4. Mineralogy and petrography

Powdered and clay smear XRD samples from Units 2 and 4 displayed
clear 20 XRD peaks corresponding to aragonite (see SI - Section 9), with
no other crystalline carbonate polymorphs evident. SEM-EDS was used
to confirm elemental composition of aragonite polymorphs with a
dominance of Ca, O, and C in spectral signatures (see SI- Section 9).

SEM-EDS within Units 1 and 4 highlighted a range of primary
aragonitic crystal habits and textures which varied within and between



J. James et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 637 (2024) 111985

EARLY HOLOCENE MID-HOLOCENE LATE HOLOCENE
8 =]
O Core 1 bio
O Core 1 endo
0
B Core 2 bio
—_— =] @ Core 2 endo
a e
°>; ™ g bh“ =
S ¢ = Dy,
9 o © O 5,
:0 -12 ¢ 2 r 'in = OOO i ﬁi’&. .:b@l.'J t‘
F?U m @D O
] & % %b% ] &
a6 b @ u % o) %)GO' .-l$ ;ﬁ
"l oo © 0 "o mo- a®d,
©)
220 1 1 1 1 1 1 1 1 1 1
11000 10000 9000 8000 7000 6000 5000 4000 3000 2000 1000 0

AGE (cal yr BP)

Fig. 5. 8'°C values for endogenic and biogenic carbonates for both Kinrara Lake cores.

samples. The most prevalent aragonitic crystalline forms varied between
units; Unit 4 samples displayed a range of microbially mediated fabrics
and chemically precipitated euhedral aggregates (Fig. S6 and S7), while
Unit 1 samples were dominated by aragonitic euhedral rhomboid nee-
dles to lamellar matrix, binding silicate diatoms, organic materials and
cubic pyrite. Unit 4 also exhibited high pyrite abundance as framboids
(Fig. S8).

The most common form of aragonite in Unit 4 is elongate tightly
packed acicular needles, lamellar blades and plates, forming spherical to
ellipsoidal bundles ~2-8 pm in diameter (Fig. S9). The surfaces of these
radiating forms are composed of nanocrystals elongated along the main
axis of the bundle. Broken bundles display a hollow (central lumen,
~0.8 pm) from which needles often radiate. Aragonitic bundles are
embedded within a larger, though similarly shaped, spherical to ellip-
soid aggregates (~100-150 pm), along with silicate diatoms, bound
together by an aragonite matrix. The aragonite crystals within the ma-
trix ranged from euhedral aragonite rhomboid needles to lamellar
aragonitic sheets (<15 pm). SEM images of Unit 4 highlighted smooth
discoid polymorph of aragonite co-occurring in this interval (Fig. S7).

Aragonite crystals in Unit 1 were difficult to identify due to a high
density of diatoms held in a matrix of what appeared to be organic
microfibers (potentially cellulose which has similar appearance in
alkaline conditions - Wolfe et al., 2002) (Fig. S9). Nonetheless, rhom-
boidal needles, lamellar plates and spherical to ellipsoidal aragonite
bundles, similar to Unit 4, were identified (Fig. S9). Relatively large
hollows (8-10 pm diameter) were also found, however, no crystals were
radiating around them, described as Mode 2 formation of endogenic
carbonate.

5. Discussion
5.1. Endogenic carbonate origins

Two main modes of endogenic carbonate precipitation are present in
the Kinrara Lake record. Mode 1 (Unit 4) is dominated by cyanobacterial
accretion of aragonite due to evaporative concentration of DIC during
the early-Holocene, while mode 2 (dominantly in Unit 1 - Fig. 2) appears
to be generated in complex benthic aragonite-precipitating biofilms,
occurring shortly after lake genesis extending into the late-Holocene.
The aragonite structures observed in the sediments are most similar to
microbially mediated aragonite precipitates described in Oligocene

Sarlieve Lake France (Bréhéret et al., 2008), and modern-Holocene de-
posits in freshwater Lake Bacalar, Mexico (Gischler et al., 2008).

Both mode 1 and 2 microbial textures are characterised by a hollow
structure within which unicellular algae or cyanobacteria existed, acting
as a nucleating surface for precipitation of small (<8 pm) aragonitic
needles. However, benthic biofilms exhibit a coalescence of hollowed
bundles (Bréhéret et al.,, 2008), often co-occurring with sulphate
reducing bacteria (SRB) pyrite framboids (Fig. S8) which are commonly
interpreted as a biomarker for biofilms and cyanobacterial mats
(MacLean et al., 2008; Popa et al., 2004; Rozanov et al., 2007; Westall
and Rincé, 1994).

Mode 1 microbially-mediated precipitates occur during photosyn-
thesis, as a supersaturated microenvironment (high pH and supersatu-
rated Ca®") develops around the cell causing carbonate to precipitate as
COg is drawn down (Schultze-Lam et al., 1997). This process can lead to
seasonal ‘whitings’ as a consequence, as cyanobacteria blooms occur
during seasonal growth, corresponding with periods of high productiv-
ity (Thompson and Ferris, 1990; Thompson, 2000). In Laguna Bacalar,
precipitation occurs along filaments of Homeothrix and Leptolyngbya
cyanobateria, and is enhanced by diatom photosynthesis causing further
carbonate precipitation (Gischler et al., 2008). In Kinrara Lake, diatoms
were also present during periods of endogenic carbonate precipitation.
In addition, small individual needles of aragonite are also present
(granular, blocky, lenticular and prismatic idiomorphic, generally <10
pm in size - Fig. S9) indicating abiotic precipitation through evaporative
concentration (Fan et al., 2018).

Mode 2, coalescent biofilm fabrics, were the most common arago-
nitic texture identified in Unit 4, however, the exact mode of formation
is unknown (Bréhéret et al., 2008). The presence of coalescent micro-
spheres composed of radiating nanocrystals, suggests a benthic origin,
which is further supported by the observation that aragonite presence
was associated with other organically induced precipitates such as py-
ritic framboids formed by SRB (Fig. S8), and smooth discoid aragonitic
precipitates (Fig. S7).

Mechanisms for carbonate production in microbial biofilms are quite
complex and often biased toward dolomitic precipitates (Corzo et al.,
2005; Dupraz et al., 2004; Tanner, 2010; Wright, 1999). Carbonate
formation associated with biofilms generally occurs within microbial
extracellular polymeric substances (EPS), essentially as by-products of
microbial activity and EPS degradation, subsequent to the activity of
SRB (Tanner, 2010). The presence of discoid aragonite aggregates
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Fig. 6. Kinrara geochemical record over time. Geochemical proxies and stable isotope data (both cores) and their associated interpretation. For further information
on the interpretation of elemental proxies of lacustrine relevance is also outlined in Table S9.

suggests an association with EPS degradation, as within a protein- of hollow lumen forming nucleating surfaces suggests microalgae or
polysaccharide organic matrix (Cheng et al., 2008; Eastoe and Dett- bacteria within the biofilm (Bréhéret et al., 2008).

man, 2016). This has not previously been described in sedimentary The presence of diatoms in the samples also indicates that reducing
carbonates, therefore it is unclear what factors might favour the discoid conditions supporting SRB metabolism were restricted to the sediment-
structure over co-occurring coalescent bundles. However, the presence water interface and eplimnetic conditions were still oxic. Therefore, a
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contribution from eplimnetic cyanobacteria and algae is likely, howev-
er, the amount of carbonate produced from this source is unknown.

While aragonite formation does occur in other freshwater settings
(McCormack et al., 2019), it is a rare phenomenon and it is not un-
common for other mineral polymorphs such as Mg-calcites and calcite to
co-occur. Given the modern Mg/Ca from springwaters at Kinrara is ~3
(Table S1), and aragonite generally forms if the ratio is <5 (Bréhéret
et al., 2008), higher resolution XRD analysis should be conducted to
determine the dominant morphotype during periods of heightened
monsoon activity (Unit 2).

5.2. Elemental geochemistry as a paleolimnological proxy

Paleoenvironmental interpretation of elemental data in lake sedi-
ments assumes that the lake sediment originates from external (allo-
genic) and/or internal (endogenic or authigenic) processes that deliver
mineral and organic material to the lake floor. Elements such as Al, Ti
and Rb are generally considered allogenic, as they are commonly asso-
ciated with lithogenic detrital flux (Boés et al., 2011). Fe and Si are also
lithogenic, however, they can be derived from other in situ lake pro-
cesses. Precipitation of Fe can occur from lake water with changes of
redox conditions and authigenic processes (Haberzettl et al., 2005),
whereas Si can be biogenically precipitated (e.g. diatom tests) during
periods of high productivity or when environmental conditions change
to favour their preservation (Moreno et al., 2007). Similarly, Ca, can be
either deposited endogenically (microbially mediated or chemically
precipitated) or allogenically (weathering limestone or dolomite
catchments) (Mueller et al., 2009). Therefore, displaying these data as a
ratio over a known lithogenic allogenic component provides a more
robust tool from which to derive insight into internal lake processes.
Strong correlation (® > 0.5) of lithogenic elements (Ti, Rb, Fe, Si, Mn)
highlights a predominantly lithogenic origin for these elements in this
record (Table S9). As Ti is the most widely used proxy for erosion and
transport of silt and fine sand (Davies et al., 2015), it was selected as the
major detrital component for elemental ratio analysis. High detrital in-
puts are evident during the mid-Holocene and into the late-Holocene (to
2.8 ka) indicating erosion and deposition at times of either more
seasonally intense rainfall or reduced vegetation cover.

Fe and Mn profiles generally provide information about changing
redox conditions (Davison, 1993). Higher Fe/Mn ratios are associated
with anaerobic conditions, as Mn is more readily soluble than Fe in
reducing conditions. Environmental factors that promote reducing
conditions are those that obstruct mixing of oxygenated waters to the
sediment-water interface causing thermal and chemical stratification
(Boyle, 2002). A shift to higher Fe/Mn therefore may indicate changes in
depth linked to enhanced stratification, or to de-oxygenation from
organic decay following enhanced biological productivity linked to
changing nutrient inputs (eutrophication) (Davies et al., 2015).

As Kinrara Lake can only attain a maximum depth of ~2.8 m before
overflowing, major changes in redox conditions are unlikely to be
associated with depth stratification alone. Therefore, periods of
enhanced reducing conditions are more likely periods of higher organic
input (coh/inc) resulting in eutrophication and/or increased produc-
tivity (Si/Ti) combined with high terrigenous input (Ti, Rb), (Fig. 6)
which promote anoxic respiration and organic decay. Periods with
relatively high oxidation (Mn/Ti) and reduction occur simultaneously
during the late Pleistocene and early-Holocene suggesting chemical
stratification. These periods are also associated with the presence of
sulphate-reducing bacteria and biofilms (high Ca/} Fe, Ti, Al) which
thrive in reducing environments, and also high Si/Ti indicating biogenic
silica, in turn suggesting increased productivity. These indicators in
combination indicate chemical stratification is likely associated with
periods of eutrophication.

Conditions promoting chemical stratification, oxic surface waters
and eutrophic sediment conditions generally manifest vertically, due to
seasonal changes (i.e. warm summer productivity) or natural diel
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cycling of dissolved oxygen in shallow bodies of water with
photosynthesis-induced supersaturation during the day, changing to
near anoxic during the night due to respiration (Diaz and Breitburg,
2009). However, lateral stratification can also occur, particularly in
shallow dendritic reservoirs, influenced predominantly by one inlet
water source (Diaz and Breitburg, 2009; Thornton, 1990). Anoxic zones
tend to form downstream of lake inlets as waters are isolated from
aeration by, for example, overgrowth of macrophytes and algae on the
water surface. Once an anoxic zone forms in this system, it shifts later-
ally depending on input/flow (if flows weaken, anoxic zones move up-
stream and vice versa) (Thornton, 1990). Lateral variation is most likely
to occur in Kinrara Lake, given the single source, spring-fed nature and
modern-day lateral variation in macrophytic communities, with clearly
higher macrophytic abundance in the upper-freshwaters transitioning to
barren waters lacking substrate and life other than microbial biofilms in
the areas toward the downstream lake sill.

Endogenic carbonate is represented by Ca/> Fe, Ti, Al, as used by
Mueller et al. (2009) as an environmental proxy for aridity. This is based
on the formation of evaporitic carbonate deposits reflecting a lower
precipitation/evaporation (P/E) ratio. While evaporative concentration
is not the primary mode of carbonate precipitation in the Kinrara record,
drier conditions and steady inflows with minimal disturbances (e.g.
flood events and cyclones) are still required for microbially mediated
carbonate supersaturation, whether they be microbial biofilms of cya-
nobacterial blooms. Therefore, the use of this ratio as an aridity proxy is
appropriate for this study.

5.3. Interpretation of Kinrara Lake §'%0 record

In lacustrine sediments, stratigraphic changes in the §'%0 values of
primary carbonates can reflect fluctuation of changes in temperature, P/
E, changes in the isotopic composition of precipitation (8p), or combi-
nations of all of these (Leng and Marshall, 2004). The factor that dom-
inates the 5'0 value is determined by climate and physical lake
characteristics affecting lake water balance. As Kinrara Lake is a small,
spring-fed, open, low-latitude lake in a hot semi-arid climate (Koppen
Climate Classification - Peel et al., 2007), changes in carbonate 5180
values in the sedimentary record are likely to reflect changes in both
water balance and temperature. Despite modern carbonate 580 values
being in equilibrium with the observed §'0 value of modern lake water
(Table S2) at the measured temperature of 27 °C (SI - Section 4), it is
unlikely that changes in 5'80 values in the past are due to temperature
effects alone, as these are likely to have been only 1-2 °C over the course
of the Holocene (Li et al., 2023).

In monsoonal climates, average dp is controlled by changes in the
proportion of intense monsoonal or cyclonic rainfall with low 8p and
trade wind derived rainfall with high 6p (Zwart et al., 2018; Munksgaard
et al., 2019; Bird et al., 2020). In seasonally dry, low-latitude lacustrine
environments, dry periods exaggerate the range of this signal due to
evaporative enrichment of heavier isotopes in lake waters at times of
low precipitation (Fan et al., 2018; Leng and Marshall, 2004; Tanner,
2010; van Hardenbroek et al., 2018a; Bird et al., 2019). Evaporative
enrichment is evident in modern Kinrara Lake water, as shown by an
increase in 8'%0 values of 1.5 %o during the dry season (Table S2) and
this effect is apparent in the carbonate isotope records.

Periods of high rainfall not only lead to more negative 5'%0 values
(supported by an increase in lithogenic elements in the ITRAX record),
but also to dilution of lake waters resulting in conditions not suitable for
endogenic carbonate precipitation. The absence of endogenic carbon-
ates in the mid-Holocene, coupled with a loss of mollusc communities
strongly suggest that the mid-Holocene was a time of relatively high
precipitation (Fig. 12). Kinara Lake is a potentially open system, as a ~
1 m increase in water level over modern levels will overtop the Kinrara
Basalt dam wall, allowing water to discharge directly into Glenofty
Creek. Greater volumes of water will flush accumulated cations from the
lake thereby creating unsuitable conditions for either gastropod or
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endogenic carbonate precipitation.

As groundwater is the primary perennial source of water to Kinrara
Lake, it is important to consider how this will influence the §'80 value of
lake waters. Groundwater values generally reflect mean weighted pre-
cipitation over long, at least multi-annual and more likely decadal, time
periods (Leng and Marshall, 2004). In semi-arid seasonal environments,
groundwater recharge tends to be dominated by the wet-season 5'%0
value, derived from high rainfall events (Eastoe and Dettman, 2016).
Therefore, the shallow freshwater aquifers in the McBride Province
feeding Kinrara Lake are likely to reflect mean 8p over the greater
catchment area (~7.7 %o; Table S2).

Elemental abundances and ratios (Ti, Rb, Fe/Mn and Inc./Coh) and a
sharp increase in macrofossils in the sedimentary profile at the sharp
contact between Unit 4 early-Holocene carbonate marls and Unit 3
organic-rich mud, both indicate an abrupt transition to wetter than
modern conditions at ~8200 cal yr BP, as the lake level overtopped the
sill. Carbonate 5'0 values show a slight lag with values abruptly
decreasing by ~1 %o by ~7800 cal yr BP followed by little to no car-
bonate (endogenic or biogenic) precipitation throughout the mid-
Holocene. One possibility for this lag is that 5'80 values reflect higher
effective precipitation on a groundwater-basin scale, thereby requiring a
consistently high amount of rainfall to ‘dilute’ the background isotopic
response. In contrast, elemental ratios and sediments reflect a relatively
smaller local lake catchment scale and therefore manifest a more im-
mediate change to any local environmental forcing. As 5!3C value also
remained constant through the early-Holocene, and conditions still
favoured carbonate precipitation and growth of gastropods, it is likely
that the transition to wetter conditions was more gradual (over ~1 ka,
beginning ~8700 cal yr BP), continuing until rainwater input increased
to a point where local rainwater inflows dominated the 5'80 value of the
lake water.

Carbonate precipitation becomes abundant again at 2800 cal yr BP,
indicating regional drying and lake levels consistently below the sill. The
upper range of 5'80 values of all carbonate precipitated from this period
toward the present is similar to the last carbonates precipitated in the
early-Holocene, but values are more erratic and include short-lived ex-
cursions to values that are lower by up to 1.5 %o, occurring at the
beginning or end of a period of no carbonate precipitation. These
characteristics suggest that hydroclimate was more variable over this
period, and included wet periods of §'80 value rainfall was occasionally
sufficient to flush the lake (~1800 and 500 cal yr BP).

From ~1000 cal yr BP to present, 5180}, values are consistently
higher than slsoendo (by ~ + 1%o). The exact process behind this
decoupling is unclear given the present data available (G. gilbertin = 7,
M. tuberculata n = 7). If lake conditions were in isotopic equilibrium
with local temperature, as they are in the present system (Supplemen-
tary Information Section 4), this could be due to s“‘obio values reflecting
a cooler benthic environment relative to the upper water layers (Leng
and Marshall, 2004). However, amount effects on rainfall 580 value
generally increase with intensified seasonality as seen during this
period. If the lake water is not in equilibrium with temperature, perhaps
the gastropods are reflecting seasonal growth in evaporatively 20-
enriched water. Higher resolution sampling over this interval and
longer-term modern lake calibration studies are required to determine
how the gastropods and endogenic carbonates respond on shorter inter-
and intra-annual time scales.

5.4. Interpretation of Kinrara Lake §'3C record

The 8'3Cendo values provide insight into the dynamics of carbon
cycling within lakes as a measure of the isotope composition of dissolved
inorganic carbon (DIC, mostly HCO3; Leng and Marshall, 2004). Unlike
oxygen, no single carbon reservoir dominates the carbon budget of the
lake and therefore the 8'3C value of the carbonates potentially repre-
sents a number of sources and fractionation processes. There are three
dominant processes which influence the carbon composition of DIC in
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natural waters; 1) the isotope composition of spring/groundwater, 2)
CO9 exchange between the atmosphere and lake water, and 3) photo-
synthesis/respiration/decomposition of aquatic plants (Leng and
Marshall, 2004).

Groundwaters and river waters typically have low 8'3Cpic values
(=15 to —10 %o0) (Andrews et al., 1993). However, modern Kinrara
spring has values lower than this (—16.7 to —17.2 %o) (Table S2). This is
possibly due to CO, with a low §'3C value being incorporated into the
DIC pool from decay of low '3C terrestrial organic matter (O’Sullivan
and Reynolds, 2004).

Much of the lake record reflects much lower 613Cendo values than the
modern Kinrara lake values, though higher than the measured modern
spring values (8'3Cepdo mean — 13.3 %o in the early-Holocene and — 16.1
%o from mid-Holocene to present). These values are similar to 513C
values that result from photosynthesis/respiration associated with high
productivity lake waters. Phytoplankton and macrophytes preferentially
uptake '2C from HCO3 during photosynthesis, resulting in relatively
higher §'3C values in precipitated carbonate (—19 to —7.5%o) due to
eplimnetic 12C-depletion, or ‘drawdown’ of pCO, (Leng and Marshall,
2004; O’Sullivan and Reynolds, 2004). However, the values in the re-
cord still fall in the range of those expected from soil respiration
entrained into the water, making exact apportionment between sources
difficult. Equilibration of DIC with pCO3 occurs even without the in-
fluence of organisms in lakes (Usdowski and Hoefs, 1990). When lake
water DIC comes to equilibrium with pCO5 (which is usually —8%o to
—7%o), 5'3C values move toward +1%o to +3%o and with more alkaline
conditions favouring coé;l) DIC species, however, this only occurs in
closed basins with very high E/P (Usdowski and Hoefs, 1990).

High 8'3Cengo values (+3.4 %o) at 10500 cal yr BP (at the beginning
of the massive endogenic carbonate precipitation phase) likely reflects
CO4, from volcanic degassing entering groundwater, associated with the
Kinrara eruption. Similar values have been reported from other low-
latitude arid lakes in volcanically active regions such as the Ethiopian
Rift Valley, Lake Kivu (Votava et al., 2017) and Lake Langano Basin
(Main Ethiopian Rift) also Laguna Seca in the Chilean Altiplano Tropics
(Schwalb et al., 1999) all of which have been attributed to volcanic
activity, rather than pCOs equilibration.

5.5. Kinrara lake paleohydrology

5.5.1. Early-Holocene (10,500 to 8200 cal yr BP)

The early-Holocene in tropical Australia is generally characterised as
incorporating a transition from the drier glacial conditions of the late
Pleistocene toward relatively wetter conditions, though still remaining
relatively drier than the mid-Holocene (Reeves et al., 2013a; Reeves
et al., 2013b). Foraminifera Mg/Ca estimates of sea surface temperature
(SST) indicate that the early-Holocene was the warmest period during
the last 30 ka, with SSTs 0.5-1 °C higher in the Pacific (Stott et al., 2004;
Visser et al., 2003; Xu et al., 2010). This is coupled with the highest rate
of terrigenous sedimentation on the Great Barrier Reef, reflecting
increased precipitation and extensive catchment erosion from 13 to 8 ka
(Hughes and Croke, 2017; Lewis et al., 2013). Maximum 5'%0 valuesina
speleothem from Chillagoe Cave (Fig. 1 for location) occur at 11 ka and
decrease progressively to 8 ka, also indicating a progressive shift from
drier toward wetter conditions (Turney et al., 2006a).

Generally, Wet Tropics pollen records (Fig. 1) show a gradual tran-
sition into wetter conditions with continuing expansion of woody and/
or rainforest taxa throughout the early-Holocene (Haberle, 2005; Moss
and Kershaw, 2007; Walker, 2007). Gradual increases in precipitation
are also suggested for Bromfield Swamp (Burrows et al., 2016) initiating
at ~10 ka and plateauing at ~8.5 ka. However, this is not consistent
throughout the Australian tropics with some sites experiencing localised
drying or pronounced wetter events in this time period (Muller et al.,
2008; Reeves et al., 2013b; Tibby and Haberle, 2007).

The Kinrara Lake record suggests stable drier-than-modern condi-
tions pertained at the initiation of lake sedimentation (10.5 ka) with an



J. James et al.

initially gradual change toward wetter conditions from 8.5 ka. This
period included short-lived more arid periods centred on 10.3 and 9.7 ka
and was followed by an abrupt shift to a consistently significantly wetter
than modern climate at 8.2 ka. At this time there is a large concentration
of gastropods in the record (over 3 cm) marking an abrupt transition also
reflected in other geochemical proxies (increasing Ti, Rb, Fe/Mn, Inc./
Coh) that are suggestive of an increase in precipitation associated with
an increase in monsoon activity. This transition marks the end of the
early carbonate phase, suggesting a sustained switch to higher monsoon
rainfall, with sustained higher seasonal rainfall and overall effective
precipitation. This in turn led to at least seasonal flushing of the lake
over the sill at the southern end of the lake, reducing cation concen-
trations below that required to sustain carbonate precipitation.

Changes suggestive of a shift to wetter conditions are also seen in
pollen and geochemical data at Lynch’s Crater at this time, which lasted
for about 400 years (Muller et al., 2008; Turney et al., 2004). Wetter
conditions after ~8.2 ka correspond with meltwater-induced slowdown
of the North Atlantic Thermohaline Circulation and subsequent south-
ward shift of the ITCZ in the ocean basins (Muller et al., 2008). This is
coupled with an expansion of the western boundary of the IPWP (Linsley
et al., 2010; Reeves et al., 2013a) with low 5180 values in speleothems
localised to South China and Flores, but not Borneo, reflecting a
southward movement of the ITCZ (Reeves et al., 2013b). Gradual tran-
sitions to monsoon conditions have also been linked to a minimum in
Southern Hemisphere insolation that reduced seasonality (Haberle,
2005).

5.5.2. Mid-Holocene (8.2 to 4.2 ka)

The mid-Holocene marks broad Australian trends to higher land
surface temperatures (e.g. Li et al., 2023), peak SSTs (Linsley et al.,
2010; Tachikawa et al., 2009) and increased precipitation related to a
sea-level highstand at that time (Hughes and Croke, 2017; Lewis et al.,
2013; Reeves et al., 2013b). The monsoon was very active with a
southward movement of the ITCZ (Reeves et al., 2013a). Peak monsoon
conditions are also reflected in the Wet Tropics more broadly. Bromfield
Swamp experienced higher than modern precipitation (Burrows et al.,
2016) while rainforests reached their maximum extent, based on ODP
820 (Moss and Kershaw, 2007) and lake microfossil records; Euramoo
(Haberle, 2005), Barrine (Walker, 2007; Li et al., 2022). The With-
erspoon Swamp pollen record, from the savannas north of Kinrara, is
also interpreted as indicating a wetter-than-modern mid-Holocene
(Moss et al., 2012),

In the Kinrara Lake record, an and almost total absence of carbonate
precipitation and an indication of increased precipitation derived from
Ti, Rb, Fe/Mn characterises the mid-Holocene. Two potentially drier
periods are indicated by some carbonate precipitation (7.9 and 6.9 ka)
reflecting times when rainfall was insufficient to consistently lead to
overtopping of the lake sill, and flushing of the lake basin. These events
were short-lived (for 300 and 60 years, respectively, as indicated by the
ITRAX Ca record, Fig. 6). These minor drying phases correspond with a
weak warm ENSO phase (7-4 ka), inferred from humification and pollen
records (Turney et al., 2006b), further supported by a contraction of the
IPWP inferred from coral records (1-2 °C at south western and south
eastern edges of the IPWP) suggesting the existence of cooler and drier
intervals in this period (Abram et al., 2009). Fossil corals from the south
eastern IPWP and the Coral Sea at this time also suggest less frequent,
and less extreme, El Nino events compared with today (Abram et al.,
2009; Correge et al., 2000; Gagan et al., 2004; McGregor and Gagan,
2004; Tudhope et al., 2001).

5.5.3. Late-Holocene (4.2 ka to present)

The late-Holocene in northern Australia marks a period of greater
climatic variability associated with the intensification (i.e. increased
amplitude) of ENSO (Donders et al., 2007), with more intense arid
events associated with the El Nino mode (Reeves et al., 2013a). This
trend is also reflected regionally across the Wet Tropics and the
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surrounding seasonal tropics. Proxy data from Lakes Euramoo and
Barrine suggest an increase in taxa more resilient to climatic extremes
(Haberle, 2005; Walker, 2007; Li et al., 2022). A decline in lake level at
Euramoo (Tibby and Haberle, 2007) is also indicative of an intensifi-
cation of ENSO at this time. Higher resolution studies suggest wet-dry
cycles and abrupt climatic changes occur at Bromfield Swamp (Bur-
rows et al., 2014; Burrows et al., 2016) which corresponds to the
1000-2000 year ENSO cycle seen at Lynch’s Crater (Turney et al., 2004)
and also seen within corals in the western Pacific (McGregor and Gagan,
2004). The Witherspoon Swamp pollen record is also interpreted as
indicating a return to drier conditions similar present with increased
climate variability after ~2 ka BP (Moss et al., 2012).

The Kinrara record corroborates these regional trends, enabling a
more precise estimate of 2.8 ka for the transition into a period of more
variable hydrological regime in the late-Holocene, with an overall trend
to average drier conditions toward the present, but also interspersed
with significant centennial-scale relatively extreme wet periods. Endo-
genic (aragonite photosynthetic/evapo-conentrative precipitates) and
biogenic carbonates reappear at 2.8 ka, though in lower amounts than in
the early-Holocene. These carbonates are characterised by substantial
variation in §'®0enqo values (—8.5 to —13.3 %o) further supporting the
overall interpretation of greater climatic variability during this period.

The lowest 5'80 values in the record occur between 1.8 and 1.5 ka
suggesting a brief period of intensified precipitation associated with
strengthening of monsoon conditions, with other more brief periods of
low values centred on 2.7 and 0.7 ka. The short-lived nature of these
events may also indicate periods of increased cyclonic activity on a
regional scale as geochemical data within the lake does not suggest
increased detrital input. Tropical cyclones produce precipitation with
5180 values (<—10 %), significantly lower than average monsoonal
precipitation (Haig et al., 2014; Munksgaard et al., 2019; Zwart et al.,
2018). From 1.6 to 1.1 ka, §'80¢nq, values increase by ~1 %o and other
geochemical proxies also indicate a period of drying. Thereafter Slsoendo
values decrease gradually, reaching a minimum at ~0.3 ka, before
gradually increasing again into present values (—11 %o). This minimum
and subsequent increase is also recorded in 5'80 values from a Chillagoe
speleothem (beginning 0.8 ka), with the minimum at 0.4-0.22 ka,
interpreted as indicating maximum cyclonic activity, before transition-
ing into a relatively stable present period (Haig et al., 2014).

6. Conclusions

The Kinrara record is relatively unique in northern Australia and the
tropics more generally, in that an association with volcanism not only
formed the lake, but also provided the continuous supply of high-DIC
water to maintain a perennial shallow lake in a highly seasonal envi-
ronment, one that contains a semi-continuous record of carbonate pre-
cipitation. Multiproxy geochemical and stable isotope analysis of
carbonates in this study provides novel insight into the hydrodynamics
of a seasonally dry tropical site in north eastern Australia throughout the
Holocene.

The Kinrara record appears to reflect trends similar to those identi-
fied throughout the wet tropics, with pronounced limnological re-
sponses to hydrologic and climatic shifts represented in the core. The
geochemical and sedimentological characteristics of Kinara Lake record
highlights three distinct paleohydrological phases over the last ~10.5
ka; (1) a relatively stable drier-than-modern phase during the early-
Holocene (10.6-8.2 ka); (2) an abrupt shift wetter-than-modern
monsoon-dominated conditions throughout the mid-Holocene and
extending into the late-Holocene (8.2-2.8 ka), and (3) a most recent
phase from 2.8 ka to the present, characterised by an overall drying
trend overlain by increased variability likely due to increased intensity
of ENSO related monsoon variability.

Within the broad trends recorded in the record it is possible to
identify short-lived relatively abrupt transitions and anomalies. An
anomalously high carbon isotope value at the beginning of carbonate
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deposition at 10.5 ka likely reflects a major influx of volcanogenic CO,
that initiated abundant carbonate precipitation over the next 2.3 ka. A
mass gastropod mortality event at 8.8 ka, potentially reflects a time at
which rainfall briefly increased to the point where the lake became
consistently flushed and shell calcification was not possible, with car-
bonate deposition ceasing completely after a further increase in rainfall
after 8.2 ka. Brief periods of carbonate precipitation at 7.8 ka and 6.9 ka
during the overall wetter-than-modern mid-Holocene likely represent
distinct drought events that led to the lake not being flushed of spring-
derived DIC. Brief periods of low 180 carbonate precipitation in the
last 2.8 ka potentially represent times of increased cyclonic activity in
the region, during a period characterised by increased ENSO related
variability. Further calibration studies and other paleoenvironmental
analyses within the Kinrara archive will hopefully corroborate these
findings or provide further insight into the savanna dynamics within a
sub-tropical climate.
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