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Introduction
Climate change over the last century has greatly impacted global 
precipitation patterns, as well as mean and seasonal temperatures. 
Many uncertainties about future climate variability remain, par-
ticularly in the Southern Hemisphere where high-resolution cli-
mate data are regionally limited (Marcott et al., 2013; Voarintsoa 
et al., 2021; Wanner et al., 2015). As atmospheric CO2 continues to 
increase and global climate extremes become increasingly fre-
quent, generating high-resolution, precisely dated records of past 
climate is key to identifying the mechanisms responsible for its 
variability. Madagascar, the world’s fourth largest island, lies 
approximately 400 km east of the African continent, in the south-
western Indian Ocean (Figure 1). Over 70% of the population falls 
below the poverty line and approximately 60% of the population 
depend on subsistence agriculture without irrigation systems, 
making them extremely sensitive to variability in local precipita-
tion (Data from International Fund for Agricultural Development 
ifad.org; Harvey et al., 2014; Madagascar. LandLinks, 2020).

Speleothems, such as stalagmites, contain multiple geochemi-
cal climate proxies and have the potential to yield very high reso-
lution, well-dated reconstructions of past changes in hydroclimate. 
Such records may be used to infer the nature and causes of hydro-
climate variability at various timescales. Here, we present a pre-
cisely dated multi-proxy record from ~4480 to 2860 years before 
present (y BP) from stalagmite AB13, which was collected in 

2019 from a cave called Anjohibe (“big cave” in Malagasy) in 
northwestern Madagascar. Oxygen and carbon stable isotopes and 
Sr/Ca ratios provide multi-proxy hydroclimate records for the 
region with an average time resolution of less than 3 years. The 
data include the first continuous time series of climate across the 
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4.2 ka event from Madagascar, providing a detailed Southern 
Hemisphere record of the 4.2 ka event in the tropical Indian 
Ocean. Thus, our data provide an important additional record of 
the 4.2 ka event in the tropics, where the nature and spatial extent 
of the event have not been established. We use this record to con-
sider possible forcing mechanisms for the 4.2 ka event and place 
the structure and amplitude of 4.2 ka variability within the context 
of overall decadal-scale hydroclimate variability in the mid- to 
late-Holocene. We test the validity of our record through compari-
son with existing, lower-resolution records from the study area. 
We also investigate the soundness of using Holocene hydrocli-
mate records from Rodrigues Island (Li et al., 2018) to infer cli-
mate variations on Madagascar because this record has been 
applied to studies of possible ties between climate and megafaunal 
populations on Madagascar (Li et al., 2020).

Modern and recent paleoclimate of Madagascar
Madagascar extends from 12° S to 26° S in the southwest Indian 
Ocean (Jury et al., 1995; Worlddata.info) (Figure 1). The climate 
varies widely with regional rainfall gradients from east to west 
and from north to south (Dewar and Richard, 2007; Jury, 2003). 
Easterly trade winds generate orogenic rainfall year-round to the 
east of the north-south oriented central highlands, with a rain 
shadow to the west of the mountains that causes a decrease in 
precipitation westward (Jury et al., 1995). West of the mountains, 
the latitudinal position of the tropical rain belt and Indian Ocean 
sea surface temperatures primarily control the highly seasonal cli-
mate (Jury et al., 1995). The northwest region of the island, where 
Anjohibe is located, experiences a warmer rainy season with tem-
peratures averaging about 27°C (November to April) and a 
slightly cooler dry season with temperature averaging about 25°C 
(May to October). Annual rainfall varies between ~1160 and 
1600 mm above Anjohibe cave system (Raveloson et al., 2018; 
Voarintsoa et al., 2021) and typically >70% occurs during the 
austral summer (DJF) with >90% occurring between November 
and March (Data from Climate-data.org) (Figure 3).

The annual rainfall cycle is controlled somewhat indirectly by 
seasonal migration of the ITCZ. The mountains of eastern Mada-
gascar block the strong summer easterlies (Barimalala et al., 
2018) from crossing the island. As sea surface temperatures 
warm, low pressure forms in the Mozambique Channel and over 
western Madagascar (Barimalala et al., 2020). The northeasterlies 
north of the island curve around to become northwesterlies and 
bring moisture to much of the western side of Madagascar. The 
tropical rainfall belt migrates to 20°S in austral summer, follow-
ing the center of convergence rather than peak SSTs (Koseki and 
Bhatt, 2018), and is almost discontinuous from the tropical rain-
fall belt to the east.

On interannual and longer timescales the controls on rainfall 
variability are not clear. In the broader region of the western 
Indian Ocean the Indian Ocean Dipole and resultant SST changes 
are thought to be important with warmer SSTs associated with 
positive phases of the IOD resulting in increased rainfall. An anal-
ysis by Scroxton et al. (2017) showed no correlation between 
monthly SST anomalies and monthly rainfall in northwestern 
Madagascar, except in December. IOD associated variability of 
SSTs in the west Indian Ocean typically occurs before the Mada-
gascan monsoon season between December and March (Schott 
and McCreary, 2001). At longer timescales, however, rainfall 
variability does appear to respond to variability in SSTs and both 
zonal and meridional atmospheric circulation (Scroxton et al., 
2017, 2019; Voarintsoa et al., 2019; Zinke et al., 2004).

Until the past half dozen years information about Holocene 
past climate in Madagascar came primarily from studies of lacus-
trine sediments. These records, however, are generally quite low 
resolution with relatively poor age control (Burney, 1987; Burney 

et al., 2003; Gasse and Van Campo, 1998, 2001; Matsumoto and 
Burney, 1994; Vallet-Coulomb et al., 2006) and provide no infor-
mation about millennial-scale variability. In recent years, a num-
ber of paleoclimate records have been published using mainly 
Malagasy speleothems but also lacustrine sediments (Teixeira 
et al., 2021), many of which provide higher resolution, better 
dated records than previously available. The majority of the spe-
leothem records are Holocene and come from caves in northwest-
ern Madagascar (Brook et al., 1999; Burns et al., 2016; Duan 
et al., 2021; Scroxton et al., 2017, 2023a, 2023b; Voarintsoa et al., 
2017, 2019; Wang et al., 2019). Voarintsoa et al. (2017) and Wang 
et al. (2019) published studies investigating climate in northwest-
ern Madagascar throughout much of the Holocene. Voarintsoa 

Figure 1. (a) ERA5 850 h Pa January wind direction and strength 
across southeast Africa, Madagascar (12ºS to26ºE latitude) and 
Mascarene Islands (Hersbach et al., 2019). (b) Anjohibe Cave location 
(15.53ºS, 46.88ºE) in North Western Madagascar indicated with red 
dot. Blue gradient indicates austral summer (December, January, and 
February) mean rainfall, dark yellow line tracks approximate summer 
position of the ITCZ and the light yellow lines indicate northern 
and southern boundaries of the rain belt (Adaptation of Ingram and 
Dawson 2005; Hersbach et al. 2020). (c) Average weather by month 
in Mahajanga Province from 1991 – 2021. Red line indicates the mean 
temperatures (Climate-Data.org n.d.).
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et al. (2017) suggest the occurrence of three discrete intervals, wet 
at ~9800–7800 y BP, dry at ~7800–1600 y BP, and wet from 
~1600 year BP to present. These wet intervals were primarily 
attributed to southward migration of the ITCZ, though no mecha-
nism for forcing the ITCZ south was identified. Wang et al. (2019) 
define six distinct Holocene climate periods with the wettest 
interval from ~ 9100 to 7500 y BP. Overall, conditions became 
less variable and drier through the Holocene. Several of the north-
west Madagascar speleothem records have also provided infor-
mation on the timing and structure of the well-documented early 
Holocene “8.2 ka event” (Duan et al., 2021; Voarintsoa et al., 
2017, 2019). In Madagascar the 8.2 ka event is marked by two 
distinct wet intervals each lasting about 100 years (Duan et al., 
2021; Voarintsoa et al., 2019) though the timing of the intervals 
varies somewhat between records. This wet interval contrasts 
with a dry 8.2 ka event in the Northern Hemisphere generally and 
in the northern Indian Ocean region in particular suggesting a 
southward shift in mean ITCZ globally and regionally (e.g. Cheng 
et al., 2009).

Approximately 1800 km east of Madagascar on Rodrigues 
Island, two stalagmite samples record local hydroclimate from 
~6000 to 3000 y BP and indicate a somewhat different climate 
pattern (Li et al., 2018). Records constructed from the δ18O values 
of the speleothems do not show any significant long-term climate 
anomalies from ~6000 to 4000 y BP, rather, they show consistent 
decadal to multi-decadal scale wet/dry fluctuations across this 
timespan (with perhaps a very slight overall drying trend from 
~5000–3700 y BP). The most notable excursion in the records 
suggests a multi-centennial drought beginning at ~3900 y BP.

Materials and methods
One of the larger cave systems in the Indian Ocean, Anjohibe, 
consists of more than 5 km of mapped passages and more than 13 
entrances (Brook et al., 1999; Middleton and Middleton, 2003; 
Rogers et al., 2000). The cave, formed in the Eocene Narinda 
Karst, is composed of limestone with varying amounts of dolo-
mite (Gunn, 2004). The thickness of carbonate rock above the 
cave ranges from ∼5 m to ∼15 m. On a seasonal and diurnal 
scale, the cave’s atmosphere is highly responsive to climatic vari-
ability in the surrounding environment (Voarintsoa et al., 2021). 
Relative humidity (RH) and pCO2 of the cave reflect local season-
ality. During the austral winter, when conditions are dry, the inte-
rior of Anjohibe has a lower RH (~63% mean RH) and pCO2 
(~450 ppm). In contrast, during the wet summer months, the cave 
interior experiences higher RH (~76.5% mean RH) and pCO2 
(~500–600 ppm) (Voarintsoa et al., 2021). Stalagmite AB13 is 
approximately 30 cm tall and 9.5 cm in diameter; it was collected 
from Anjohibe in October 2019. The stalagmite was cut in half 
along the vertical axis and polished (Supplemental Figure 1). The 
polished surface shows regular mm-scale laminae composed of 
acicular crystals oriented parallel to the growth axis, a morphol-
ogy typical of aragonite, with the exceptions of two ~1 cm white, 
dense microcrystalline layers.

To confirm sample mineralogy, 12 samples, collected every 
2.5–4 cm along the growth axis of the stalagmite and including the 
two dense white layers were analyzed for mineral composition at 
the Department of Geosciences, Smith College by X-ray diffrac-
tion (XRD) using a Rigaku SmartLab SE Diffraction System.

A chronology of AB13 was developed using 14 U-Th dates. 
Uranium-series dating was done at the Paleoclimate and Geo-
chronology Laboratory at the Massachusetts Institute of Technol-
ogy (MIT). Subsamples weighing ~200 mg each were drilled and 
collected every 2–3 cm using a vertical micromill. Samples were 
combined with a 229Th-233U-236U tracer, digested and purified via 
iron coprecipitation and ion exchange chromatography. U and Th 
were analyzed on separate aliquots using a Nu Plasma II-ES 

multi-collector ICP-MS equipped with a CETAC Aridus II desol-
vating nebulizer. U-Th ages were calculated using the half-lives 
of Cheng et al. (2013) and Jaffey et al. (1971) and an initial 
230Th/232Th ratio of 4.4 ± 2.2 ppm atomic. Ages for this stalagmite 
are reported as y BP, with present defined as calendar year 1950. 
Individual date errors range from ± 21–47 years with an average 
for all subsamples of approximately ± 32 years. We applied a 
Monte Carlo simulation using Copra software (Breitenbach et al., 
2012) in Matlab to construct the age model for AB13 (Figure 2). 
Age model interpolated dates were then used for growth rate esti-
mates (data were separated into 50-year bins to calculate average 
growth rates).

A total of 608 oxygen and carbon isotope analyses of AB13 
were performed in the Stable Isotope Laboratory at the University 
of Massachusetts Amherst. Subsamples were taken at 0.5 mm 
intervals along the center of the growth axis. Isotope ratios were 
measured using an online Thermo Scientific Gas Bench II carbon-
ate preparation system connected to a Thermo Scientific Delta V 
Advantage isotope ratio mass spectrometer. Standard material 
reproducibility is greater than ±0.08‰ for both δ18O and δ13C. 
Results are reported in standard δ notation relative to the VPDB 
standard.

Trace elements were measured using core-scanning micro- 
X-ray fluorescence (CS-μXRF). Sr/Ca ratios were measured 
every 0.5 mm using a Cox Analytical System ITRAX core scan-
ner at the University of Massachusetts Amherst. AB13 was ana-
lyzed in three runs to ensure alignment of the x-ray beam with the 
central growth axis of the stalagmite. Samples were run with a 
molybdenum tube at 50 kV and 45 mA following the procedure 
outlined by Scroxton et al. (2018).

To determine whether climate cyclicity was present in the time 
series, wavelet spectral analysis and a power spectrum of the oxy-
gen stable isotope time series were done. Wavelet Spectral Analy-
sis of the stable isotope time series was completed using R 
package “biwavelet” (Gouhier et al., 2021; Liu et al., 2007; Tor-
rence and Compo, 1998). The time series was interpolated and 
detrended before wavelet analysis. Power spectrum plots were 
generated with Python, using the Lomb-Scargle method, thus the 
data were not interpolated. Prior to spectral analysis, the data 
were detrended for any linear trend and the mean was removed. A 

Figure 2. Age model for stalagmite AB13. Black line represents 
interpolated median ages between individually datedsubsamples, 
black dots indicate individual dates, and blue highlight indicates 
95% CI low and high boundaries. (COPRA source code available at 
https://tocsy.pik-potsdam.de/copra.php).
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hamming window with 50% overlap was used with five windows 
along the data. The spectrum was run using 1000 AR(1)s and 
90%, 95%, and 99% significance limits calculated.

Results
Age model
The age model shows that AB13 grew over a ~1620 years period 
from 4484 y BP to 2863 y BP (Table 1). Mean growth rate for 
stalagmite AB13 is ~0.31 mm/year. The fastest growth rates 
occurred at ~4110–4060 y BP (~0.33 mm/year), from ~3860 to 
3760 y BP (~0.37 mm/year), and from ~3460 to 3410 y BP 
(~1.26 mm/year). The slowest growth rates occurred from ~4210 
to 4160 y BP (~0.08 mm/year), from ~3960 to 3910, and from 
~3260 to 3065 y BP.

Mineralogy
The XRD results confirm visual, crystal morphological indicators 
of mineralogy. AB13 is composed almost entirely of aragonite 
interrupted by two thin (<1 cm) layers of calcite. No calcite was 
detected outside of the two dense, white layers.

Stable isotopes
The 608 subsamples taken along the growth axis of stalagmite 
AB13 were analyzed for δ18O and δ13C (Figure 3). The average 
temporal resolution of the record is 2.7 years, with a maximum of 
~ 0.1 years and a minimum of ~ 6.8 years. Oxygen isotope values 
range from a minimum of −6.73‰ to a maximum of −2.10‰ with 
a mean value of −3.88‰ (Figure 3). From ~4485 to 3480 y BP, 
values range from ~3‰ to 5‰, with a mean value of 3.86‰. 
Within this time, there are periods of relatively enriched values of 
−2‰ to −3‰. At ~4460 years there is a 200 year trend of increas-
ing values leading to the first interval of enriched values at 
~4280–4180 y BP. Values also become enriched at ~4055–4025 y 
BP, and again between ~4000 and 3960 y BP. At ~ 3475–3450 y 
BP, the interval associated with the calcite layers, values become 
significantly more depleted (between −5.53‰ and − 6.71‰). The 
most prominent feature occurs immediately after this negative 
excursion. Isotope values become increasingly enriched in 18O by 
~3‰ from ~ 3450 to 3200 y BP, leading into a several hundred-
year interval with the most enriched isotope values in the record. 
From ~3120 to 2990 y BP, δ18O values remained relatively 
enriched, between ~ −2‰ and −3‰. Between 2995 y BP and 
2860 y BP, values range from −4.67‰ to −3.32‰.

The δ13C values show a very similar variation over time to 
δ18O but vary more widely, from −10.13‰ and −1.81 ‰, with a 
mean of −6.22‰ (Figure 3). For most of the record, from ~4485 
to 3480 y BP, values fall within a narrower range, from −8.01‰ 
and −4.03‰. However, δ13C values become relatively enriched, 
falling between ~ −4.0‰ to −5.0‰, at ~4280–4190 y BP, at 
~4055 y BP, and from ~4000 to 3950 y BP. Between ~3470 and 
3450 years BP there are extremely negative values (maximum 
−6.43‰; minimum −10.13‰; mean 8.88‰) corresponding to the 
calcite layers. After the brief period of depleted values, there is a 
~300-year trend of increasing δ13C values. The highest δ13C val-
ues in the record occur between ~3200 and 3000 y BP with mean 
values of −3.10‰ (minimum −4.47‰; maximum 1.18‰). 
Throughout the interval near the top of AB13, from ~2990 to 
2860 y BP, the values range from a maximum of −3.91‰ to a 
minimum −7.41‰ with a mean of −6.35‰.

Trace elements
Sr/Ca ratios are also shown in Figure 3. Mean temporal resolution 
of Sr/Ca is ~ 3.1 years. The Sr/Ca data from the two thin intervals Ta
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of calcite were removed from the figure because the mineral 
structure of calcite incorporates strontium less readily than arago-
nite, resulting in Sr/Ca values roughly three times lower than 
those for aragonite. Removing the calcite data more clearly shows 
the trends in the aragonitic portions of the speleothem. A gap of 
approximately 200 years, from 4000 y BP to 3800 y BP, appears in 
the record because of edge effect on the XRF data where the sam-
ple was broken into two pieces. From the period at the start of the 
record to ~4220 y BP, the Sr/Ca record shows a trend of increasing 
values. The aragonitic intervals with the highest strontium con-
centrations occur at ~3948–3905 y BP, 3806 y BP, and 3442–3437 
years BP. The lowest concentrations occur at ~4454–4447 y BP, 
4385 y BP and 3895–3881 y BP.

Spectral analysis
The δ18O time series clearly contain variability at multi-decadal 
timescales. For example the wavelet analysis indicates some sig-
nificant cycles in the 30–60 year band and the power spectrum 
shows the presence of a number of frequencies in the 10–20 year 
band that are statistically significant (Supplemental Figures 2 and 
3). The wavelet analysis, however, shows that none of the decadal 
variability is present over more than a timespan of a few decades 
and no coherent decadal or centennial scale cycles are detectable 
across the record. The very short periods where cycles are present 
suggests there is not an interpretable external or internal forcing 
this variability that is other than stochastic. These results are, 
therefore, not discussed further.

Discussion
Oxygen and carbon isotopes as paleoclimate proxies
In Madagascar, as for many other tropical and monsoonal cli-
mates, the amount effect (Dansgaard, 1964) is interpreted to be 
the dominant control on δ18O values of meteoric precipitation 
(Burns et al., 2016; Fleitmann et al., 2003; Lachniet, 2009; 
McDermott, 2004; Scroxton et al., 2017; Voarintsoa et al., 2017; 
Wang et al., 2001). The amount effect results in rain with com-
paratively higher δ18O values during light precipitation events 
and lower δ18O values in heavy precipitation events (Bowen 
et al., 2019). No relevant modern data for directly examining the 
relationship between rainfall amount and δ18O exist for the study 
area. The closest location with extensive measurements of rainfall 

isotopes is Antananarivo, in central Madagascar, where an amount 
effect is observed (Voarintsoa, 2021). We recognize that the pro-
cesses governing the amount effect are complex (e.g. Konecky 
et al., 2019), with moisture transport pathway, sub-cloudbase 
microphysics and cloud type also playing important roles in 
determining the isotopic composition of rainfall. From a paleocli-
mate perspective, possible past variations in these factors cannot 
explicitly be accounted for. Nevertheless, a number of factors that 
apply to Anjohibe suggest it is well situated for an amount effect 
to be the primary driver of changes in δ18O. First, the rainfall in 
the area has single moisture source, the western tropical Indian 
Ocean (Scroxton et al., 2017). Moisture source changes, often a 
confounding influence on speleothem δ18O, are unlikely to be a 
factor. Second, Anjohibe is in a coastal location very close to the 
moisture source. Empirical and modeling studies of the amount 
effect show that it is better expressed for coastal locations than in 
continental interiors (Araguás-Araguás et al., 2000; Kurita et al., 
2009). In addition, Duan et al. (2021), using the IsoGSM model 
(Yoshimura et al., 2008), showed a strong and statistically signifi-
cant correlation (r = −0.4, p < 0.1) between rainfall at the Anjo-
hibe cave site and precipitation amount at the site and in a broad 
region of the surrounding tropical Indian Ocean. Thus, we inter-
pret an increase (decrease) in δ18O values as generally indicating 
drier (wetter) paleoclimate conditions. Because other factors may 
nevertheless contribute to δ18O variability, we utilize additional 
possible hydroclimate proxies, δ13C and speleothem Sr/Ca, in 
conjunction with δ18O and compare our record to existing, lower 
-resolution speleothem records from the same cave.

Carbon isotopes from speleothem calcite are often more com-
plex than oxygen isotopes, with values typically reflecting some 
combination of climatic controls and local soil-karst processes. 
The primary controls are temperature, vegetation cover, and pre-
cipitation amount (Fohlmeister et al., 2020; McDermott, 2004). 
Many of these controls are also closely linked to climate, which 
often allow δ13C values to also be interpreted as a proxy for hydro-
climate. Wetter climate conditions generally result in more vegeta-
tion, and thus, more plant respired CO2, and more decay of organic 
matter, both of which are isotopically depleted. Consequently, 
δ13C values often have a negative relationship with precipitation, 
whereby wet and dry are reflected by more negative values and 
less negative values, respectively (Fohlmeister et al., 2020).

Carbon isotopes may also reflect the type of vegetation, specifi-
cally the photosynthetic pathway. δ13C values have been interpreted 
in terms of the changes in the C3/C4 ratio in the flora above Anjohibe 
related to the surface ecosystem (Burns et al., 2016). The ratios 
reflect the difference in isotopic fractionation that occurs in the pho-
tosynthetic pathways of C3 plants such as woody taxa and C4 plants 
such as open habitat grasses. The former are generally favored in 
wetter conditions and are associated with more isotopically depleted 
values; while C4 grasses are reflected by more enriched values and 
tend to grow during drier periods. In addition to these primary driv-
ers, δ13C values may be subject to fractionation effects that occur 
during the degassing of CO2 in the epikarst (Fairchild et al., 2006) 
during prior calcite (or aragonite) precipitation, again, where wetter 
conditions are associated with more depleted values.

In this study, we interpret variations in the δ13C to be primarily 
hydroclimate driven with changes in the percentage of C4 grasses 
and prior carbonate precipitation (discussed below) possible addi-
tional factors influencing speleothem δ13C. For all of these pro-
cesses, increases (decreases) in δ13C values signify drier (wetter) 
conditions as has also been suggested in previous Anjohibe stud-
ies (Burns et al., 2016; Voarintsoa et al., 2017, 2019).

Sr/Ca as paleoclimate proxy in Anjohibe
Speleothem Sr/Ca is frequently used as additional climate indica-
tor in speleothem paleoclimate studies (Fairchild et al., 2006; 

Figure 3. Time series of stable isotope and trace element analyses 
for stalagmite AB13. Records show variations in δ13C (‰) (red), 
δ18O (‰) (blue), Sr/Ca (mol/mol x10-3) (orange) during the mid-
late Holocene (~4,485 to ~2,860 years BP).
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Scroxton et al., 2017, 2018). The primary control on speleothem 
Sr/Ca is most often considered to be the extent of calcite precipi-
tated in the karst system prior to dripwater reaching actively 
growing stalagmites (Fohlmeister et al., 2020). The extent of prior 
calcite precipitation (PCP) is in turn controlled by the residence 
time of groundwater in the karst system, with drier conditions 
associated with a longer residence time, more extensive PCP and 
higher Sr/Ca in cave drip waters and speleothems. Whether and 
how this interpretation applies to Anjohibe requires considering at 
least one additional important actor: the bedrock is a mixture of 
limestone (CaCO3) and dolostone (CaMg(CO3)2). Marine dolos-
tones typically contain between 50 and 100 ppm Sr whereas 
marine limestones typically have on the order of 1000 ppm Sr. 
Thus, the extent of dolomite versus calcite dissolution in the epi-
karst could have a strong impact on the drip water Sr/Ca ratios.

Figure 4 shows the Sr/Ca and δ18O time series plotted together. 
In this figure the scale for the Sr/Ca time series changes sign at 
approximately 4 ky BP. For the period from 4.6 ky BP to 4 ky BP 
Sr/Ca are shown with the scale inverted (values increase down-
ward) and from 4 ky BP to the end of the time series the scale has 
values increasing upward. The data are shown in this form 
because we suggest that a change in the mechanism controlling 
speleothem Sr/Ca occurred at ~4 ky BP. For the older part of the 
record Sr/Ca and δ18O are strongly and positively correlated. We 
interpret this correlation to be the result of changing residence 
time of water in the epikarst, with PCP being the dominant mech-
anism controlling drip water and speleothem Sr/Ca. As noted 
above, drier conditions are associated with decreased rainfall, a 
longer groundwater residence time, and increased Sr/Ca. Dry 
conditions also result in less negative rainfall δ18O values and 
speleothem δ18O values, explaining the positive correlation 
between Sr/Ca and δ18O for this interval.

From ~4 ky BP to the end of speleothem growth, Sr/Ca is 
strongly anticorrelated with δ18O and δ13C. The observed anticor-
relations indicates that PCP is very unlikely to be the mechanism 
controlling speleothem Sr/Ca over this time. One possible alterna-
tive is that prior aragonite precipitation (PAP) in the epikarst drives 
changes in dripwater Sr/Ca (Scroxton et al., 2017; Wassenburg 
et al., 2016). The DSr for aragonite is greater than one and, there-
fore, different degrees of PAP should lead to an anticorrelation 
between speleothem Sr/Ca and isotopic indicators of rainfall, as 
we observe. Two problems with this explanation arise, however. 
First, the great majority of experimental studies suggest a DSr for 
aragonite between 1.0 and 1.1 at low temperatures (Dietzel et al., 
2004; Gaetani and Cohen, 2006; Giri et al., 2018; Kinsman and 
Holland, 1969; Mucci et al., 1989). A DSr close to 1 means that 
even quite large changes in the extent of PAP result in very minor 
changes to fluid Sr/Ca values.

Wassenburg et al. (2016), in a study of speleothems, suggested 
a larger value for DSr in aragonite of 1.38. Using this value in a 

simple Rayleigh model of PAP shows that PAP can account for 
the range of variability in Sr/Ca observed, but only with a very 
large range of total Ca removal to precipitating aragonite, 0%–
70%, which seems unlikely. In addition, PCP increases fluid Sr/
Ca whereas PAP decreases fluid Sr/Ca. A change in controlling 
mechanism from PCP to PAP should lead to a stepped change in 
speleothem Sr/Ca from higher to lower values at the transition in 
mechanisms. Figure 4 shows little change in average Sr/Ca values 
before and after 4 ky BP. Thus, we do not think that PAP can 
explain the observed changes in Sr/Ca after 4 ky BP.

Instead, we propose that differential dissolution of dolomite 
and calcite in the overlying epikarst, which is a mixture of both 
minerals, can explain the anticorrelation. The speleothem δ18O 
values are still dominated by an amount effect, and Sr/Ca is still 
controlled by residence time, but longer (shorter) residence times 
result in greater (lesser) relative amounts of dolomite dissolution. 
Because marine dolomite almost invariably has much lower Sr/
Ca ratios than marine calcite, greater relative dolomite dissolu-
tion will result in a lower speleothem Sr/Ca value. Changes in the 
relative amounts of dolomite versus calcite dissolution can be 
explained by the much slower rates of dolomite dissolution com-
pared to calcite at near equilibrium conditions. Overall, we pro-
pose that periods of decreased rainfall will be associated with 
less negative δ18O, longer karst water residence times, greater 
differential dolomite dissolution, lower speleothem Sr/Ca and a 
strong observed negative correlation between Sr/Ca and δ18O, as 
observed.

The above discussion leads to the obvious question of why the 
mechanism controlling Sr/Ca changed at about 4 ky BP? No clear 
shift in mean δ18O values occurs at this time, suggesting a shift in 
climate was not the cause, though the change in Sr/Ca mechanism 
did take place after a relatively prolonged dry period. A possible 
explanation is that this dry period resulted in a changed ground-
water flow path, perhaps to one with more mixed mineralogies. 
Regardless, the close correspondence between speleothem Sr/Ca 
and δ18O, however, is a strong indicator that AB13 is a robust 
recorder of climate variability over the period of its deposition.

Northwest Madagascar paleoclimate reconstruction
The stable isotope records and Sr/Ca data produced from stalag-
mite AB13 reveals that for much of the ~1620 years period cov-
ered by this stalagmite, the region experienced several 
multidecadal wet – dry climate oscillations with no distinct 
long-term trends. Beginning around 4460 y BP, the region expe-
rienced ~200 years of steadily decreasing precipitation followed 
by a ~100 years period of relatively dry conditions. Peak dryness 
of the two intervals occurred at ~4275 and ~4250 y BP. A return 
to relatively wet conditions occurred at ~4180 y BP. At ~4055 y 
BP, a second interval consisting of several dry periods began. 
This dry period is interrupted by three intervals of increased 
rainfall. From ~4025 to 4000 y BP, the region experienced a 
relatively large increase in precipitation, with conditions return-
ing to almost pre-drought conditions. And finally, toward the 
end of the drought from ~3985 to 3975 y BP climate became 
slightly wetter (Figure 3). These two arid intervals fall within 
the window of previously dated 4.2 ka event (Scroxton et al., 
2023b), which is typically reported to have occurred between 
4200 and 3900 y BP. We discuss this interval in detail below.

From ~3950 to 3475 y BP, the region experienced generally 
wet conditions. The widest range in climate variability recorded 
by stalagmite AB13 is observed in the upper portion of the record. 
The sharp decrease in δ18O values suggests that during the inter-
val associated with calcite layers, from ~3475 to 3450 y BP, NW 
Madagascar experienced extremely wet conditions. Immediately 
following this wet interval, the climate underwent nearly 300 years 
of increasing aridity, which culminated in the driest period 

Figure 4. Comparison of AB13 δ18O and Sr/Ca time series. 
Note that the scale for the Sr/Ca data reverses from increasing 
downwards for the older portion of the record (4.6 ky BP to 4.0 
kyBP), red in color, to increasing upwards for the remainder of the 
record, orange/yellow in color.
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observed in this record, beginning at ~3120 y BP and lasting for 
about 200 years. To further assess the climatic signal in the region 
around Anjohibe, we compare our record with previously pub-
lished mid-late Holocene records.

Comparison to previously published mid- to late-
Holocene speleothems
Recent results from speleothems from across Madagascar have 
produced high resolution, well-dated paleoclimate reconstruc-
tions, with most of these studies using speleothems from Anjo-
hibe (Burns et al., 2016; Duan et al., 2021; Voarintsoa et al., 2017, 
2019; Wang et al., 2019) or from nearby Anjohikely (Scroxton 
et al., 2023a). The temporal coverage of several of these studies 
and our AB13 record partially overlap. One measure of the reli-
ability of speleothem climate records is replication of the isotopic 
time series with other speleothems from the same approximate 
location (Dorale and Liu, 2009). In Figure 5 we compare our 
record to three previously published stalagmite records from NW 
Madagascar with varying temporal resolutions and dating accura-
cies: ANJ94-2 (Railsback et al., 2020) and ANJ94-5 (Wang et al., 
2019) from Anjohibe and AK1 from Anjohikely (“little cave” in 
Malagasy), which is located 2.3 km southwest of Anjohibe 
(Scroxton et al., 2023a).

ANJ94-2 is both the shortest and lowest resolution, making it 
difficult to compare with AB13 in detail. δ18O values generally fall 
within similar ranges across the two records. Both records follow 
similar climatic trends; slightly increasing precipitation from 
~3885 to 3550 y BP and decreasing precipitation amounts from 
~3325 to 3000 y BP (Figure 5). The record produced from stalag-
mite ANJ94-5 is also considerably lower resolution than that of 

AB13. However, both records broadly agree that from ~4455 to 
4230 y BP, the climate above Anjohibe experienced relatively 
steady drying conditions (Figure 5). In ANJ94-5, this drying trend 
is followed by a growth hiatus, interpreted as the lack of deposition 
during intervals of significantly lower precipitation. The two early 
dry periods recorded in AB13 occurred within the time ANJ94-5 
shows a growth hiatus, strengthening the argument that precipita-
tion in the region was greatly reduced during this time. For the 
remainder of the record (from ~3985–2860 y BP), δ18O values fall 
within a similar range as AB13, but no obvious trends occur in 
either record. The lack of simultaneous trends may be due to the 
large gap between dates in the upper portion of the ANJ94-5 
record. which does not have dates between ~3487 and 2805 y BP. 
The potential for large changes in growth rates during this gap in 
ages makes a detailed comparison difficult for this period.

Comparison of AB13 with stalagmite AK1, the highest resolu-
tion of the three previously published records, shows similar 
decadal to centennial scale variability in oxygen isotopes through-
out much of the record (Figure 5). AK1 exhibits a growth hiatus 
from ~4312 to 3929 y BP, further supporting the observed dry 
periods recorded in AB13 and ANJ94-5. From ~3310 to 2985 y 
BP, coincident with the drying trend and dry interval recorded in 
AB13, AK1 shows a period of slow growth followed by several 
positive isotope excursions. The structure and timing of these 
abrupt dry intervals is generally similar in both records. The lack 
of dates for AK1 during this >500-year interval may explain why 
the two records do not align more closely here.

Comparison of AB13 with these previously published spele-
othem records illustrates their broad agreement and reveals a 
coherent picture of the paleoclimate variability in the region. 
AB13 offers a more detailed record due to the higher temporal 
resolution and dating accuracy compared with ANJ94-5, AK1, 
and ANJ94-2. The interval of the 4.2 ka event appears to be dry 
in three records (with no information from ANJ94-2), as evi-
denced by less negative isotope values in AB13 and growth hia-
tuses in AK1 and ANJ94-5 (Figure 5). General increasing/
decreasing precipitation trends and δ18O value ranges are com-
parable across records.

Differences in the isotopic time series between AB13, AK1, 
ANJ94-5, and ANJ94-2 may largely be due to variation in sam-
pling resolution and age models. It is also possible that variations 
in karst composition, drip-pathway, microbial ecosystem and/or 
overlying vegetation varied site to site may have resulted in slight 
variations in isotope values (Fairchild et al., 2006; Fohlmeister 
et al., 2020; Lachniet, 2009). Considering the variables, the 
records agree on a broad scale and even on a multi-centennial 
scale during the great majority of the period covered by AB13. 
We conclude that our results present a robust climate history for 
the region.

Hydroclimate variability in northwestern Madagascar 
during the 4.2 ka event
Scroxton et al. (2023a), referring to the 4.2 ka event, noted that, 
“. . .continually growing stalagmites are required to test the tim-
ing of the 4 kyr climate shift in the MSM [Malagasy Summer 
Monsoon] and synchronicity with wider Indian Ocean basin 
hydroclimate.” Stalagmite AB13 provides such a record. Two 
previously published speleothem records from the study area, 
ANJ94-5 (Wang et al., 2019) and AK1 (Scroxton et al., 2023a), 
show increasing δ18O values leading to hiatuses at or near the 
mid- to late- Holocene transition (~4300–3930 y BP). These hia-
tuses were interpreted as indicating dry conditions from about 4.3 
ky BP to about 3.9 ky BP (Scroxton et al., 2023a; Wang et al., 
2019; Figure 5). The sharp increases in δ18O constructed from 
AB13 confirm previous interpretations of the growth hiatuses as 
dry periods. Scroxton et al. (2023a) compare AK1 with ANJ94-5 

Figure 5. Comparison of northwestern Madagascar speleothem 
δ18O records during the period of overlap with AB13. Highlighted 
bars indicate the wet interval (blue) and dry events (red) observed 
in AB13 record. From top: AB13 (this study), ANJ94-2 (Railsback 
et al. 2020), ANJ94-5 (Wang et al. 2019), and AK1 (Scroxton et al. 
2023a). Previously published recordsare superimposed over AB13 
δ18O record (grey) and individual dates with error are shown above 
each record.
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and suggests that although the onset and timing of the hiatuses in 
these two records fall within the age uncertainty of the 4.2 ka 
event, the drying trend preceding this anomaly was gradual and 
began at or before ~4500 y BP. The δ18O record generated from 
AB13, also shows a gradual drying trend from ~4500 to 4300 y 
BP and it provides a detailed record of the rainfall variability 
across the gaps in previous records. Between ~4280 and 3950 y 
BP, Anjohibe experienced two distinct periods of drying. The first 
began at 4285 ± 45 y BP and ended at 4190 ± 45 y BP. After a 
wetter interval of abut 130 years, the second dry interval began at 
4060 ± 55 y BP and ended at 3950 ± 55 y BP (Figure 3). The 
second dry interval is punctuated with wetter intervals and is not 
as dry as the first. The wet-dry-wet pattern of rainfall changes and 
the timing of the two dry intervals are within error of other high-
resolution records from the broader Indian Ocean region. For 
example, Qunf Cave in southern Oman (Fleitmann et al., 2003) 
and Neor Lake in Iran both show two distinct dry intervals around 
4.2 and 4.0 ky BP. Sahiya Cave in northern India (Kathayat et al., 
2017) and a stalagmite record from northeastern Namibia (Rails-
back et al., 2018) also record a tripartite pattern, but in these 
records, the wet intervals around 4.2 ky BP and 4.0 ky BP are 
separated by a dry event. The areal extent of the 4.2 ka event and 
possible forcing mechanisms have been the subject of much 
debate (see e.g. Scroxton et al., 2023a and 2023b and references 
therein). Numerous mid- to late-Holocene transition records have 
shown climate anomalies around this time though more work is 
needed to establish the precise timing of the perturbation(s) and to 
determine if the records reflect one event or independent local/
regional climate variability.

With regard to possible forcing, the 4.2 ka event has been attrib-
uted to a range of driving mechanisms including an influx of fresh-
water to the north Atlantic (Wang et al., 2013), a negative excursion 
in North Atlantic Oscillation (Yan and Liu, 2019), and the southern 
migration of the ITCZ (Railsback et al., 2018). Our Southern Hemi-
sphere record of dry intervals associated with the 4.2 ka event is not 
consistent with a southward meridional migration of the tropical 
rain belt at that time. The 4.2 ka event may be unforced.

A complete record of the 4.2 ka event in Madagascar also 
helps to put the event into a broader climate perspective. Figure 3 
shows that while the period from 3–9 ky BP to 4.2 ky BP has two 
distinct dry intervals, these are not the driest periods of the mid- to 
late-Holocene in northwest Madagascar. Oxygen isotopes suggest 
that the period from 4125 y BP to 3975 y BP was as dry or possi-
bly slightly drier than the period from 4285 y BP to 4190 ± 45 y 
BP, while carbon isotopes suggest the younger of these intervals 
was considerably drier. The 4.2 ka event, then is not particularly 
remarkable as an “event” even in the fairly short time interval 
covered by the AB13 stalagmite.

Anjohibe and Rodrigues Island paleoclimate 
comparison
To determine if the climate variability we infer from Madagas-
car speleothem δ18O extends to “nearby” Indian Ocean islands, 
we compared our record with others from Rodrigues Island. Li 
et al. (2020) presented a climate reconstruction of the last ~8000 
years using speleothems collected from La Vierge cave located 
in southwest Rodrigues Island, which is ~1600 km east of Mada-
gascar. Based on this isotope time series, records of modern pre-
cipitation, and model simulations, the authors suggest that on 
interannual to multidecadal scales, the hydroclimates of 
Rodrigues Island and Madagascar are comparable. They go on 
to infer possible relationships between “megadroughts” on 
Madagascar and the variations in the populations of large-bod-
ied endemic vertebrates (megafauna) that went extinct in the 
Late-Holocene. The Rodrigues Island climate record has become 
a record of choice, taken as likely indicative of Madagascar’s 

climate history by other studies of Madagascar’s megafaunal 
population dynamics (e.g. Broothaerts et al., 2023; Domic et al., 
2021; Hansford et al., 2021; Hixon et al., 2021, 2022; Reinhardt 
et al., 2022).

Figure 6 presents a comparison between our AB13 paleocli-
mate record and the highest resolution speleothem record pre-
sented by Li et al. (2020), LAVI-4. From ~4480 to 4235 y BP, 
δ18O values follow a similar drying trend with similarly timed 
decadal scale variability. However, after ~4200 y BP, the records 
become increasingly dissimilar and around 3780 y BP, the 
records diverge and often show an almost anti-phase relation-
ship. For example, the most extensive droughts in LAVI-4, 
recorded at ~3650–3520 y BP, ~3460–3370 y BP and ~2870–
2765 y BP do not match the driest periods in the compiled Anjo-
hibe records and, in fact, coincide with the wettest periods 
recorded by AB13 (Figure 6). As Anjohibe became increasingly 
dry and entered into the longest dry period recorded by AB13, 
Rodrigues Island experienced the opposite, LAVI-4 shows the 
climate growing increasingly wet through this time. From 3945 
to 4245 y BP where growth hiatuses occur in ANJ94-5 and AK1 
and AB13 shows two periods of drying climate, LAVI-4 shows 
no extensive drought in Rodrigues.

The records also differ in terms of broad-scale trends. LAVI-4 
shows an overall drying trend from ~ 4100 to 3540 y BP, whereas 
isotope values from AB13 indicate increasing precipitation dur-
ing this time. From ~3150 to 2850 y BP, Rodrigues Island experi-
enced another drying trend, while precipitation amounts at 
Anjohibe were increasing. The large number of dates for LAVI-4 
during suggest excellent age control for the record, thus these dif-
ferences are unlikely to be due to dating or temporal resolution.

Rodrigues Island and northwest Madagascar are likely 
responding to different climate forcings and/or local effects since 
they are climatologically distinct. As noted previously, Rodrigues 
Island lies directly in the easterly trade wind belt, while western 
Madagascar has a more complex relationship to summer easter-
lies (Li et al., 2021). Scroxton et al. (2017) suggested that north-
west Madagascar may respond more to zonal climate variability 
associated with western Indian Ocean SSTs and the east to west 
tropical Indian Ocean sea surface temperature gradients than to 
meridional climate variability. Rodrigues Island is located suffi-
ciently far to the east that it responds more to meridional climate 
variability associated with the location and intensity of the ITCZ 
than to zonal changes. Regardless of the cause, the periods of 
deepest drought in the LAVI-4 record do not match the periods of 
deepest drought in Madagascar, and the same is true for periods of 

Figure 6. Comparison of Madagascar stalagmite sample AB13 
and Rodrigues stalagmite sample LAVI-4 (Li et al. 2020) between 
(~2,664 – 4,507 years BP). Mean temporal resolution of AB13 ~2.7 
years and LAVI-4 ~3.2 years.
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peak wetness (Figure 6). Thus, we suggest that speleothem 
records from Rodrigues Island should not be taken as indicative 
of paleoclimate variability in Madagascar.

Conclusions
Speleothem AB13 from Anjohibe cave in northwest Madagascar 
was used to produce a continuous, high-resolution, precisely 
dated record of hydroclimate variability in the region from ~4480 
to ~2860 y BP. Oxygen and carbon stable isotopes and aragonite 
Sr/Ca provide three hydroclimate proxies that are in good agree-
ment on hydroclimate change over the period of deposition. In 
addition, the AB13 records agree well with three additional spe-
leothem δ18O records from Anjohibe and nearby Anjohikely. The 
replication of the climate history from multiple proxies in AB13 
and multiple speleothems strongly suggest that AB13 provides a 
robust, reliable climate history. The mechanism controlling Sr/Ca 
in the sample is initially the extent of prior calcite precipitation in 
the epikarst, a mechanism that has been suggested in numerous 
other studies. At ~4 ky BP, however, we interpret that the mecha-
nism shifts to the degree of dolomite versus calcite dissolution in 
the epikarst. Three periods of relative drying, with peaks at 
~4280–4230 y BP, ~4040–3960 y BP, and ~3180–2990 y BP 
occur. The wettest interval occurred from ~3470 to 3450 y BP and 
no long-term climate trend was apparent, although the record is 
relatively brief.

Our record includes continuous coverage of the 4.2 ka event in 
northwest Madagascar. Positive isotope excursions in both carbon 
and oxygen provide direct evidence of two distinct dry periods 
during ~4280 and 3950 years BP. That the 4.2 ka event is dry in 
Madagascar is supported by growth hiatuses from ~4200 y BP to 
3800 y BP in two other speleothem records from Anjohibe. While 
clearly identifiable, the 4.2 ka event in northern Madagascar is not 
drier than other multi-decadal dry periods and is not the driest 
period in the AB13 record. With respect to possible forcing mech-
anisms of the 4.2 ka event, a southward shift in the mean position 
of the tropical rain associated with the ITCZ at 4.2 ky BP is not 
consistent with our record.

Our results differ significantly from a study of climate change 
during a similar time period on Rodrigues Island, 1800 km to the 
east. Thus, we suggest that climate records from Rodrigues Island 
should not be used to infer hydroclimate variability in Madagas-
car nor climate impacts on megafaunal population dynamics.
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