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Abstract

El Nifio-Southern Oscillation dynamics affect global weather patterns, with re-
gionally diverse hydrological responses posing critical societal challenges. The
lack of seasonally resolved hydrological proxy reconstructions beyond the obser-
vational era limits our understanding of boundary conditions that drive and/or
adjust El Nifilo-Southern Oscillation variability. Detailed reconstructions of past
El Nifio-Southern Oscillation dynamics can help modelling efforts, highlight
impacts on disparate ecosystems and link to extreme events that affect popula-
tions from the tropics to high latitudes. Here, mid-Holocene El Nifio—Southern
Oscillation and hydrological changes are reconstructed in the south-west Pacific
using a stalagmite from Niue Island, which represents the period 6.4-5.4ka BP.
Stable oxygen and carbon isotope ratios, trace elements and greyscale data from a
U/Th-dated and layer counted stalagmite profile are combined to infer changes in
local hydrology at sub-annual to multi-decadal timescales. Principal component
analysis reveals seasonal-scale hydrological changes expressed as variations in
stalagmite growth patterns and geochemical characteristics. Higher levels of host
rock-derived elements (Sr/Ca and U/Ca) and higher §'*0 and 8"C values are
observed in dark, dense calcite laminae deposited during the dry season, whereas
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1 | INTRODUCTION

Tropical Pacific dynamics play a key role in the global cli-
mate. The South Pacific Convergence Zone (SPCZ) is the
dominant climate feature that channels convective rainfall
in the South Pacific at seasonal scale (Brown et al., 2020).
At interannual scales (2-8years), climate variability is
controlled by the coupled ocean-atmosphere phenom-
enon El Nino-Southern Oscillation (ENSO) (Folland
et al., 2002; Timmermann et al., 2018). These climate fea-
tures modulate rainfall amount as well as the frequency
and intensity of extreme weather events (e.g. tropical cy-
clones and droughts). Thus, the SPCZ and ENSO greatly
impact the ecosystems and lives of the Pacific islanders
and the east and west coasts of the Pacific basin (CSIRO &
Australian Bureau of Meteorology, 2011). A range of pro-
jections from climate models have forecast increased vul-
nerability of the tropical Pacific islands to the impacts of
anthropogenically driven warming (CSIRO & Australian
Bureau of Meteorology, 2011). The need to generate ac-
curately dated, high-resolution long-term records, from
underrepresented regions is unquestionable. Specifically,
new ENSO past variability records are critical for evaluat-
ing the robustness of climate models and forecasts of re-
gional and global climate change (Cane, 2005; Capotondi
et al., 2015; Emile-Geay et al., 2016).

Detailed knowledge of long-term ENSO variability is
fundamental to interpreting the observed dynamics, and
to be able to separate natural variability from external forc-
ings, including those induced by human activities. Climate
archives such as fossil corals show evidence that ENSO
activity has been present since the Pliocene (Watanabe
et al, 2011) and through the Quaternary (Tudhope
et al., 2001; Cobb et al., 2013). The study of ENSO variabil-
ity is particularly relevant during the Holocene because
this period is when human activity became a significant
forcing mechanism at global scale. Here the focus is on the

during the wet season, higher concentrations of soil-derived elements (Zn/Ca and
Mn/Ca) and lower 5'®0 and §'*C values are recorded in pale, porous calcite lami-
nae. The multi-proxy record from Niue shows seasonal cycles associated with hy-
drological changes controlled by the positioning and strength of the South Pacific
Convergence Zone. Wavelet analysis of the greyscale record reveals that El Nifio—
Southern Oscillation was continuously active during the mid-Holocene, with two
weaker intervals at 6-5.9 and 5.6-5.5ka BP. El Nifio—Southern Oscillation espe-
cially affects dry season rainfall dynamics, with increased cyclone activity that
reduces hydrological seasonality during El Nifio years.

ENSO, mid-Holocene, multi-proxy reconstruction, Niue Island, speleothems

mid-Holocene hydrological conditions, a period for which
no continuous high-resolution ENSO records are available
from the South Pacific.

Diverse studies have reconstructed ENSO dynamics
during the Holocene using climate archives such as ma-
rine sediments (Koutavas et al., 2006), corals (Tudhope
et al., 2001; Cobb et al., 2013), clastic lake sediments (Moy
et al., 2002; Conroy et al., 2008) and speleothems (Chen
et al., 2016). The resolution of these records ranges from
multi-decadal to monthly, but they often represent dis-
crete, shorter time intervals rather than continuous inter-
vals. Several studies from the Pacific suggested that ENSO
variability was reduced in terms of intensity and fre-
quency during the mid-Holocene. These include records
from the eastern Pacific, such as lake sediments from
Ecuador and the Galapagos (Rodbell et al., 1999; Conroy
et al., 2008), foraminifera (Koutavas & Joanides, 2012)
and western Pacific records, for example pollen from
Australasia (Shulmeister & Lees, 1995) and corals from
Papua New Guinea (Tudhope et al., 2001). According to a
numerical model (Clement et al., 2000), this reduction in
ENSO strength during the mid-Holocene was a response
to orbitally driven seasonality changes. However, other
authors whose records indicated reduced mid-Holocene
ENSO variance suggested that the driver was a change in
the equatorial Pacific mean state (Cobb et al., 2013; Chen
et al., 2016; White et al., 2018).

Speleothems (secondary cave carbonates) offer a wide
range of environmentally sensitive proxies and accurate
age control. Their near-ubiquitous distribution (Fairchild
& Baker, 2012) and potential temporal resolution ranging
from intra-seasonal (Ridley et al., 2015; Braun et al., 2023)
to orbital (Cheng et al., 2016) make speleothems attrac-
tive palaeoenvironmental archives. Speleothem-derived
stable oxygen isotope ratios (6'0) can provide informa-
tion about regional moisture history (e.g. rainfall amount
and water vapour source) (Lachniet, 2009; Breitenbach
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et al., 2010), whereas stable carbon isotope ratios (8**C)
can reflect the interaction of soil CO, and variations in
local infiltration processes inherent to the karst system
(Genty et al., 2003; Fohlmeister et al., 2020). The interpre-
tation of the 8'°C signal can be further informed by trace
element ratios (e.g. Mg/Ca, Sr/Ca; Magiera et al., 2019;
Fohlmeister et al., 2020). Processes such as prior carbon-
ate precipitation (PCP) control trace element ratios in
the stalagmite. It occurs when the Ca-saturated solution
degasses CO, by encountering air-filled voids along its
flow path through the epikarst and at the cave ceiling,
which leads to carbonate precipitation, enrichment of
elements with distribution coefficients <1 in dripwater
and (carbon and oxygen) isotope fractionation (Fairchild
et al., 2000). Less frequently used environmental proxies
include variations in physical features such as speleo-
them density, fabrics, colour and lamina thickness, which
are a function of hydrology, karst conditions, drip rate
and dripwater chemistry (Kendall & Broughton, 1978;
Frisia et al., 2000; Walczak et al., 2015). These processes
are reflected in speleothem growth rate and seasonal dep-
ositional changes (dry/wet) and can be observed by using
high-resolution imaging (Faraji et al., 2021). Accounting
for these features can improve the interpretation of geo-
chemical data.

Presented here is a seasonally resolved mid-Holocene
(6.4-5.4ka BP) stalagmite record from Niue Island in
the south-western Pacific. This multi-proxy approach

.
El' Nifio 2015

combines 8'%0 and 8'3C values, trace element concen-
trations and physical properties. The research objectives
include (a) characterisation of the nature of the observed
speleothem laminae; (b) identification of the environ-
mental controls on the physical and geochemical proxies;
(c) establishing a chronology for the proxy records; and
(d) extraction of the fundamental periodicities from the
observed proxy variability. Principal component analysis
(PCA) was used to identify clusters/groups of strongly co-
varying proxies and infer incorporation mechanisms from
these results. Wavelet analysis was performed to decom-
pose the proxy time series into the time and frequency
domains to extract the fundamental periods in the record.

2 | GEOGRAPHIC SETTING AND
CLIMATE

Niue Island is a carbonate edifice located in the south-
western tropical Pacific (S 19°03’, W 169°55") (Figure 1).
The carbonate build-up that forms Niue Island consists of
partially dolomitised, shallow water reefal limestone that
reaches a stratigraphic thickness of ca 400 m and rests on a
volcanic, early middle Miocene basement. The uppermost
platform consists of up to 20m thick aragonite and calcite
deposits (Aharon et al., 2006). The island reaches a maxi-
mum altitude of ca 60 ma.s.l. and hosts numerous caves,
particularly in the Mutulau reefal limestone and coastal

FIGURE 1 Austral summer
(December-February) daily precipitation
across the Pacific. The yellow lines
highlight the position of the South
Pacific Convergence Zone (SPCZ) during
two strong ENSO events: (A) El Nifio

180°E 120° 160° 170°W 140° 110° 80°W diamond indicates the location of Niue
<l § _> Island. NOAA Climate Data Record
0 8 16 24 32 40 (CDR) of GPCP Satellite-Gauge Combined

Dec-Feb Precipitation [nm/day]

1998; and (B) La Nifia 2011. The yellow

Precipitation.
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cliffs (Aharon et al., 2006). The natural vegetation cover is
characterised by dense tropical forest.

Located ca 490km north of the Tropic of Capricorn,
Niue has a tropical (Af) climate (Peel et al., 2007), with
a mean annual air temperature of 24°C (T,,;,=20°C in
July, T,,.x=29°C in January). Niue receives ca 2000 mm
of rainfall per year, concentrated between November
and April, while the period from May to October is
cooler and relatively dry (CSIRO & Australian Bureau
of Meteorology, 2011). Rainfall variability is controlled
by the seasonal movement of the SPCZ (Figure 1). The
southward-positioned SPCZ brings convective rainfall
during the warm wet season, while the northward shift of
the SPCZ results in cool and drier conditions. Due to its
location near the south-western margin of the SPCZ, Niue
is sensitive to sea surface temperature and atmospheric
circulation changes linked to interannual ENSO dynam-
ics (CSIRO & Australian Bureau of Meteorology, 2011).
El Nifio events are associated with a north-eastward dis-
placement of the SPCZ, resulting in drier conditions in
Niue, particularly during the normally wet austral sum-
mer season (Figure 1A). During La Nifia events, the SPCZ
shifts ca 1-3° towards the south-west, leading to increased
rainfall in Niue (Figure 1B) (Lorrey et al., 2012; Brown
et al., 2020). Between 1969 and 2010, at least one or two
tropical cyclones have hit Niue each wet season (CSIRO
& Australian Bureau of Meteorology, 2011). During El
Nifio years, above-average sea surface temperatures in
the central and western equatorial Pacific enforce positive
cyclonic vorticity (Vincent et al., 2011), resulting in an
increase in the frequency of tropical cyclones (CSIRO &
Australian Bureau of Meteorology, 2011).

Pioneering work by Aharon et al. (2006) highlighted
the potential of speleothems from Niuean caves as palae-
oclimate archives. Initial investigations on the controls of
dripwater geochemistry suggest meteoric water from the
South Pacific is the source of dripwater 'O signatures
in Niuean caves (Tremaine et al., 2016), while two main
sources of carbon control the §°C in dripwater, includ-
ing the soil CO, and the isotopic signal of the host rock
of the carbonate platform (Aharon et al., 2006). Using
AMS radiocarbon dating assays and petrographic analy-
ses, Rasbury and Aharon (2006) demonstrated the annual
nature of stalagmite laminae, which consist of alternating
thick and clear bands growing during the wet season and
thin and dark bands that grow during the dry season.

The remote location of Niue Island makes it difficult
to collect continuous geochemical data over longer peri-
ods; currently, there is little data on rainwater and drip-
water stable isotopes available for Niue and neighbouring
islands. There is a need for additional data that can help
elucidate isotope variability in meteoric waters and sup-
port the stalagmite proxy interpretation. This is especially

relevant for storm-derived rainfall, which potentially con-
tributes a significant portion of effective moisture that
reaches the caves, thereby leaving a mark in the speleo-
them oxygen isotope record.

Two palaeoclimate reconstructions have highlighted
the sensitivity of Niue Island speleothems as recorders of
regional rainfall variability. The first is a record of the SPCZ
between 45 ka BP and 25 ka BP (Sinclair et al., 2014), while
the second provides an ENSO record over ca 200years
from 1750 to 2000 AD (Rasbury & Aharon, 2006). This
work builds upon and confirms earlier work and contrib-
utes to the knowledge of the tropical Pacific palaeoclimate
with a new seasonally resolved record of an unrepresented
time period (mid-Holocene).

3 | MATERIALS AND METHODS

3.1 | Stalagmite C132
Stalagmite C132 was collected in the 1970s by Chris Hendy
(University of Waikato) from Mataga Cave, between the
villages of Tuapa and Hio on the west coast of Niue Island.
The stalagmite was found broken in a small grotto at the
end of the cave, with the top segment of the stalagmite
missing. Due to the collection history of stalagmite C132
and the remote location of Niue Island, it is unlikely that
replication material will be found from the same or neigh-
bouring caves covering the same time interval. The col-
lected stalagmite fragment is 43.4 cm long (Figure 2) with
visible layers of milky-white pale porous calcite (PPC) and
dark dense calcite (DDC). The description of the charac-
teristics of the layers is based on thin section observations
and follows the terminology in Hartland et al. (2014).
Stalagmite C132 was sliced vertically using a rock saw
at the University of Waikato, resulting in a central slab of
ca 2cm thickness and two sides stored as archive halves.
The central slab surface closest to the stalagmite growth
axis was used for all analyses. Powder samples were ob-
tained for geochemical analyses using a Sherline micro-
drill with a 1mm diameter tungsten—carbide drill and a
digital read-out. Eleven powder samples of ca 200 mg
were collected for U/Th dating. Stable isotope samples
were drilled every 3mm (low resolution, n=144) and
milled every 50pm (high resolution, n=>5102) following
the methodology outlined in Baldini et al. (2021). Figure 2
shows the sampling tracks.

3.2 | Image processing

Greyscale values were extracted from high-resolution
(2400 dpi) scans of the stalagmite surface along the
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vertical growth axis using the image analysis software
ImageJ version 1.51k (https://imagej.nih.gov/ij/index.
html; Schneider et al., 2012). The scans were taken with
HP Scanjet series 2200c flatbed scanner. This analysis pro-
vides a record of intensity between zero (black) and 237
(white), with a spatial resolution of 10.6 pm. Assuming
the deposition of the PPC and DDC lamina couplets was
annual, the greyscale record was used to count the grey
value minima corresponding to the DDC laminae, thus
constructing a layer counting chronology to constrain the
age model and growth rate profile. The annual growth rate
was calculated from the difference in distance between a
DDC trough (i.e. a minimum value) and the next trough.
The layer counting chronology was obtained by both visu-
ally counting lamina (using a high-resolution scan) and
by counting greyscale peaks extracted from the digital
scan. The sensitivity of greyscale values was subsequently
tested as an environmental proxy (see section 6.1).

3.3 | U/Thdating and
age-depth modelling

The U/Th ages were determined using a Nu Instruments
plasma multicollector inductively coupled mass spec-
trometer (MC-ICP-MS) at the University of Melbourne.
Sample powders were dissolved and equilibrated with a
229Th/?**U mixed spike solution before U and Th were
separated from the matrix using Eichrom TRU-Spec resin.
The purified U/Th fraction was introduced to the MC-
ICP-MS via a Cetac Aridus membrane desolvator, giving

total system efficiencies of ca 0.3% for both elements. See
Hellstrom (2003) for further protocol details.

The age-depth model of stalagmite C132 was ini-
tially constrained using eight U/Th ages as inputs in the
COPRA age-modelling software (Breitenbach et al., 2012).
This U-series-based age-depth model was then further
constrained by the layer counting chronology. The series
of counted layers versus stalagmite depth was anchored
to the depth of the uppermost U/Th date (sample ID
C132-1, Table S1). This layer chronology fell within the
20 uncertainties of the older U/Th dates. This procedure
leaves an overall error margin of +20years. The final age
model is the median record based on an ensemble of 2000
Monte Carlo age-depth realisations derived from the layer
counted profile using the COPRA routine (Breitenbach
etal., 2012).

3.4 | Speleothem geochemistry

The resolution of the analysed samples for oxygen and
carbon stable isotopes varies from 50 pm to 3mm. The
first set (n=607) of samples covering the depth ranges
of 4-16.25mm and 46.85-92.26 mm was measured at
Ruhr University, Bochum. Between 90pg and 110pg
of sample powder was acidified with orthophosphoric
acid at 70°C and reacted for 60 min before analysis. The
released CO, gas was dried and measured in continu-
ous flow mode on a ThermoFisher MAT253 gas source
isotope ratio mass spectrometer coupled to a GasBench
IT (ThermoScientific, Bremen, Germany). Results are
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presented in delta notation, with §-values reported as
parts per thousand (%.) relative to the international
Vienna PeeDee Belemnite (VPDB) standard. Results are
corrected using a two-point calibration using the inter-
national standards IAEA-603 and NBS18. The long-term
1o reproducibility of the internal standard is 0.06%. for
8"3C and 0.09%. for 5'%0.

A second set (n=740) of isotope measurements,
covering the depth ranges of 92.35-205.26 mm and
16.84-47.16 mm, was performed at ETH Zurich using a
ThermoFinnigan Delta V Plus isotope ratio mass spec-
trometer coupled to a ThermoScientific Gasbench II.
Between 90pg and 140 pg of sample powder were re-
acted with orthophosphoric acid at 70°C for 60 min. The
resulting CO, was then sampled and transported in a he-
lium stream to the mass spectrometer. See Breitenbach
and Bernasconi (2011) for details on the method.
Reference materials include the international standards
NBS19 and NBS18. The long-term 1o reproducibility of
the internal standard is 0.05%. for '°C and 0.08%o for
8'%0.

The third set (n=765) of isotope measurements, from
205.32 to 255.92mm, was performed at Northumbria
University using a ThermoFinnigan Delta V Plus isotope
ratio mass spectrometer coupled to a ThermoScientific
Gasbench II. In total, 2162 stable isotope samples have
been analysed.

Concentrations of 15 elements were measured along
the vertical growth axis of stalagmite C132, following the
greyscale track. Measurements were performed at the
University of Waikato (New Zealand) by laser ablation-
inductively coupled mass spectrometry (LA-ICP-MS)
using a RESOlution SE 193 nm excimer laser ablation sys-
tem equipped with a Laurin Technic S155 laser ablation
cell coupled to an Agilent 8900 QQQ-ICP-MS. Analyses
were conducted using a laser repetition rate of 20 Hz with
a 60 um diameter ablation spot and scanning the sample
at 29.55 um/s with a beam energy density of 5J/cm?, yield-
ing a spatial resolution of 30pm. Signals for **Na, **Mg,
7741, 981, 3'p, 33, #Ca, SMn, Fe, ©Ni, ®Cu, 7n, *sr,
37Ba, 2®Pb and ***U were monitored during analysis in
a single track. The ICP-MS was optimised daily for max-
imum sensitivity. The ICP-MS operating settings are: for-
ward power of 1350W, plasma gas flow rate of 15L/min
(Ar), carrier gas flow of 0.99mL/min (nebuliser), sam-
pling depth of 4mm, pulse counting detector and peak
hopping sweep mode, 0.01-0.1s dwell time and one point
per peak 1. Calcium was used as an internal standard, as-
suming a concentration of 40.04wt%. Background counts
(He gas background, measured with the laser off) were
collected for 45s between samples. The National Institute
of Standards and Technology (NIST) glass standards 612
and 610 were analysed after every sample track (ca 3cm

long) to account for any drift. Raw data were processed
using Iolite v3.32 (Paton et al., 2011). Background counts
were subtracted from the raw data, and all data were
standardised to NIST 612, while NIST 610 was utilised
as a secondary standard. The GeoReM database (Jochum
et al., 2005) was used for NIST glass reference values.

3.5 | Water chemistry

Rainwater and dripwater samples from four Niue caves
(Palaha Cave, Anapala Cave, Ulupaka Cave and Avaiki
Cave) were collected in a fieldwork campaign in February
2020. The oxygen and hydrogen isotope (5'*0 and 8D) ra-
tios were measured using cavity ring-down spectroscopy
(CRDS; Steig et al., 2014) at the Universidad de Almeria,
Spain. The CRDS device was interfaced with an A0211
high-precision vapouriser. The internal standards were
JRW, BOTTY and SPIT. The results were normalised to
VSMOW (Vienna Standard Mean Ocean Water). Typical
long-term instrumental precisions (+1SD) were +0.06%o
for "0 and +0.6%. for 8D, based on the repeated analysis
of an internal standard every six samples.

3.6 | Statistical analyses

3.6.1 | Principal component analyses

Principal component analysis allows the identification of
associations of the proxy time series that explain most of
the observed variability. Several PCAs were carried out
on different groupings of datasets derived from stalag-
mite C132. The arrangement of the groups is based on the
inclusion of different proxy time series, their length and
resolution. Principal component analysis-1 includes trace
elements, greyscale and growth rate time series; PCA-2 in-
cludes trace elements, greyscale, growth rate and stable
isotopes time series; and PCA-3 includes trace elements
only. All records included in each PCA were standardised
to the lowest resolution in the group by averaging the data
corresponding to each lowest-resolution time interval
to accommodate the differences in temporal resolution.
Data preparation prior to PCA analysis included filling in
missing values using the iterative PCA algorithm from the
missMDA library in the software R and log-transformation
to account for non-normality of the data series. The PCAs
were performed in the software R using the PCAshiny al-
gorithm from the Factorshiny (v.2.2) package.

The PCA-1 analysis was performed in two separate
datasets that correspond to two intervals; this is because
the trace element data have a gap at 276.22-281.66 mm
(6.219-6.213ka BP) caused by technical difficulties during
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the measurement process. The trace element data above
the gap have a substantially higher variance compared to
those below the gap. To avoid potential instrumental bias-
ing, the trace element time series was split into two sets
and PCAs were performed separately on the upper and
lower sections (PCA-1a and PCA-1b). The PCA-2 analysis
included the data for the time interval in which 8'*0 and
8'3C values are available and also included greyscale, trace
elements and grow rate. The PCA-3 analysis, including
only trace elements, is presented in the Supplement (S2).

3.6.2 | Seasonality determination

The term ‘rainfall seasonality’ is used here to refer only
to the difference in the amount of rain between the wet
and dry seasons within one annual cycle, as measured by
the difference in the greyscale values between a PPC lam-
ina and the adjacent DDC lamina. For the study of mid-
Holocene rainfall seasonality, a minor recalibration was
performed on the monthly-scale dating of the greyscale
record. Based on mean rainfall being higher during the
wet season (November-April) compared to the dry season
(May-October), the greyscale record was anchored on its
time axis such that wet season averages are higher than
dry season averages in the maximum possible number of
years, yielding a (constant) shift of +5months. Rainfall
seasonality was afterwards calculated for each year as the
difference between average greyscale values in the wet
and dry seasons.

3.6.3 | Wavelet analysis

To investigate which environmental processes drive the
variability recorded in this C132 dataset, the biwave-
let package was applied in R to perform wavelet power
spectrum analyses using Morlet wavelets (Torrence &
Compo, 1998) on the annually resolved greyscale record,
the seasonality record and the two first PCs derived from
PCA-2. The continuous wavelet analysis of the greyscale
record utilised linear interpolation with an annual sam-
pling period. Irregular sampling in the time dimension
results in variations in the number of samples per year,
biasing estimates of mean season-specific rainfall, a prob-
lem that is not resolved by interpolation. Significance
testing of wavelet power was thus based on Monte Carlo
sampling of AR(1)-realisations computed by the REDFIT
algorithm (Schulz & Mudelsee, 2002) to obtain an indi-
vidual 95% confidence level for each time instance and pe-
riod. The same procedure was applied to the seasonality
time series by transforming each AR(1)-surrogate into a
‘seasonality-surrogate’.

4 | RESULTS

4.1 | Greyscale record

Greyscale intensity varies between 93 and 273 (Figure 3A),
with a mean value of 179.4. The PPC laminae have higher
values than adjacent DDC laminae. The greyscale record
has the highest resolution (10.6 pm) of all C132 proxy re-
cords and exhibits variability at seasonal to multi-decadal
timescales. The growth rate record reveals a notable
change in average growth rate at ca 6.1ka BP, with faster
growth prior to 6.1ka BP (0.5+0.05mm/year) and slower
growth (0.34+0.01mm/year) between 6.1ka BP and
5.4ka BP (Figure 3F).

4.2 | U/Th dating and age modelling

Of 11 measured U/Th ages, two were discarded due to
large uncertainties, and a third measured sample was not
included in this work because it is outside the period of
interest in this research (69.3ka BP); see Table S1. The
age model of stalagmite C132 was based on the remain-
ing eight U/Th ages (Figure 2). The final age model is
constrained by the youngest radiometric date 5.411ka BP
and the oldest radiometric date 6.428 ka BP (with present
referring to 1950 CE), indicating that the stalagmite grew
continuously at an average growth rate of 0.39 +0.01 mm/
year. The Holocene U-series chronology is further refined
by layer counting based on the greyscale information.
The layer count is within the uncertainties of the U-series
dates, suggesting that the layers represent annual band-
ing due to strongly seasonal growth conditions in the cave
(Figure 2). Proxy reconstructions are therefore based on
the layer counting chronology, anchored to the youngest
U/Th date (C132-1). The layer count indicates that the
Holocene part of the record spans 1019 years.

4.3 | Speleothem geochemistry

In total, 47 stable isotope samples from the older stalagmite
segment (6.411-6.172ka BP) were measured at low (multi-
annual) resolution, and 2279 samples were measured at
sub-annual resolution from the younger segment (6.168-
5.423ka BP). Over the analysed interval (6.411-5.423ka
BP), 8'80 values varied between —7.2%. and —3.5%o, with
a mean of —5.58% (Figure 3D; n=2326). The 5"°C values
ranged from —12.8%o to —6.5%0, with a mean of —9.73%.
(Figure 3C; n=2326). The 6'%0 and 6"3C time series record
sub-annual to centennial-scale changes. The §'*0 and §'*C
values are positively correlated (r=0.58, p<0.001), with
both isotope systems varying synchronously throughout
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FIGURE 3 Proxy time series 240 A
obtained from stalagmite C132. (A) % 200 |
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the record (Supplement S1). The majority of the stable iso-
tope values fluctuate within +1.5¢ of the mean. The high-
est "0 values are found between 5.50ka BP and 5.46ka
BP, when a decadal-scale positive excursion of ca 1.3%o is
recorded. This excursion is followed by a rapid decrease
towards the mean (Figure 3D). A similar trend is observed
in the 6"3C record, although in this case the values are
much closer to the mean.

High-resolution trace element data allows the detec-
tion of sub-annual variability (Figure 4C,E), with values
reported as metal/Ca ratios and summarised in Table S2.
This section focusses on Sr and Zn variations, which repre-
sent contributions from the host rock and the soil, respec-
tively (Figure 3B,E; Aharon et al., 2006; Murgulet, 2010).
The host rock elements that reflect PCP are Mg, Sr and
Ba because they can substitute for Ca in the carbonate
crystal (Fairchild & Treble, 2009). Here, Sr/Ca ratios are
used as a proxy for PCP. The Sr/Ca ratios vary between
0.46 mmol/mol and 1.32 mmol/mol, with a mean value of
0.81 mmol/mol (Figure 3B; n=14,584). Since the Mg/Ca
ratios (Table S2) are found to be affected by (minor) con-
tributions of dolomite in the host rock, the Mg/Ca ratios
were not used as a proxy for PCP. The Zn/Ca ratios range

+1.50
mean
-1.50

+1.50
mean
-1.50

5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4
Age [ka BP]

from 0.1 to 420 pmol/mol, with a mean of 17.95pmol/
mol (Figure 3E; n=14567). Technical difficulties resulted
in a small gap in the trace element time series at 276.22-
281.66 mm (6.213-6.219 ka BP).

4.4 | Water chemistry

The analysed rainwater shows 80 values that vary
between —11.03%. and —5.49%., and dD values rang-
ing from —80.86 and —35.29%. VSMOW (Figure 5 and
Table S3). All rainwater 8'30 and 8D values are near the
Global Meteoric Water Line (GMWL, 8D=8x 80+ 10;
Craig, 1961) and the South Pacific Meteoric Water Line
(SPMWL, 6D =7.7x8'0+9.3) as determined from rain-
fall at the Western Samoa and Rarotonga stations (IAEA/
WMO, 2001). The rainwater isotopes fit the regression
8D=8.1x5'"0+8.6 and show no secondary evapora-
tion effects. The isotopic composition of the dripwaters
collected in the four Niue caves show 8'%0 values from
—4.87%o to —3.97%o, and 8D values between —28.09%0 and
—20.34% VSMOW. All dripwater 8'*0 and 8D values fall
on the SPMWL (Figure 5).
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FIGURE 4 Detailed view of an 8 mm section of stalagmite
C132 with proxy records superimposed on the stalagmite image,
showing the relationship of the proxies with the alternation
between pale porous calcite (PPC) and dark dense calcite (DDC)
laminae. (A) greyscale, (B) 8'*C, (C) Sr/Ca, (D) §'%0, (E) Zn/Ca.
The 8"C and §'®0 frequently increase in line with lower grey
values, while the seasonal-scale dynamics of other proxies are less
obvious. For an explanation of the arrows on the right-hand side,
see the discussion section.

4.5 | Statistical analyses

Figure 6 displays the PCA results, where each dot signifies
the loading of the respective record onto principal compo-
nents (PCs) 1 and 2. For PCA-1a, the first two PCs explain
56.48% of the variance in the original data (Figure 6A).
Zinc, Mn, Fe, Pb, Al, Ni and Cu show a strong positive cor-
relation with PC1 (loadings >0.7) and a moderately posi-
tive correlation with PC2 (loadings <0.6). Magnesium,
U, Sr and P define a group that is moderately negatively
correlated with PC2 (loadings <0.6) and weakly to moder-
ately positively correlated with PC1 (loadings <0.5). The
first two components of PCA-1b explain 61.64% of the
total variance and show similar associations of elements
(with Br added to the second group) and similar correla-
tions to the two PCs as in PCA-1a.

The PCA-2 analysis produces similar groupings to
PCAs-1a and -1b but also indicates a third group including
Ba, Na and Br (green shading, Figure 6C) and is moder-
ately positively correlated to both PC1 and PC2 (loadings
<0.6). The stable isotopes do not contribute to PC1 and

PC2; instead, they present high loadings for PC4. In both
PCA-1 and PCA-2, the greyscale record is projected onto
the lower left quadrant of the coordinate system spanned
by the PCs, indicating an inverse relationship to the group
of elements Sr, Mg, U and P. Full-resolution PCAs of trace
element data (PCA-3a and b) were also performed with
similar results (Supplement S2).

The wavelet spectrum of the greyscale record displays
significant power (>95% confidence level) in the ENSO
band (2-8years), which is mostly continuous throughout
the recorded period, with the exception of two brief in-
terruptions at 6.15 and 6.02ka BP (Figure 7). The wavelet
spectra of PC1 and PC2 of PCA-2 show irregular patches
of significant periodicities associated with ENSO-band
variability at 6000-5950, 5700-5650 and 5500-5400years
BP (Supplement S3).

5 | DISCUSSION

5.1 | Greyscale record as an
environmental proxy

The greyscale variability in stalagmite C132 reflects the
alternation between PPC and DDC laminae, which is re-
lated to crystal growth and matrix-density variation. In the
absence of detrital particles (clay, silt or soot) in the spe-
leothem, higher greyscale values represent crystal growth
arrangements with more interstitial space and crystal
boundaries that reflect light. Lower greyscale values result
from denser calcite crystal patterns that reflect less light
in reflected light scan images (Figure 4A). Factors such
as dripwater saturation, drip rate and CO, degassing pro-
moted by cave ventilation govern the formation of distinc-
tive crystal fabrics depending on seasonal environmental
conditions (Baker et al., 2008; Frisia, 2015).

Previous work on the petrography of speleothems from
Niue has shown laminae composed of columnar calcite
crystals parallel to the grow axis. The laminae consist of
couplets of alternating thick and clear bands deposited
during the wet season and thin and dark bands deposited
during the dry season (Aharon et al., 2006). Rasbury and
Aharon (2006) used in situ observations, AMS radiocar-
bon dating and 92years of monthly rainfall data to verify
the annual growth of the band couplets and calculated a
growth rate of 0.34+0.04 mm/year. Observations in sta-
lagmite C132 confirm the same laminae growth pattern
and similar average growth rate (0.39 +0.01 mm/year).

The variations in crystal growth pattern (and thus
greyscale values) are interpreted here as primarily a
function of the dissolved inorganic carbon (DIC) supply.
During the wet season, the supply of dripwater (and with
it DIC) is high, allowing for rapid CaCO, deposition. In
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FIGURE 5 Relationship between -5 s e ”
8"%0 and 8D of Niue rain and dripwater | L w \
collected in February 2020. Dripwater
samples were collected from Anapala -10 —
Cave (inland), Palaha Cave (sea cave), -
Ulupaka Cave (inland) and Avaiki 20 —
Cave (sea cave). Dripwaters reported in
previous studies by Aharon et al. (2006) .
are shown as triangles and those from -30
Tremaine et al. (2016) as circles (with
different colours for wet and dry seasons). = ]
The collected samples show no signs of g -40
secondary evaporation and plot along %
the GMWL and SPMWL, which is based >
on rainfall data of neighbouring Western 2 -50
Samoa and Rarotonga stations (IAEA/ a i — SPMWL 3D=77"370+9.3
WMO. 2001 — GMWL 0dD=8.0*§"0+10
’ ) 60 _ — Rainwater fit 9D=8.1*5"0+8.6
B Rainwater Feb 2020 [This study]
u ] Dripwaters Avaiki Cave [This study]
] Dripwaters Ulupaka Cave [This study]
=70 B Dripwaters Anapala Cave [This study]
] Dripwaters Pahala Cave [This study]
1 A Dripwaters July 2002 [Aharon et al. 2006]
O Dripwaters wet season [Tremaine et al. 2016]
-80 O Dripwaters dry season [Tremaine et al. 2016]
T | T | T | T | T | T
-12 -10 -8 -6 -4 -2 -3

the dry season, water supply is more restricted, drip rates
are lower and thinner, denser, darker carbonate laminae
form. It is suggested here that the mechanism that pro-
motes seasonal signals in the C132 proxy record is the
seasonal cycle in dripwater supersaturation, leading to
sub-annual changes in stalagmite growth rate. These fac-
tors produce seasonal variations in geochemical proxy re-
cords in fast-growing speleothems (Hartland et al., 2014;
Carlson et al., 2018).

5.2 | Climate interpretation of
geochemical proxies

5.2.1 | Stable isotopes as recorders of local
environmental conditions

Sub-annual §'®0 variability observed in stalagmite C132
is attributed to seasonal changes in rainfall and infiltra-
tion amount. Due to the small size of Niue Island and its
geographical location, the source of the precipitation is
entirely oceanic. The summerly southward movement of
the SPCZ and tropical cyclones bring strong vertical con-
vective rainfall with a highly negative 8'%0 signature (for
example in February 2020, Figure 5).

Presented here are the oxygen and carbon stable
isotope values from rainwater and dripwater that were

8'%0 [%0 VSMOW]

collected in a single dry season month (February 2020).
While this 1-month dataset does not allow to discuss
seasonal changes in the isotopic composition of precip-
itation, it provides valuable information on the isotopic
signal of the rainwater transferred to the cave in the
island's karst system. The meteoric origin of the drip-
waters on Niue Island has been shown in previous stud-
ies by Aharon et al. (2006) and Tremaine et al. (2016).
Ranging from —4.87%o to —3.97%. VSMOW, the dripwa-
ter 5'%0 values reported here align well with the previ-
ously reported ones by Aharon et al. (2006) and Tremaine
et al. (2016), which vary between —4.9%. and —4.2%c
(Figure 5). The dripwater values of samples collected in
this study are close to the South Pacific Meteoric Water
Line (SPMWL, 8D=7.7x8®0+9.3, R*=0.96, IAEA/
WMO, 2001), which is based on samples from Samoa
and Rarotonga rainfall samples (IAEA/WMO, 2001), as
well as on the GMWL (Figure 5). This indicates that sec-
ondary evaporation did not affect the dripwater samples.
Dripwaters show only a limited range (ca 1.1%o for §'*0
and ca 10%. for 8D; Figure 5), which suggests a proximal
source and that mixing in the epikarst reduced the over-
all isotope variability.

The rainwater samples collected during tropical storm
Vicky in February 2020 (nasa.gov/hurricanes/2020/02/)
are characterised by very low and variable 8'*0 (ca —11
to —5%o) and 8D (ca —80 to —35%o) values (Table S3), and
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FIGURE 6 Results of the principal
component analyses. (A) PCA-1a; (B)
PCA-1b; (C) PCA-2. All PCAs reveal two
prominent groups: group 1 (blue shaded
area) is formed by Zn, Mn, Fe, Pb and Al,
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are found below the SPMWL and GMWL. These waters
form a 8'*0-8D regression described by the relationship
8D=8.1x8"0+8.6 (R*=0.99; Figure 5). The similar
slope of the collected rainwater samples to that of SPMWL
and GMWL indicates condensation under conditions of
isotopic equilibrium. The lowest rainwater isotopic values
(—=72.9 and —80.8%. for 8D, and —10.7 and 11.3%. for §'%0)
could be explained by the dynamics of tropical storms,
whereby convection lifts moist air to greater altitudes
where condensation occurs at lower temperature. In addi-
tion, the clouds that fed the tropical storm might have ex-
perienced enhanced Rayleigh fractionation during more
vigorous transport towards the centre of the storm (Sun
et al., 2022). Since all dripwater samples are less negative
compared to the storm samples, it is suggested here that

FIGURE 7 Wavelet spectral analysis
of the annually resolved greyscale record
from stalagmite C132. Significant (>95%)
power is delineated by black contours.
The ENSO band (2-8years) is outlined in
red.

ENSO band

6.3 6.4

the contribution of tropical storm-derived rainwater to the
total infiltration is limited. It can be expected, however,
that under conditions with increased storm frequency, the
dripwater and thus the speleothem 8'®0 signal might re-
spond accordingly.

The dripwater isotope data collected in February 2020
overlap among the four caves (Palaha, Anapala, Ulupaka
and Avaiki), suggesting that these samples are represen-
tative for the island. The range of observed §'*0 values is
consistent with those reported by Tremaine et al. (2016),
who found only a small change of the dripwater 5'*0 sig-
nal to lower values in the wet season. Although stalagmite
C132 was collected in a different cave, it is suggested that
the dripwater isotope values in Mataga Cave are compa-
rable to those reported here and by Tremaine et al. (2016)

1]uo//:SdY) SUORIPUOD PUe SWB | U1 38S * [202/20/€2] Uo Aelq1T8UIUO AB]IA ‘Z49 Wepsiod wniuez-z)oyw pH Aq 892°2dep/200T 0T/10p/w00" A8 | Akeiq U uoy/:sdny Woj papeo|umoq ‘T ‘v20e ‘2/8vSS02

oo M| A

35UB01T SUOWILLIOD AAR1D a|qealjdde ay Aq pausenob afe sapie YO ‘8N JO Sa|nJ 40y Aeld 1 auljuQ 8|1 Lo (Suo i ipuod-pue:



NAVA-FERNANDEZ ET AL.

| 187

due to the spatial proximity of the caves and their shallow
depth below ground.

The rainfall isotope signals reflect the seasonal posi-
tioning of the SPCZ; during the austral summer season,
stronger insolation at the latitude of Niue results in deep
and sustained convection and intense rainfall. During
the dry season, fewer and weaker low-pressure systems
develop. Deep wet season convection also intensifies lat-
eral moisture transport and, thus, Rayleigh fractionation.
These processes lead to lower 8'®0 values in wet season
rainfall compared to the dry season. The available GNIP
data from Rarotonga, collected between May 1979 and
November 1991, reveal that wet season (samples from
November to April) rainfall 5180 averages —5.3%o, whereas
dry season (samples between May and October) rainfall is
ca 1.4%o less negative (average 8'°0 = —3.9%o).

Variations in the 8'®0 values of the stalagmite are
interpreted here as reflecting seasonal changes in the
amount and isotopic composition of the rainfall associ-
ated with northern and southern migrations of the SPCZ,
and the prevalence of tropical cyclones in the central
Pacific. Lower stalagmite 8'%0 values occur in the PPC
laminae and reflect the intensity of the wet season, while
higher &'®0 values in the DDC represent the dry season
(Figure 4D).

Mechanisms that influence the variability of §°C in
speleothems include changes of soil respiration caused
by microbial and vegetation activity (Genty et al., 2003;
Cruz et al., 2005), the carbon cycle in the ecosystem
(Frappier et al., 2002), the changing pH of the infiltrat-
ing water leading to intensified water-rock interactions
(McDermott, 2004) and PCP (Fohlmeister et al., 2020).
In tropical speleothems, the dominant driving force of
8"°C variations is effective rainfall and drip rate in the
cave, as observed in Gupteswar Cave, India or Yok Balum
Cave, Belize (Yadava & Ramesh, 2005; Ridley et al., 2015).
Stalagmites fed by high drip rates during the wet season
present lower 5"°C values due to the reduced time be-
tween drips that limits PCP-related isotope fractionation
(Fohlmeister et al., 2020).

The §'°C values of stalagmite C132 have a similar range
to those of a stalagmite record from nearby Avaiki Cave
(Murgulet, 2010). In both records, the 8'3Cvalues are lower
in the wet season (i.e. PPC laminae) and higher in the dry
season (DDC laminae; Figure 4B). Aharon et al. (2006)
showed that 8'°C in dripwater in Niue caves represents
a mixed signal from both soil CO, (—29.4+0.09%0) and
carbonate bedrock (—0.4 +0.09%o). Here, it is inferred that
the 8"*C variations in C132 laminae are caused by changes
in the relative proportions of these two carbon sources
and, more importantly, by PCP. Lower drip rates during
the dry season allow for prolonged CO, degassing from
the dripwater, enhanced kinetic isotope fractionation and

higher speleothem 8"°C values in C132 stalagmite. Thus,
83C is interpreted as an indicator of local hydrological
conditions within soil and epikarst, with more negative
values recorded during wetter periods.

5.2.2 | Elements as tracers of local
infiltration dynamics

A series of PCAs were used to investigate the processes
controlling trace element variations in stalagmite C132 at
annual and sub-annual scales. All PCAs consistently re-
veal two main groups based on their loadings on PC1 and
PC2: Zn, Fe, Cu, Pb, Al and Mn (group 1), and U, Sr, Mg
and P (group 2; Figure 6).

Group 1 includes the soil-derived elements that
are transported into the epikarst via high-infiltration
events (Borsato et al., 2007; Hartland et al., 2012; Oster
et al., 2017). Group 2 comprises elements derived from
the host rock as well as variable inputs of marine aerosols.
This includes Mg and Sr, which are incorporated into the
speleothem by water-rock interaction and/or modified
by PCP and are often interpreted as proxies for the local
hydrology, with higher Mg and Sr concentrations indicat-
ing drier conditions (Fairchild & Baker, 2012). Stalagmite
C132 Mg/Ca data is not discussed in detail because, al-
though XRD analysis and petrographic observations on
thin sections show that the dominant mineral is calcite,
trace amounts of dolomite have been identified. This
dolomite-related Mg would interfere with the PCP-related
signal during calcite precipitation, rendering the measured
Mg/Ca values difficult to interpret in terms of infiltration.
Instead of Mg/Ca values, the authors believe that the Sr/
Ca record better represents the water-rock interactions
and PCP processes. This interpretation is corroborated by
the similarity of the variability of both greyscale and Sr/Ca
ratio records (Figure 3A,B). It is probably that in the epi-
karst system and stalagmite, the incorporation of U and P
into the calcite follows a similar mechanism as observed
for Mg that is substitution for CO,*~ in the crystal lattice.
Dry periods result in lower host rock dissolution, leading
to reduced CO;*™ activity and increased U and P partition-
ing (Wynn et al., 2018), allowing higher incorporation of
U and P in the slower-growing DDC laminae deposited
in the dry season. In contrast, higher carbonate supersat-
uration in the wet season promotes a higher growth rate
and increased competition for U and P ions to replace car-
bonate in the crystal lattice of the PPC laminae (Jamieson
et al., 2016).

In all PCAs, Group 2 (host rock-derived) elements
show a strongly positive correlation with PC2, which ex-
plains between 19.56% and 26.91% of the total variance
(Figure 6). Importantly, the greyscale record is moderately
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to strongly negatively correlated with PC2, while Group
1 (soil-derived) elements are weakly to moderately neg-
atively correlated with PC2 (Figure 6). Since greyscale
values are primarily controlled by dripwater (and thus in-
filtration) supply, PC2 probably represents the interannual
variation between wetter and drier years, with the positive
direction indicating drier and the negative direction indi-
cating wetter conditions. Wetter conditions would result
in more soil-derived elements being transferred to the
cave, leading to the negative correlation with PC2, while
host rock-derived elements are concentrated in the calcite
during drier conditions due to lower drip rates.

Drier conditions would also concentrate Mg derived
from marine aerosols within the epikarst water store,
leading to higher Mg/Ca and other element/Ca ratios
that are highly concentrated in sea water (e.g. Na, Sr and
Ba). It is notable that these elements are separated from
the soil-derived elements by PC2 and related to the host
rock-derived elements. Thus, while increases in host rock-
derived elements (e.g. U, Sr) can be used to identify drier
conditions, a similar conclusion would be met if a small
contribution of marine aerosol were present. Although
this study does not draw on dripwater (chemistry) moni-
toring, given the marine setting, it is highly probable that
marine aerosols also contributed to the elemental com-
position of C132, similar to earlier findings (Tremaine
et al., 2016). This reasoning does not affect the general in-
terpretation of the elemental data.

For all PCA groups, PC1 explains 28-39% of the vari-
ance in this dataset. Soil-derived elements of group 1
are strongly positively correlated with this axis, while
host rock/marine elements show a weakly positive to
no correlation, and greyscale shows a weakly negative
to no correlation. Soil-derived elements are transferred
to the cave by waterflow through the epikarst. However,
overall wet/dry conditions would affect greyscale and
host rock-derived elements to a greater and more pre-
dictable extent, as discussed above. A key mechanism
for the transfer of soil-derived elements is flushing of
the epikarst during extreme rainfall events (Hartland
et al., 2012), such as tropical cyclones. These events
are short-lived and unlikely to have a major effect on
the style or rate of (longer-term) calcite crystallisation,
thus having a limited effect on greyscale and host rock-
derived elements but can import increased soil-derived
element loads. PC1 is therefore interpreted as controlled
by the prevalence of extreme rainfall events in the tropi-
cal Pacific on Niue Island.

With loadings of comparable magnitude on both PC1
and PC2, Na and Br are located between the host rock and
soil-derived trace metal groups. As previously noted, Na
and Br are concentrated in sea water, and previous stud-
ies estimated a sea water contribution of 89% for Na and

Br in the dripwater of Niuean coastal caves (Tremaine
et al., 2016). Following this finding, these elements are
interpreted as being mostly derived from marine aerosols.

5.3 | Mid-Holocene hydrological
variability of Niue Island

5.3.1 | Hydrological patterns on Niue Island
The most prominent driver of seasonal rainfall on Niue
Island is the position and strength of the SPCZ. During the
austral summer (November-April), the south-westward
migration of the SPCZ brings the most rainfall to Niue,
while Niue experiences its dry season in the austral winter
when the SPCZ migrates north-east. At interannual scale,
ENSO dynamics enhance the north/south migrations of
the SPCZ and amplify its effect on rainfall amount. During
El Nifio events, the SPCZ is located further north, thereby
making the island drier, and in La Nifna events, the SPCZ
is located even further south (west), resulting in wetter-
than-normal conditions (Figure 1).

An amplified wet season (especially during La Nifa
events) leads to an increased seasonal contrast in rainfall
(i.e. the wet season is wetter-than-normal while the dry
season either remains unaltered or is even drier and/or
longer) and increased background rainfall. El Nifio events,
on the other hand, result in a more northerly mean posi-
tion of the SPCZ and reduced rainfall over Niue Island.
Less rainfall during the wet season results in reduced
rainfall seasonality as the whole year remains in a dry
state (Vincent et al., 2011; Cai et al., 2020; Emile-Geay
et al., 2016).

Tropical cyclone activity in the south-western Pacific
is also directly linked with ENSO dynamics (Vincent
et al., 2011; Cai et al., 2012; Maru et al., 2018). El Nifio
events are associated with increased tropical cyclone
activity (de Scally, 2008). During El Nifio years, there-
fore, Niue Island receives less rainfall overall but more
high-infiltration events (CSIRO & Australian Bureau of
Meteorology, 2011). This means that rainfall seasonality
is less predictable during those years than it is during La
Nifia events. Therefore, the authors posit three poten-
tial hydrological patterns for Niue: El Nifio events (low
seasonality, low background rainfall, high frequency of
high-infiltration events); La Nifia events (high seasonal-
ity, high background rainfall, relatively lower frequency
of high-infiltration events); and ‘normal’ conditions (in-
termediate seasonality, background rainfall and frequency
of high-infiltration events). This mid-Holocene multi-
proxy record allows detailed insight into these hydrolog-
ical dynamics at exceptional temporal resolution. In the
following, the authors consider longer-timescale patterns

85U8017 SUOWIWOD SAIEaI (edl|dde auy Aq peusenob ake sapiie YO 8sn Josejn. Joj Akeiq1aul|uo A8|IAN UO (SUONIPUOD-PUe-SWBIALI0D" A3 | IMA eI pUl|UO//STIL) SUONIPUOD Pue SWLB | 8L 88S *[7202/20/62] Uo ARIqiTauliuO A8]IM ‘Z49 Wepsiod Wniuez-zyoyw pH Aq 892°2dep/z00T 0T/I0p/w00" A8 | Im" Afe.d1puluoy/:sdny woij pepeojumoqd ‘T 'v202 ‘2875502



NAVA-FERNANDEZ ET AL.

| 189

of dominance of one climate state over another. Then ev-
idence for higher-frequency (interannual) variability in
ENSO conditions is considered.

5.3.2 | Longer-term (decadal to
multicentennial) patterns in climate state

Between 6.4ka BP and 6.3ka BP, background rainfall (as
reconstructed from PC1; Figure 8A) varies around the
average for the record on relatively short (seasonal to
decadal) timescales. This period is characterised by high-
amplitude variability in high-infiltration events (as recon-
structed from PC2; Figure 8B), with some of the highest
values in the depositional period. Seasonality in this pe-
riod is average to low (Figure 8E). These conditions sug-
gest a dominance of normal to El Nifio conditions.

From 6.3 to 6.2ka BP, the record from stalagmite
C132 shows high background rainfall (Figure 8A), low
frequency of high-infiltration events (Figure 8B) and

high seasonality (Figure 8E). This pattern suggests the
dominance of La Nifia conditions rather than variabil-
ity between climate states. This is supported by the rela-
tive suppression of significant ENSO-band power in the
wavelet spectra of the greyscale and seasonality records
(Figure 8F).

From 6.2 to 5.95ka BP, there is a sustained pattern of
lower-than-average background rainfall and a higher-
than-average frequency of high-infiltration events
(Figure 8A,B). Seasonality is average during the first part
of this period and reaches its lowest values during the sec-
ond part (Figure 8E). Significant power in the ENSO band
is seen in the wavelet analysis of the greyscale record but
not the seasonality record (Figure 8F). This is interpreted
here as a period where ENSO variability was dominated
by El Nifio to normal conditions.

From 5.95 to 5.75ka BP, seasonality is relatively high
(Figure 8E), background rainfall is high and the frequency
of infiltration events is low, suggesting a dominance of
La Nifia conditions. However, around 5.8 ka BP, although
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seasonality remains higher than average, background
rainfall drops to some of the lowest values in the record,
while the frequency of high-infiltration events rises to
some of the highest values in the record. This pattern
does not fit with any of the three proposed climate states.
Tropical cyclones predominantly occur during the sum-
mer (CSIRO & Australian Bureau of Meteorology, 2011);
it is therefore hypothesised here that the dominance of El
Nifio conditions during this period was high enough that
tropical cyclone frequency produced a form kind of sea-
sonality signal.

From 5.75 to 5.4ka BP, the record from stalagmite
C132 shows a sustained pattern close-to-average con-
ditions for background rainfall and seasonality, with
a low to average frequency of high-infiltration events.
This suggests a dominance of the ‘normal’ climate state.
From 5.5. ka BP, background rainfall increases substan-
tially. However, a similar change in the other records is
not observed.

5.3.3 | Interannual variability

Figure 8F shows a period when significant power is
found in the ENSO band (2-8 years) in wavelet analyses
of the seasonality (green) and greyscale (grey) records.
This record shows that significant ENSO-band variabil-
ity occurs across much of the record, indicating that al-
though one of the hydrological patterns, either El Nifio
or La Nifia, may be more dominant on a centennial scale,
the interannual variability is still occurring. ENSO-band
variability seems to be suppressed in a few periods, most
notably around 5.8, 5.75, 5.6ka BP and from 5.49 to
5.42ka BP. It is also relatively discontinuous between
6.4ka BP and 6.2ka BP. These periods notably coincide
with extreme values in background rainfall and/or the
frequency of high-infiltration events: 6.4-6.2ka BP has
an elevated frequency of high-infiltration events along
with high-amplitude variability; 5.8ka BP coincides
with a peak in high-infiltration events and a trough in
background rainfall; 5.75 and 5.6 ka BP both have a low
frequency of high-infiltration events, while 5.6ka BP
also has a trough in background rainfall; and the period
from 5.49 to 5.42ka BP has the highest values of back-
ground rainfall in the record. This may suggest that dur-
ing times of unusually high longer-term dominance of
either El Nino or La Nifia conditions, interannual ENSO
variability is suppressed.

Significant ENSO variability in the greyscale record
occurs at different periods than in the seasonality record
(green and grey peaks in Figure 8F), which suggests dif-
ferent controls. Since the seasonality record reflects wet/
dry season contrast, while the greyscale record mostly

reflects the wet season, the authors suggest that the
ENSO variability imprint on seasonality is controlled by
changes in the amount of rainfall during the dry season,
which could either increase or decrease the contrast be-
tween seasons. El Nifio years are characterised by drier
than normal conditions, although tropical cyclones are
more frequent (de Scally, 2008). Given that dry season
rainfall is generally very low, an overall reduction in
dry season rainfall during El Nifio years may be coun-
terbalanced by the increased (but erratic) occurrence of
tropical cyclones in this season. This would mean that
ENSO-scale variability in seasonality might be more
probably to occur during periods of dominant El Nifio
conditions/high frequency of high-infiltration events, as
seen in the period 6.4-6.3 ka BP.

These findings suggest that ENSO variability modu-
lates the amplitude of the seasonal rainfall cycle not only
at interannual scales but also on multi-decadal and cen-
tennial scales. These lower-frequency oscillations could in
turn be modulated by (pan-Pacific) long-term stationary
states of the mean position of the SPCZ and its spatial con-
figuration, which is controlled by feedbacks of internal
mechanisms (Brown et al., 2020).

6 | CONCLUSIONS

The studied stalagmite from Niue Island in the south-
western Pacific offers a seasonally resolved multi-proxy
reconstruction of mid-Holocene (6.4-5.4ka BP) rainfall
changes associated with the dynamics of the SPCZ. The
combination of U/Th dating and layer counting provides
an accurate chronology for the multi-proxy record, while
greyscale analysis supports and strengthens the interpre-
tation of the geochemical proxies.

Wet/dry conditions controlled by seasonal shifts of
the SPCZ are recorded in the petrography, trace element
distribution and isotopic composition (§'*C and §'0) of
the calcite laminae couplets of stalagmite C132. The wet
season is reflected in PPC laminae, which are character-
ised by lower Mg/Ca, Sr/Ca and U/Ca ratios and lower
813C and 5'®0 values. In contrast, the dry season is re-
flected by DDC laminae with higher Mg/Ca, Sr/Ca and
U/Ca ratios and higher 8'*C and §'0 values. The authors
suggest that the physicochemical variations in the sta-
lagmite laminae are modulated by kinetic fractionation
forced by differences in drip rate and thus stalagmite
growth rate between the wet and dry seasons, which in
turn depends on the dynamics of the local climate.

Two groups of elements were identified based on the
source and mechanism of incorporation into the calcite
crystal lattice. Group 1 comprises soil-derived elements
(Zn, Mn, Fe, Al and Pb) indicative of high-infiltration
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events resulting from extreme but short-lived rainfall
events (e.g. from tropical cyclones) that lead to significant
soil flushing. The second group includes host rock-derived
elements (Mg, Sr, U and P) that are incorporated into the
speleothem via water-rock interactions and contributions
from marine aerosols. These elements are also sensitive
to prior calcite precipitation during periods of reduced
infiltration and record hydrological changes at a seasonal
scale. This group records lower baseline rainfall during El
Nifio events and higher baseline rainfall during La Nifia
events.

Time series and wavelet analyses support the hypothe-
sis of location changes for the SPCZ and provide import-
ant insights into ENSO activity during the mid-Holocene.
Wavelet analysis suggests that ENSO was continuously
active from 6.4 to 5.4ka BP. However, ENSO affects dry-
season background rainfall and seasonal rainfall contrast
in different ways. It is suggested here that the main effect
of this is changes in the overall background rainfall, with
La Nifia years leading to wetter conditions and El Nifio
years leading to drier conditions. A secondary effect, re-
lated to increased tropical cyclone activity in the dry
season during El Nifio years, is superimposed on these
general dynamics and results in reduced seasonality (wet-
ter dry season and drier wet season).

This interpretation of the climate using proxy records
is based on a single stalagmite, and the authors are aware
of the challenges that represent the lack of replication
and detailed cave monitoring. Nevertheless, this unique
seasonally resolved multi-proxy record of tropical Pacific
hydrological changes in the mid-Holocene covers an im-
portant yet underrepresented time window.
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