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ABSTRACT

The 4.2 ka event at the Mid- to Late-Holocene transition is often regarded as one of the largest and best
documented abrupt climate disturbances of the Holocene. The event is most clearly manifested in the
Mediterranean and Middle East as a regional dry anomaly beginning abruptly at 4.26 kyr BP and
extending until 3.97 kyr BP. Yet the impacts of this regional drought are often extended to other regions
and sometimes globally. In particular, the nature and spatial extent of the 4.2 ka event in the tropics have
not been established. Here, we present a new stalagmite stable isotope record from Anjohikely, north-
west Madagascar. Growing between 5.22 and 2.00 kyr BP, stalagmite AK1 shows a hiatus between 4.31
and 3.93 kyr BP (+40 and + 35 yrs), replicating a hiatus in another stalagmite from nearby Anjohibe, and
therefore indicating a significant drying at the Mid- to Late-Holocene transition. This result is the
opposite to wet conditions at the 8.2 ka event, suggesting fundamentally different forcing mechanisms.
Dry conditions are also recorded in sediment cores in Lake Malawi, Lake Masoko and the Tatos Basin on
Mauritius, also in the southeast African monsoon domain. However, no notable event is recorded at the
northern (equatorial East Africa) and eastern (Rodrigues) peripheries of the monsoon domain, while a
wet event is recorded in sediment cores at Lake Muzi and Mkhuze Delta to the south. The spatial pattern
is largely consistent with the modern rainfall anomaly pattern associated a with weak Mozambique
Channel Trough and a northerly austral summer Intertropical Convergence Zone position. Within age
error, the observed peak climate anomalies overlap with the 4.2 ka event. However regional hydrological
change consistently begins earlier than a 4.26 kyr BP event onset. Gradual hydrological change frequently
begins around 4.5 kyr BP, raising doubt as to whether any coherent regional hydrological change is
merely coincident with the 4.2 ka event or part of a global climatic anomaly.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

in the twenty-first century (Konapala et al., 2020; Loucks, 2022;
Hanasaki et al., 2013). To do so, we must understand how rainfall

Understanding and adapting to changes in water availability due
to climate change is one of the most important challenges we face

* Corresponding author. Present address: Irish Climate Analysis and Research
Units, Department of Geography, Maynooth University, Maynooth, Co. Kildare,
Ireland.,

E-mail addresses: nick.scroxton@mu.ie (N. Scroxton), sburns@geo.umass.edu
(SJ. Burns), davidmcg@mit.edu (D. McGee), lgodfrey@umass.edu (L.R. Godfrey),
ranivolova@gmail.com (L. Ranivoharimanana), petersonfaina@gmail.com
(P. Faina), tigerb@mit.edu (B.H. Tiger).

https://doi.org/10.1016/j.quascirev.2022.107874
0277-3791/© 2022 Elsevier Ltd. All rights reserved.

responds to perturbation under boundary conditions close to
modern (Cook et al., 2018; Narisma et al., 2007), and its impacts on
societies. With significant Holocene climate variability now widely
recognised (Fleitmann et al., 2003; Gupta et al., 2003; Mayewski
et al., 2004; Wanner et al.,, 2011), the spatial patterns and pro-
cesses of perturbations to rainfall in the recent past and at the
decadal timescales relevant to modern climate change requires
study (Nash et al., 2016). One of the largest climate perturbations of
the Holocene is the so-called “4.2 ka event”.
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The 4.2 ka event is best characterised and understood in the
Mediterranean (Bini et al., 2019; Zanchetta et al., 2016) and Middle
East (Kaniewski et al., 2018) where it is manifested as a widespread
drought with abrupt onset and termination occurring between 4.26
and 3.97 kyr BP (Carolin et al., 2019) and linked to societal change in
the Akkadian civilization (Hoflmayer, 2017; Weiss et al., 1993;
Weiss, 1997). However, both the spatial extent beyond the data-rich
heartland of the northern hemisphere mid-latitudes, and the
climate processes behind the 4.2 ka event are uncertain. The 4.2 ka
event has been interpreted as one of the smallest forced climate
anomalies of the Holocene, perhaps through a freshwater input into
the north Atlantic (Wang et al., 2013) despite little evidence for a
such an event (Bradley and Bakke, 2019). Alternatively, it has also
been viewed as one of the largest unforced climate anomalies (i.e.,
natural variability) of the Holocene (Yan and Liu, 2019), driven by
changes in the North Atlantic Oscillation. As a result of these un-
certainties, the 4.2 ka event as a globally impacting megadrought
and subsequent formal designation as the Middle to Late Holocene
(Northgrippian to Meghalayan) boundary (Walker et al., 2018) has
proved controversial (Helama and Oinonen, 2019; Middleton, 2018;
Voosen, 2018; On et al., 2021).

There is therefore a compelling need to understand drought,
and rainfall variability in general, at the Mid- to Late-Holocene
transition, along with any potential association with the 4.2 ka
event and societal change. This is particularly true in the tropics and
southern hemisphere where there have been only a few detailed
studies (Marchant and Hooghiemstra, 2004; Railsback et al., 2018,
2022). In the tropics, there may be conflation of the 4.2 ka event
and what is now a widely recognised shift in tropical climate at 4.0
kyr BP (Denniston et al., 2013; Gagan et al., 2004; Giosan et al.,
2018; Li et al, 2018; MacDonald, 2011; Marchant and
Hooghiemstra, 2004; Toth and Aronson, 2019). We note that the
conflation does not necessarily arise in the original articles: for
example, Marchant and Hooghiemstra (2004) do not discuss the 4.2
ka event, the association was added later (e.g. Staubwasser and
Weiss, 2006). The 4.0 kyr BP tropical climate shift is likely related
to changes in sea surface temperature (SST) (Marchant and
Hooghiemstra, 2004), tropical rainbelt width (Li et al., 2018), and/
or the mean state of the El Nino Southern Oscillation (de Boer et al.,
2014; Denniston et al., 2013; Gagan et al., 2004; MacDonald, 2011;
Toth et al,, 2012). The event was recently dated to 3.97 kyr BP
(+80 yrs, 1 standard error) through regional principal component
analysis in the Indian ocean basin (Scroxton et al., 2022). Well-
dated, high-resolution, paleoclimate records should be able to
distinguish the 4.2 ka event and a tropical climate shift at 4.0 kyr BP.
Even in records with low dating precision, the shape of the anomaly
may help distinguish these two climatic events. The 4.0 kyr BP
tropical climate shift is a longer duration, often unidirectional,
transition.

Also relevant to the 4.2 ka event is the response of tropical
monsoons to the 8.2 ka event, an abrupt North-Atlantic cold event
under interglacial boundary conditions often viewed as a greater
magnitude version of the 4.2 ka event (Bond et al., 2001; Wang
et al., 2013). In the Malagasy Summer Monsoon (MSM), part of
the Southeast African Monsoon (SEAfM) domain, negative 3'80
anomalies are recorded in stalagmites from northwest Madagascar
and interpreted as indicating wet conditions (Voarintsoa et al.,
2019). This result fits with the idea of a southerly shift in mean
ITCZ/tropical rainbelt position resulting from a cooler Northern
Hemisphere and/or reduced Atlantic thermohaline circulation
(Broccoli et al., 2006; McGee et al., 2014; Zhang and Delworth,
2005). Therefore, if the 4.2 ka event is forced from a North-
Atlantic cold event via freshwater input (Wang et al., 2013) wet
anomalies in the MSM and SEAfM more broadly are predicted. The
expectation would be for negative stalagmite 8'80 anomalies in the
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MSM at the 4.2 ka event.

In this study we investigate whether the 4.2 ka event or 4 ka
tropical climate shift can be seen in paleoclimate records in the
SEAfM and MSM domains, and the direction of any change. We
present a new stalagmite §'0 record of monsoon variability from
northwest Madagascar, alongside other climate records from the
region. Stalagmites, secondary calcium carbonate cave deposits, are
particularly suited for detecting Holocene climate variability due to
their continuous growth, sub-decadal resolution, U-Th derived
absolute age errors frequently less than 1%, and paleoclimate
proxies for hydroclimate variability such as stable oxygen isotopes
(3'80) (Fairchild and Baker, 2012; Lachniet, 2009; McDermott,
2004).

2. Regional setting

Seasonal cycle: Adjacent to the southwest Indian Ocean, the
SEAfM and MSM are driven by the annual southwards migration of
the Intertropical Convergence Zone (ITCZ) during austral summer
(Nov—Feb) (Jury and Pathack, 1991; Jury et al., 1995). Winds origi-
nate from the Indian Winter Monsoon and Gulf of Oman moving
southwest over the equatorial Indian Ocean as the Mascarene High
retreats to the southwest in the austral summer (Fig. 1a). The
mountains of eastern Madagascar block the prevailing easterlies
(Barimalala et al., 2018), allowing the cyclonic Mozambique Chan-
nel Trough (MCT) to form in the Mozambique Channel (Barimalala
et al., 2020). As a result, between 30° and 50°E the tropical rainbelt
pushes down to 20°S in austral summer, following the centre of
convergence rather than peak SSTs (Koseki and Bhatt, 2018), and is
almost discontinuous from the tropical rainbelt to the east and west
beyond the bounding meridional mountain ranges of the Great Rift
Valley and the highlands of Madagascar (Koseki and Bhatt, 2018)
(Fig. 1b).

In the north of the SEAfM region (northern Mozambique,
northern Madagascar), incoming northeasterlies curve round to
become northwesterlies (Fig. 1a) bringing monsoonal rainfall.
Further south in the SEAfM region (both mainland southern Africa
and Madagascar), moisture transport over both is driven by Trop-
ical Temperate Troughs. Upper-level mid-latitude baroclinic in-
stabilities combine with low-latitude moist convection to create a
band of rainfall running northwest-southeast across southern Af-
rica (Macron et al.,, 2014). The Mature and Late Phases of the
Tropical Temperate Trough cycle influence rainfall across
Madagascar (Macron et al., 2016). South of 25°S the moisture
blocking influence of the mountains of Madagascar no longer ex-
ists, and rainfall in southeast Africa is derived from the southeast-
erly trade winds. While rainfall is still sufficiently seasonal to meet
the criteria of monsoonal rain, there is no seasonal wind reversal
(Fig. 1¢).

Interannual variability: While peak regional SSTs are discon-
nected from convergence and rainfall, local SST variability still plays
arole in the interannual variability of the MCT and therefore SEAfM
and MSM rainfall amount (Barimalala et al, 2018). Stronger
cyclonic conditions lead to stronger westerlies in the Mozambique
Channel recurving winds, and therefore moisture transport away
from Mozambique and onto Madagascar. This pattern leads to a
rainfall dipole between Madagascar and southern Mozambique/
South Africa. A stronger MCT is associated with a more southerly
position of the ITCZ (Barimalala et al., 2020).

Unlike much of the circum-west Indian Ocean basin the Indian
Ocean Dipole plays a weak role in MSM rainfall amount. The Indian
Ocean Dipole is seasonally locked and, by definition, any atmo-
spheric anomalies are terminated by the wind reversal at the onset
of the austral monsoons. This is not to say that zonal processes are
not important at other timescales or via other mechanisms such as
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changing SSTs. While maximum interannual western Indian Ocean
SST variability is between September and November before the
onset of the MSM (Schott and McCreary Jr., 2001), these SST
anomalies can persist and there is a statistically significant rela-
tionship between monthly SST and monthly rainfall in northern
Madagascar in December (r = 0.377, p = 0.021) (Scroxton et al.,
2017). At longer timescales MSM rainfall variability appears to
respond to variability in SSTs and both zonal and meridional at-
mospheric circulation (Scroxton et al., 2017, 2019; Voarintsoa et al.,
2019; Zinke et al., 2004). Subtropical SSTs may also play a role in
regional rainfall, influenced by variability in the spatial tele-
connections of El Nino-Southern Oscillation (Zinke et al., 2004).

3. Materials and methods

Anjohikely (15.56°S, 46.87°E) is a cave in the Narinda karst of
northwest Madagascar. Sitting in Eocene limestone topped with
dolomite, and 2.3 km SSW of the larger, well-documented Anjo-
hibe, Anjohikely has 2.1 km of decorated passages, typically be-
tween collapsed dolines but with some well-decorated chambers
with more restricted airflow (Laumanns et al., 1993). From Anjo-
hikely, stalagmite AK1 was extracted in 2014. AK1 is a thin, 830 mm
tall, candlestick-style, stalagmite (Fig. 2).

The age model for AK1 was determined from 20 U-Th ages
(Table 1). U-Th samples weighing 15—25 mg were prepared and
analysed at the Massachusetts Institute of Technology. Samples
were combined with a 22°Th—233U—23%U tracer, digested, purified
via iron coprecipitation and ion exchange chromatography. U and
Th were analysed on separate aliquots using a Nu Plasma II-ES
multi-collector ICP-MS equipped with a CETAC Aridus II desolvat-
ing nebulizer. U-Th ages were calculated using the half-lives of
75,584 + 110 for 239Th, 245,620 + 260 for 234U (Cheng et al., 2013),
155125 x 10710 yr~1 for 238U (Jaffey et al., 1971) and an initial
230Th232Th ratio of 4.4 (+2.2)x10~%. One U—Th age at 322 mm was
out of stratigraphic order with an anomalously old age. Low 238U
concentration (1140 ng/g) relative to bracketing ages (5780 and
4890 ng/g) is indicative of uranium loss, which would result in an
anomalously old U-Th age. This age was removed from the age
model.

The age model for AK1 was constructed using OxCal (Bronk
Ramsey, 2008) using a P-Sequence Poisson process depositional
model, with a kO parameter of 0.1. Additional priors for suspected
hiatuses were included at 707 mm and 760 mm. OxCal ran 2 million
individual age model simulations. Replicating stalagmite AN]J94-5
from Anjohibe (Wang et al., 2019) was investigated using both
the published StalAge age model and a newly constructed OxCal
age model using the same depositional model and kO parameter.

AK1 was sampled for stable isotopes (3'3C and 5'80) at in-
crements ranging from 0.45 to 5 mm to achieve an approximately
5-year resolution (min: 15.3 years per sample, max: 0.7, average:
4.2, standard deviation 2.6) (Fig. 2). Lower sampling rate sections
were drilled, and higher sampling rate sections were milled, both
with a 1 mm diameter bit. A total of 645 samples were analysed for
stable oxygen and carbon isotope ratios using a Thermo Scientific
Gas Bench II for sample preparation and a Thermo Delta V
Advantage isotope ratio mass spectrometer at the University of
Massachusetts Amherst. Reproducibility of the standards is typi-
cally better than 0.04%o for 3'3C and 0.06% for 880 (10).

Mineralogy was determined by x-ray diffraction (XRD) on ten
samples using a PANalytical X'Pert PW1821 X-ray diffractometer at
the University of Massachusetts Amherst. Samples were typically
from U/Th sample holes at 14.5, 102, 284, 457.5, 631, 665, 700, 746.5
and 790 mm, plus an additional sample at 690 mm, just above a
suspected hiatus.
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4. Results

Stalagmite AK1 from Anjohikely grew from 5.22 to 2.00 kyr BP
with hiatuses between 4.95 and 4.79 kyr BP and 4.31 and 3.93 kyr
BP (Table 1, Fig. 3). Stalagmite growth is slower in the lower section
of the stalagmite at between 0.1 and 0.2 mmy/yr, and faster in the
upper section of the stalagmite at 0.5 mm/yr, up to 1 mm/yr in
places. The only carbonate mineral detected in all ten XRD mea-
surements was aragonite, confirming visual observations of
aragonite crystal morphology throughout the sample. The 5'80
record is relatively stable before 3.0 kyr BP, with 1—2%o range in
centennial scale variability (Fig. 2). A decrease in 8'80 between 3.0
and 2.5 kyr BP leads to two significant negative anomalies at 2.78
and 2.51 kyr BP before a return to the least negative 3'%0 values at
the cessation of growth at 2.00 kyr BP. To the first order we inter-
pret stalagmite 3'80 in northwest Madagascar as a proxy for
regional monsoonal strength, likely highly correlated to local
rainfall amount, through a combination of the “amount effect” and
strength of atmospheric convection (Scroxton et al, 2017;
Voarintsoa et al., 2017, 2019; Wang et al., 2019). However, stalag-
mites rarely grow under 100% equilibrium conditions and the
precise mechanisms controlling stalagmite $'®0 response to
hydroclimate changes are discussed in section 5.2.

A positive 880 excursion at the top of stalagmite AK1 coincides
with a reduction in stalagmite diameter and change in shape and
location of the drip axis. Morphological changes are typically
indicative of variable drip hydrology caused by changes in one or
more of temperature, drip rate, calcium ion concentration or cave
ventilation regime (Baker et al., 1998; Dreybrodt, 1999). This in-
creases the likelihood of either non-equilibrium deposition and/or
enhanced in-karst fractionation. As such, while the positive change
in 880 in the top 99 mm of AK1 (younger than 2.40 kyr BP) is likely
indicative of drying conditions, we suggest that the magnitude of
380 change is not directly comparable with the rest of the record.

At 707 mm, there is a growth hiatus between 4.31 and 3.93 kyr
BP (+40 and +35 yrs) (Fig. 4). The layer bounding surface has no
truncated layers, a slight thinning of the stalagmite, an increase in
380 into the surface, and no obvious detrital material on the
bounding surface. We interpret the layer bounding surface as Type
L, one caused by decreased precipitation (Railsback et al., 2013). The
hiatus is replicated in stalagmite ANJ94-5 from Anjohibe (Wang
et al., 2019), ruling out cave or drip site specific drying in AK1
(section 5.1 for discussion). Replicated Type L hiatuses with positive
isotope excursions indicate dry conditions and potentially the
driest conditions of the mid/late Holocene. The 4.2 ka event
therefore appears at least locally remarkable in northwest
Madagascar. A dry anomaly is the opposite result to the wet con-
ditions recorded at the 8.2 ka event (Voarintsoa et al., 2019) and
what would be predicted from a North-Atlantic abrupt cold event.

A second Type L bounding surface occurs slightly above at
694 mm (3.78 kyr BP +70yr). While the change in stalagmite colour
and drip location is more substantial at this location, there is no
significant isotopic change across this boundary, nor is there a
noticeable change in growth rate. This layer may represent a short
hiatus not resolvable within the current age model. A third Type L
bounding surface occurs at 760 mm with a hiatus between 4.95
(+35yr) and 4.79 (+40yr) kyr BP.

The largest 880 excursions in the AK1 record are two negative
(wet) anomalies at 2.78 (+0.03 kyr) and 2.51 kyr BP (+0.02 kyr)
(Fig. 3). Both excursions are replicated, within dating errors, as dry
events in the Dongge speleothem record at 2.75 and 2.50 kyr BP
(Dykoski et al., 2005), while the earlier excursion is replicated in the
Sanbao speleothem record (2.75 kyr BP) (Dong et al., 2010). The
Huagapo speleothem record from Peru also contains a double dry
excursion around this time, with peaks at 2.68 and 2.54 kyr BP
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(Kanner et al., 2013) There is also a dry excursion in the Sahiya
speleothem record of western India at 2.66 kyr BP (Kathayat et al.,
2017) but the nearest U—Th age error of +0.06 kyr does not allow
direct 1:1 association with either event. These abrupt hydroclimate
anomalies have received little attention despite being replicable in
multiple monsoon-dominated tropical speleothem records, and
with much greater magnitude there than more frequently studied
Holocene climatic events such as the 4.2 ka event. Though not the
focus of this paper, these climate anomalies are deserving of more
thorough investigation in the future.

5. Discussion

5.1. Replication of stalagmites in northwest Madagascar at the Mid-
Late holocene transition

Replication of results from the same or nearby caves is consid-
ered the gold standard for reliable climatic interpretation of sta-
lagmite proxy time series (Dorale and Liu, 2009). Two speleothem
3180 records from northwest Madagascar record the 5000 to 3000-
year BP interval: AK1 from Anjohikely (this study) and ANJ94-5
from Anjohibe (Wang et al., 2019) (Fig. 5), 2.3 km northeast. Both
have hiatuses close to the Mid- to LateHolocene transition. In AK1
the hiatus is at 4.31-3.93 kyr BP with age model uncertainty
around +40 years, and bracketing U—Th age uncertainty of +26
and + 34 years. In ANJ94-5 the hiatus is at 4.22—3.99 kyr BP, and
while no age model uncertainty is provided, the nearest U-Th age
uncertainty is +30 and +86 years. Both stalagmites have positive
3180 excursions leading into the hiatus, and Type L bounding sur-
faces at the hiatus. This indicates the hiatus was caused by dry
rather than wet conditions.

The 90-year offset in hiatus timing likely derives from the choice
of age model. ANJ94-5 uses StalAge which has a constant growth
rate bias. At the nearest U-Th age, the age model is 40 years
younger than the analytical mean and outside the 2¢ uncertainty
(Fig. 5d). This suggests that the ANJ94-5 age model may underes-
timate the age of the hiatus. AK1 uses OxCal which has a mean
growth rate bias when extrapolating beyond tie-points to hiatuses.
This may result in a bias of the AK1 age model being 5 years too old
at the hiatus. Recalculating the ANJ94-5 age model using OxCal
gives a hiatus at 4.29—4.01 kyr BP (+49 and +63 years). The hiatus
occurs within error of the two stalagmite age models. Therefore,
the primary result of this paper is replicated.

The timing of the hiatus may not be representative of the exact
onset of drying. Hiatus timing will depend on hydrological
response of a drip, including the size of the karst water store or the
total surface area of rainwater catchment. The 3'80 records may
provide further information. For example: ANJ94-5 shows a longer
duration positive isotope excursion prior to the hiatus (2.4%o over
1.6 mm or 96 years; OxCal age model suggests 67 years), likely due
to the isotopic enrichment of a dwindling karst water store. Growth

Fig. 1. Location map of southwest Africa. a) ERA5 850 h Pa January mean wind di-
rection and strength (red arrows) (Hersbach et al., 2019b). Approximate positions of
the Mascarene High and Mozambique Channel Trough (MCT) are labelled. b) ERA5 DJF
mean rainfall (blue gradient) (Hersbach et al., 2019a) with 4 mm isohyet (light yellow
line) to denote approximate extent of the tropical rainbelt and January mean ERA5
Outgoing Longwave Radiation minima (yellow line) (Hersbach et al., 2019a) to denote
approximate position of the summer ITCZ. c¢) Blue dots indicate the southern hemi-
sphere summer monsoon regime, defined as where the summer (NDJAM) to winter
(MJJAS) rainfall range is greater than 300 mm and Monsoon Precipitation Index
(summer to winter range/annual precipitation) is greater than 0.5 (Wang and Ding,
2008). Black dots with red edges indicate locations of paleoclimate records. ERA5
data (Hersbach et al., 2020) was accessed through the Copernicus Climate Data Store.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Stalagmite AK1
Anjohikely, Madagascar

Milled Stable Isotope Transect

Hiatus

Hiatus

Fig. 2. Photographs of stalagmite AK1 with scalebar length of 100 mm. Green shading denotes U-Th sampling locations, dark blue dots show stable isotope drill holes, light blue
lines show stable isotope milling trench. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of AK1 terminates quickly with minor isotopic enrichment before
the hiatus (0.7%o over 1.5 mm or 14 years).

In the long term, both stalagmites record negative excursions
between 4.6 and 4.5 kyr BP indicating wetter conditions, and both
show positive excursions, indicating drying from ~4.5 kyr BP on-
wards. The local 3'0 minimum prior to substantial drying is at 4.32
kyr BP in AK1 (age model error of +35 years). In ANJ94-5 an
equivalent isotopic shift is either a 380 minimum at 4.34 kyr BP
years (OxCal: 4.39kyr BP, age model error of +46 years) or an abrupt
3180 change at 4.30 years (OxCal: 4.35kyr BP, age model error of
+31 years). Therefore, while the onset of the growth hiatus in both
stalagmites is synchronous (within error) with the 4.2 ka event, the
380 records suggest that gradual drying began at ~4.5 kyr BP, and
rapid drying at ~4.3 kyr BP, before the 4.2 ka event.

5.2. Replication of stalagmites in northwest Madagascar of Mid- &
Late- Holocene climate

Elsewhere, the 8'80 records of speleothems ANJ94-5 and AK1 do
not overlie each other and do not initially appear to replicate.
However, cave conditions, drip-pathway contributions, stalagmite
mineralogy and other hydroclimate indicators such as growth rate
may explain some of the discrepancies. ANJ94-5 is a mixed
mineralogy stalagmite, whereas AK1 is aragonite. The aragonite
sections of ANJ94-5 at 4.8—4.6 kyr BP and 4.0 kyr BP onwards have
3180 values comparable to those of AK1. However, the isotopic
difference between calcite and aragonite sections of ANJ94-5 of
~2%o is far larger than the expected offset between calcite and
aragonite of ~0.8%o determined from laboratory studies (Kim et al.,
2007), theoretical calculations (Tarutani et al., 1969), and in
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Table 1
U—Th dating table for stalagmite AK1.
Sample ID Depth 238U +(26) 2Th  +(20) 33U +(20) (B°Th/28U) +(20) 2°Th/?’Th +(20) Age(yr) +(20) Age(yr) =(20) d*“Uinitial +(20) Age(yrBP) =+ (20)
(mm) (ng/g)’ (pg/g)® (per mil)° activity ppm atomic (uncorr)® (corr)! (per mil)® (corr)"
AK1-15 145 5200 100 2708 57 -35 1.5 0.01883 0.00045 574 14 2081 50 2066.4 9.5 -3.6 1.5 2001 50
AK1-99 102 5070 100 1452 34 —-24 1.5 0.02260 0.00044 1250 29 2499 50 24914 8.4 —-24 1.5 2426 50
AK1-A (138) 138 7260 150 399 9 -3.5 4.7 0.02330 0.00014 6740 71 2580 20 2578.2 20.2 -3.5 4.8 2513 20
AK1-B (160) 160 7700 150 228 6 —-4.9 21 0.02339 0.00010 12,500 190 2593 13 25922 12.8 —-4.9 21 2527 13
AK1-C (206) 206 4820 97 578 12 —4.4 2.0 0.02402 0.00013 3180 23 2663 15 2659.6 154 —4.4 21 2595 15
AK1-275 284 4890 98 922 26 -33 14 0.02477 0.00046 2080 56 2745 52 2739.5 8.2 -33 14 2675 52
AK1-D (322)* 322 1140 23 833 17 -6.5 2.7 0.02671 0.00024 578 6 2972 28 29493  30.1 -6.5 2.7 2884 30
AK1-E (335) 335 5780 120 481 10 -5.6 2.2 0.02594 0.00015 4950 48 2882 18 2879.5 18. -5.7 2.2 2814 18
AK1-450 457.5 6480 130 272 17 -13 13 0.02706 0.00033 10,200 640 2996 37 2994.6 8.1 -13 13 2930 37
AK1-625 631 4580 92 287 19 -1.1 13 0.03093 0.00050 7840 510 3429 57 34278 9.1 -1.1 13 3363 57
AK1-665 665 3200 64 197 16 -2.0 2.2 0.03298 0.00023 8510 680 3664 28 3662.1 27.8 -2.0 23 3593 28
AK1-F (691) 691 3870 77 187 5 —4.6 24 0.03403 0.00018 11,200 220 3793 23 3791.7 226 —4.6 24 3727 23
AK1-693 700 2980 60 1804 49 -4.2 2.1 0.03539 0.00046 928 21 3946 53 39277 539 -43 2.1 3859 54
AK1-G (714) 703 2960 59 532 11 -2.5 24 0.03604 0.00021 3190 32 4013 26 4007.4 26.2 -2.6 24 3942 26
AK1-710 710.5 2950 59 364 19 -33 2.2 0.03940 0.00028 5080 240 4398 34 4394.5 339 -34 2.2 4325 34
AK1-727 727.5 4130 83 563 20 —2.6 1.9 0.04110 0.00021 4790 140 4589 25 4584.7 255 —2.6 19 4515 26
AK1-746 746.5 3560 71 477 18 -0.8 2.0 0.04274 0.00025 5060 170 4766 30 4762.3 30.2 -0.8 2.0 4693 30
AK1-H (756) 756 4300 86 450 10 —-4.0 24 0.04307 0.00022 6540 62 4821 28 4817.9 27.8 —-4.1 25 4753 28
AK1-761 761.5 4090 82 2191 47 -5.2 1.9 0.04492 0.00030 1330 13 5039 36 5022.5 369 -5.2 19 4953 37
AK1-763 790 7130 140 1076 28 0.5 1.2 0.04605 0.00037 4850 92 5138 42 5133.9 13. 0.5 1.2 5069 42

3 Reported errors for 23U and 23’Th concentrations are estimated to be +1% due to uncertainties in spike concentration; analytical uncertainties are smaller.

b 3234U = ([?**U/%8U]ctiviey - 1) x 1000.

€ [22°Th/2%8U activity = 1 - € 3T 4 (82**Umeasured/ 1000)[ A230/(Aaz0 - haza)l(1 - e~ 23022341y where T is the age. “Uncorrected” indicates that no correction has been made for initial?*°Th.
d Ages are corrected for detrital>>°Th assuming an initial?>*Th/?>?Th of (4.4 + 2.2) x 1075,

€ 5234Uinitial corrected was calculated based on?3°Th age (T), i.e., 8***Uinitial = 0>*Umeasured X €234 x T, and T is corrected age.

f B.P. stands for “Before Present” where the “Present” is defined as the January 1, 1950 C.E.

#8201 (£20Z) 00 SM3lAdY a2Ud1IS ALDUIdIDND
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Fig. 3. a) Results from stalagmite AK1 from Anjohikely, northwest Madagascar,
showing top: U—Th ages (green error bars), OxCal age model (blue lines) and associ-
ated 95% confidence interval (blue shading), and bottom: stalagmite §'80. Data from
the top 99 mm are shown in a lighter blue. b) comparison with other monsoon
influenced speleothem 5'®0 records. From top to bottom: Sanbao and Dongge caves in
China (Dong et al., 2010; Dykoski et al., 2005), Sahiya cave in India (Kathayat et al.,
2017) and Huagapo cave in Peru (Kanner et al., 2013). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)

stalagmites from Anjohibe (Scroxton et al., 2017).
Some discrepancies between the 3'80 records could be
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hiatus
visible laminae

Fig. 4. Close-up of the Mid- to Late-Holocene hiatus in AK1. a) image with no anno-
tation. b) image with annotation. Green shaded areas denote U-Th date sampling
locations, blue shaded areas denote stable isotope transect trench, visible laminae in
thin black lines, the Mid- to Late-Holocene hiatus in thick black line, unmarked circular
pits are stable isotope drill holes from a low-resolution pilot study. c) higher zoom
unannotated image of the Mid- to Late-Holocene hiatus.

explained by differences in cave conditions. ANJ94-5 was collected
from a chamber open to the atmosphere, with atmospheric CO;
concentrations (Wang et al., 2019). ANJ94-5 was therefore likely
subject to (relatively) more kinetic fractionation through rapid
degassing and a (relatively) larger extent of disequilibrium frac-
tionation during precipitation (Mickler et al., 2006). Anjohikely has
more restricted chambers and a greater areal coverage of precipi-
tated calcite, especially on the walls and floor. Therefore, while
additional evidence from ANJ94-5 suggests that isotopic variability
may still be climatic in origin (Wang et al., 2019), the absolute 3'30
values are likely not comparable with AK1, sourced from a more
restricted chamber in a ‘wetter’ cave.

However, as ANJ94-5 oxygen isotope values are frequently lower
than AK1, even during periods of identical mineralogy, there must
be additional drip pathway contributions that contribute to
different isotopic responses in the two stalagmites. For example,
differences in storage and mixing and in-karst evaporation during
the dry season (Markowska et al., 2020) might lead to different
sensitivities to different parts of the hydrologic system: for example
extreme events or seasonal vs long-term mean.

With these caveats in mind, a comparison of centennial scale
positive and negative periods of 3'80 in both stalagmites does show
good reproducibility and can be interpreted as broad-scale climatic
changes in the hydrological cycle. Both stalagmites show a gradual
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Fig. 5. Comparison of speleothems from Anjohikely (AK1, blue colours, this study, OxCal age model) and Anjohibe (AN]J94-5, red colours: original StalAge model (Wang et al., 2019),
purple line: OxCal age model, this study), two caves 2 km apart in northwest Madagascar. a) speleothem 3'®0 during the period of overlap. b-e) 1000-year close-up of events around
the 4.2 ka BP event indicating the contemporaneous hiatus in both speleothems. b,d) Age depth model, circles indicate individual stable isotope data points linked by line. Shading
denotes 26 age model error for stalagmite AK1. Light coloured error bars show individual dates with 2c error. c,e) individual 3'®0 measurements for each stalagmite.

positive (drying) trend between 5.5 and 4.3 kyr BP with modest
centennial scale variability indicated by more negative '0 values
(wetter) between, 5.15 and 4.95 kyr BP, and around 4.5 kyr BP, and
more positive 3'20 values (drier) between 4.8 and 4.65 kyr BP, and
4.5 and 4.3 kyr BP.

After (above) the hiatus there is agreement between the growth
rate of ANJ94-5 and the isotopes of AK1. Between 3.15 and 2.5 kyr
BP there is a 0.7%0 3'30 decrease in AK1, suggesting wetter condi-
tions (3.5—3.15 kyr BP: 3.7%, 3.15 to 2.4 kyr BP: 4.4%o). AN]J94-5 also
has a negative 880 excursion, but it is half the size at around 0.35%o
(3.5—3.15 kyr BP: 3.95%o, 3.15 to 2.4 kyr BP: 4.3%o). An increased
growth rate in ANJ94-5 is also likely indicative of wetter conditions,
either through greater transport of calcium ions by reduced prior

calcite precipitation or enhanced flow rate, or by enhanced vege-
tative activity increasing soil pCO; and the dissolution of the karst
host rock. The abrupt negative excursion in AK1 at 2.51 kyr BP does
appear to have some expression in ANJ94-5, albeit muted, but the
2.78 kyr BP excursion is less clear.

Both stalagmites return to higher 3'30 (drier conditions) at 2.4
kyr BP. AK1 increases from —4.4%o, between 3.15 and 2.4 kyr BP
to —3.0%0 between 2.4 and 2.0 kyr BP. ANJ94-5 increases
from —4.3%o, between 3.15 and 2.4 kyr BP to —3.9%0 between 2.4
and 2.0 kyr BP. Coincident with this isotopic change in AK1 is a
shape change, with the stalagmite becoming thinner and less cy-
lindrical. We suggest that from 2.4 kyr BP onwards, AK1 may also be
subject to enhanced disequilibrium effects, perhaps related to
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changes in cave ventilation regime, and/or a progressive drying of
the drip prior to the termination of growth. We suggest that the
isotopic values during this section (younger than 2.4 kyr BP) are not
directly comparable to those elsewhere in the stalagmite.

The consequences of different cave conditions, karst storage and
drip pathways on stalagmite 380 remains a working hypothesis.
Valuable cave monitoring efforts in the area are still in their infancy
(Voarintsoa et al., 2021) but already highlight how cave ventilation
may be an important intra-site control on speleothem 3'30. More
efforts are needed focusing on replicating northwest Madagascar
speleothem 8'30 and understanding the local hydrology at cave and
drip level. Despite numerous environmental controls on exact
speleothem 5'80 values (as is likely the case for all stalagmite
paleoclimate records), the majority of controls influence 3'30 in the
same direction (wetter conditions tend to negative 5'20). A first
order interpretation of AK1 !0 variability being negatively
correlated with monsoon strength and precipitation amount still
holds.

5.3. Regional variability in the African monsoons

Here we explore hydroclimate variability across the Mid- to
Late- Holocene transition in the broader southeast Africa region
(Figs. 6 and 7). In the southern hemisphere of East Africa, the
Kilimanjaro ice core 8'80 shows a gradual drying from 4.5 kyr BP,
accelerating at 3.65 kyr BP (Thompson et al., 2002) (Fig. 6a). An
increase in dust occurs at 4.2 kyr BP but oxygen isotopes indicate
only a gradual change from warmer and wetter conditions to dry
and cooler. A pollen-based estimate of precipitation from multiple
sites in Burundi suggests a transition from relatively stable condi-
tions to higher-amplitude swings between low and high precipi-
tation around 3.6 kyr BP, but no abrupt 4.2 ka event (Bonnefille and
Chalie, 2000) (Fig. 6b). Records from Lake Challa show conflicting
changes in low resolution records that may not have the resolution
to record an abrupt 4.2 ka event (Fig. 6¢ and d). The BIT record
shows a peak in wet conditions between 4.2 and 3.7 kyr BP, but this
is part of a long-term millennial scale trend lasting 1.5 kyr
(Verschuren et al., 2009). The leaf wax 3D is inverse, indicating peak
dry conditions between 4.2 and 3.7 kyr BP, again part of a longer
millennial scale trend. The authors reconcile these differences
suggesting that the dD likely records moisture transport processes
rather than local rainfall amount (Tierney et al., 2011), and attribute
changes to tropical zonal reorganisation.

Further south in the SEAfM, at Lake Masoko, magnetic suscep-
tibility data indicates drying begins around 4.6 kyr BP, peaking
around 4.4 kyr BP (Garcin et al., 2006) (nearest calibrated radio-
carbon age error around +250 years 2¢ (Gibert et al., 2002))
(Fig. 6e). A possible short hiatus occurs between 4.0 and 3.9 kyr BP.
At Lake Malawi, the biogenic silica mass accumulation rate in-
dicates drying begins around 4.65 kyr BP (nearest calibrated
radiocarbon age error +130 years 2c (Johnson et al., 2002)) (Fig. 6f).
Between 4.4 and 3.95 kyr BP there is only a single datapoint, which
given surrounding deposition rates, we interpret as an interpolated
point through an unrecognised hiatus.

In the Indian Ocean pollen counts (specifically In (Latania/
Eugenia)) from the Tatos Basin in Mauritius suggest drier conditions
between 4.5 and 4.1 kyr BP (nearest uncalibrated radiocarbon age
error +70 years 2c), while sediment core In (Ca/Ti) ratios indicate
brief centennial wet events at 4.38 and 4.15 kyr BP, all on a back-
ground shift from wetter to drier conditions from 4.8 kyr BP (de
Boer et al., 2014) (Fig. 6j). Further east on Rodrigues, speleothem
3180 values from La Vierge show no change in conditions at the 4.2
ka event but do show a gradual drying beginning around 3.9 kyr,
interpreted as part of the widespread tropical climatic changes at
this time (Li et al., 2018) (Fig. 6i).
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In South Africa, there is little change in speleothem T8 8180 at
Cold Air Cave (Holmgren et al., 2003), with slightly wetter condi-
tions between 4.6 and 4.05 kyr BP and slightly dry conditions be-
tween 4.05 and 3.8 kyr BP (Fig. 61). A growth phase of stalagmite T5
between 4.4 and 3.95 kyr BP suggests wetter conditions during the
Middle to Late Holocene transition but could be a coincident
change in drip hydrology (Fig. 6k). The nearest U—Th age error is
+150 years 20 (Repinski et al., 1999). Sediment core x-ray fluores-
cence determined Ca/K from Lake Muzi (Humphries et al., 2019)
(Fig. 6m) and Sr/Al from Mkhuze Delta (Humphries et al., 2020)
(Fig. 6n) in eastern South Africa both indicate periods of wet con-
ditions between 4.25 and 3.8 kyr BP. The nearest calibrated radio-
carbon age error at Lake Muzi is +130 years 2o (Humphries et al.,
2019) and the nearest calibrated radiocarbon age error at Mkhuze
Delta is +87 years (contributing 76.9% of the 2c probability range)
(Humphries et al., 2020).

5.4. Age uncertainty, timing, and coherence with the 4.2 ka event

A hydroclimate event at the Mid- to Late-Holocene transition
appears to have some local significance in the SEAfM domain with
peak anomalies of several records within the age uncertainty of the
4.2 ka event (4.26—3.97 kyr BP). Peak dry conditions occur between
4.5 and 4.1 kyr BP at Lake Masoko (~+250 years 2c), 4.4—4.0 kyr BP
at Lake Malawi (~+130 years 20), 4.2—4.0 kyr BP at Anjohibe
(nearest U—Th age error +30 years 2c), 4.3—3.9 kyr BP at Anjo-
hikely (age model error +60 years 2c, nearest U—Th age error +34
years 20), and 4.5—4.1 kyr BP at Tatos Basin (~+70 years 2c). Peak
wet conditions occur at 4.2—3.8 kyr BP at Lake Muzi (~+130 years
20) and 4.2—3.9 kyr BP (~+87 years 2c) at Mkuze Delta. Records
with smaller age uncertainty show onsets closer to the 4.26 kyr BP
onset of the 4.2 ka event. However, the signal appears geographi-
cally limited, with little or no signal seen at Burundi, Kilimanjaro
and Lake Challa in the north and Rodrigues in the east. The Cold Air
Cave records from South Africa are inconclusive.

Many of the regional paleoclimate records summarised above
have relatively low and/or variable resolution, have considerable
age uncertainty, and are without published age model un-
certainties/envelopes. Therefore, while peak anomalies of the Mid-
to Late-Holocene transition in the SEAfM region appear to overlap
within age uncertainty of the 4.2 ka event, the age uncertainties
prevent a causal relationship being automatically inferred. An age-
model-uncertainty-resolved-test of synchronicity is beyond the
scope of these records and this paper. In a companion paper in this
issue Scroxton et al. (2022) synthesise other high resolution, pre-
cisely dated records with publicly archived interpolated age un-
certainty data from the wider circum-Indian Ocean basin region
and use age uncertainty resolved principal component analysis to
assess the coherency of change. In this SEAfM focused study we
proceed with the stated ages in the original publications which,
given the close to Gaussian nature of age uncertainty, remain the
most likely ages.

In particular, we note that the hydroclimate anomalies
frequently begin around 4.5 kyr BP, or earlier, and that change is
often gradual. In Anjohikely and Anjohibe gradual drying begins
around 4.5 kyr BP with more abrupt drying at 4.3 kyr BP (section
5.1). This result occurs elsewhere in the SEAfM region. Drying be-
gins around 4.6 kyr BP at Lake Masoko, Lake Malawi, and the Tatos
Basin. Wet conditions begin around 4.6 kyr BP at the Mkhuze Delta.
This is consistently earlier and more gradual than the abrupt 4.26
kyr BP onset of the 4.2 ka event in the Mediterranean and Middle
East. Further, a 4.6 kyr BP hydrological change may have a stronger
regional coherence, with the Lake Challa and Kilimanjaro records
also potentially showing change at this time. Therefore, the
observed climate anomalies at the Mid-to Late-Holocene transition
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Fig. 6. Regional hydroclimate changes in southeast Africa between 5 and 3 kyr BP. For each record proxy z-score is calculated between 2.5 and 5.5 kyr BP to reduce the influence of
orbital scale changes. Circles indicate datapoints. Lines without circles are at higher resolution so circles have been omitted for clarity. Error bars show radiocarbon or U-Th dates
for each record and errors. Blue bars indicate the duration of the 4.2 ka event. Records are plotted so that wet conditions are consistently up.

in the SEAfM domain may not be forced by the 4.2 ka event, and
instead be part of a lower frequency regional change. If present, the
4.2 ka event appears to act on top of this regional climate variability,
in the same direction, and may have a more localised impact.

5.5. Spatial pattern of a Mid- to Late-holocene regional
hydroclimate anomaly

The spatial pattern of peak hydroclimate anomalies at the Mid-
to Late-Holocene transition (not necessarily related to the 4.2 ka
event) approximates the spatial pattern of hydroclimate anomalies
during weak MCT years (Fig. 7a). Some local mismatches occur at
Cold Air Cave, and possibly Rodrigues, Lake Muzi and Mkhuze
Delta. In the modern climate, weak MCT years (1981, 1990, 2006,

10

2017) result in dry conditions in northern Mozambique,
Madagascar and Mauritius, wet conditions over South Africa,
weakly dry conditions over Malawi and weakly wet conditions over
Burundi and Tanzania (Barimalala et al., 2020; Xie and Arkin, 1997).
This suggests that the Mid- to Late-Holocene transition may be
locally expressed as a period of more frequent weak MCT events.
Further comparison with ERA-Interim reanalysis of the 850 hPa
specific humidity (Fig. 7b) shows a similar pattern, indicating the
rainfall anomalies are associated with decreased moisture conver-
gence over the northern Mozambique channel (Barimalala et al.,
2020; Dee et al., 2011). Modern SST anomalies suggest decreased
rainfall is associated with higher subtropical SSTs southeast of
Madagascar, and cooler tropical SSTs northeast of Madagascar
(Barimalala et al., 2020). Paleo-SSTs in the Mozambique Channel
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years: 1981, 1990, 2006, 2017. Figures based on (Barimalala et al., 2020).

show a slight but non-significant cooling (Weldeab et al., 2014).
We suggest the regional hydroclimate anomaly at the Mid- to
Late-Holocene transition is associated with a period of more
frequent weak MCT events, where reduced cyclonic conditions,
atmospheric convergence and recurving of moisture-bearing winds

1
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over the Mozambique Channel and onto Madagascar leads to
reduced rainfall in the MSM. Weak MCT years are associated with a
northerly location of the summer ITCZ relative to its climatological
mean in the west Indian Ocean (Barimalala et al., 2020). Therefore,
we hypothesise that the austral summer ITCZ over the western
Indian Ocean was further north during the Mid- to Late-Holocene
transition.

5.6. Comparison with the 8.2 ka event

The 4.2 ka event is often considered a smaller version of the 8.2
ka event (Bond, 1997). The 8.2 ka event is an abrupt North Atlantic
cooling episode likely caused by the release of meltwater from
glacial lakes Agassiz and Ojibway into the North Atlantic and sub-
sequent reduction in North Atlantic Deepwater formation (Alley
et al., 1997; Alley and Agﬁstsdéttir, 2005; Barber et al., 1999;
Brouard et al, 2021). The resulting climate anomaly is seen
throughout the globe (Morrill et al., 2013; Parker and Harrison,
2022). Drying is reported in equatorial eastern Africa at Kili-
manjaro (Thompson et al., 2002) and offshore of the Tanzanian
coast (Liu et al., 2017). In the SEAfM region wet anomalies are
observed in the Burundi pollen precipitation estimate (Bonnefille
and Chalie, 2000), Lake Challa leaf wax 3D (Tierney et al., 2011),
Lake Chilwa (Thomas et al., 2009), Anjohibe (Duan et al., 2021;
Voarintsoa et al., 2019), Cold Air Cave (Holmgren et al., 2003) and
the Mafadi Wetlands in Lesotho (Fitchett et al., 2017). There does
not appear to be major hydroclimate anomalies at Lake Masoko
(Garcin et al., 2006) or Lake Malawi (Castaneda et al., 2007; Johnson
et al,, 2002). This pattern indicates a more regionally coherent
wetting, consistent with an enhanced SEAfM and southerly excur-
sion of the austral summer tropical rainbelt (Voarintsoa et al.,
2019). This result is in contrast to peak hydroclimate anomalies at
the Mid- to Late-Holocene where drying is observed at Anjohikely,
Anjohibe, Lake Malawi and Lake Masoko, wetting at Lake Muzi and
the Mzhuze Delta, and more muted responses elsewhere (Fig. 7).
This casts doubt as to whether 1) hydroclimate anomalies at the
Mid- to Late-Holocene boundary in the region are an expression of
the 4.2 ka event and/or 2) that the 4.2 ka event likely had a very
different climate mechanism, especially given the absence of a
North Atlantic freshwater anomaly (Bradley and Bakke, 2019).

5.7. The 4 kyr tropical climate shift in the MSM

Finally, it is worth noting that there is an isotopic offset between
the latest Middle Holocene and the start of the Late Holocene in
both AK1 and ANJ94-5. If this isotopic shift is climatic, and not
related to non-climatic changes in drip hydrology at the hiatuses,
then the change is likely evidence of an expression of the 4 kyr
tropical climate shift i (Denniston et al., 2013; Gagan et al., 2004;
Giosan et al., 2018; Li et al.,, 2018; MacDonald, 2011; Toth and
Aronson, 2019; Scroxton et al., 2022) in the MSM. The 4 kyr trop-
ical climate shift can be distinguished from the 4.2 ka event here by
anomaly shape (the 4.2 ka event is transient between 4.26 and 3.97
kyr BP, while the 4 kyr tropical climate shift is longer lasting
(Scroxton et al., 2022)) but continually growing stalagmites are
required to test the timing of the 4 kyr climate shift in the MSM and
synchronicity with wider Indian Ocean basin hydroclimate.

6. Conclusions

Stalagmites from Anjohibe (Wang et al., 2019) and Anjohikely
(this study) show replicated Type L bounding surface hiatuses, with
abrupt drying beginning near 4.3 kyr BP, indicating likely dry
conditions in northwest Madagascar at the Mid- to Late-Holocene
transition. The response on Madagascar is opposite to the local
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response to the 8.2 ka event (Voarintsoa et al., 2019) suggesting a
fundamentally different climate mechanism and lending weight to
the idea that the 4.2 ka event was not forced by a North Atlantic
freshwater pulse.

Regionally, coincident dry conditions at Lake Masoko and Lake
Malawi provides evidence for a significant hydroclimate anomaly at
the Mid- to Late-Holocene transition. The spatial pattern of peak
hydroclimate anomalies matches the conditions seen in years with
a weak Mozambique Channel Trough (MCT), suggesting the
hydroclimate event may have been a time with more frequent weak
MCT occurrences. Weak MCT years are associated with a northerly
position of the summer west Indian Ocean ITCZ. However, many
regional hydroclimate anomalies fail to provide evidence of an
abrupt 4.2 ka event. Hydroclimate changes at the Mid- to Late-
Holocene transition are typically gradual and consistently begin
earlier than the abrupt 4.2 ka event, casting doubt as to whether the
4.2 ka event could be the cause of regional hydroclimate anomalies
at this time. Assuming 4.2 ka event causality of the regional
hydroclimate anomaly pattern would be an overinterpretation of
existing data.

To improve our understanding of abrupt climate change under
near modern boundary conditions, there is a need to pursue greater
understanding of the mechanistic processes behind the 4.2 ka
event. Given the difficulty of modelling an event that may not even
have a direct forcing mechanism, this may be best achieved
through investigating spatial patterns of climate anomalies in
paleoclimate records. Enhanced regional syntheses that incorpo-
rate age uncertainty are required (Scroxton et al., 2022). Such
syntheses are dependent on continued production of high-
resolution, precisely dated, records capable of distinguishing the
abrupt 4.26 to 3.97 kyr BP climate anomaly of the 4.2 ka event from
other temporally proximate climatic changes such as at 4.0 kyr BP.
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