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Abstract Speleothem oxygen isotope records offer unique insights into Asian Monsoon evolution, with
their precise chronologies used to identify abrupt climatic events. However, individual records are sometimes
used to draw broad conclusions about global climate, without considering the dynamical context in which they
exist. We present a robust framework for assessing the regional significance, and hence the potential global
significance, of paleoclimate events, using the proposed Meghalayan age onset (associated with the “4.2 ka
event”) as a case study. Analyzing 14 well‐dated speleothem oxygen isotope records from the SISAL v3
database and recent literature, we investigate the regional coherency of rapid shifts in Asian paleohydrology,
which is the regional center of action for the proposed event, over the Holocene. Three robust methods fail to
detect spatially coherent variability consistent with a 4.2 ka event across Asia, either because none exists or
because it is of insufficient magnitude. In contrast, the 8.2 ka event is expressed in most records that resolve it.
The absence of a clear isotopic excursion across this data set suggests that the “4.2 ka megadrought” was not
global, with important implications for archeology and geochronology. This casts doubt on the proposal that the
4.2 ka event marks the onset of a new geologic age. We do, however, observe support for a gradual isotopic
enrichment between 3.9 and 3.6 ka, followed by partial recovery—consistent with the “Double Drying”
hypothesis and possibly related to changes in El Niño‐Southern Oscillation variability.

Plain Language Summary Cave formations, known as speleothems, preserve valuable records of
past climate. We analyzed 14 of these records to examine a proposed global drought that occurred about
4,200 years ago, centered in South Asia. This event, called the “4.2 ka event,” is thought to have contributed to
the fall of several ancient civilizations and currently marks the beginning of our most recent geologic age.
However, our study found little evidence of a widespread drought across Asia during this time. We developed a
robust framework to assess the regional/global importance of past climate events, addressing concerns about
using limited data to draw broad conclusions. While we didn't find strong support for the 4.2 ka event, we
observed clear signs of an earlier, globally significant climate shift around 8,200 years ago. Interestingly, we
discovered a consistent pattern of gradual drying over thousands of years, with a more pronounced dry period
between 3,900 and 3,600 years ago. This drying, possibly linked to changes in Pacific Ocean surface
temperature patterns, affected areas influenced by both the Indian and East Asian monsoons. Our findings
challenge the global significance of the 4.2 ka event and highlight the importance of querying multiple records
when studying past climate changes.

1. Introduction
Speleothem records are now a mainstay of paleohydrology, often displaying high temporal precision thanks to U‐
Th dating techniques (Cheng et al., 2013; Shen et al., 2012, 2013), and supporting many high‐resolution data
streams (McDermott, 2004). Most of these records come in the form of stalagmites, which are columnar spe-
leothems that form on cave floors. While oxygen isotope records (δ18O) from speleothems have varied in-
terpretations depending on the geochemical controls on source water, surface hydrology, and calcification
processes (Lachniet, 2009), Asian speleothem δ18O series have been widely interpreted as records of Asian
monsoon intensity over orbital scales (Cheng et al., 2016; Y. Wang et al., 2001). Exemplar speleothemδ18O
records can cover several of Earth's orbital cycles (which range from∼20 to 400 thousand years (Adhémar, 1842))
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and display coherent variability in phase with local insolation, particularly at precessional periods, circa 19 and 23
kyrs (Battisti et al., 2014; Cheng et al., 2016; P. Wang et al., 2005; Y. Wang et al., 2008). While the monsoon
interpretation is robust—though complex (J. Hu et al., 2019)—at orbital scales, it may not hold at shorter
timescales of centuries to millennia (Y. Li et al., 2014; Wan et al., 2011).

This is of critical importance, as speleothem records are increasingly used in archeology (Westaway et al., 2007),
geology (Bard et al., 2002), and geochronology (Berkelhammer et al., 2013), with the latter the subject of a recent
controversy (Voosen, 2018). In 2018, the International Commission on Stratigraphy (ICS) formally ratified a
proposal to subdivide the Holocene Epoch (Walker et al., 2018) into three shorter segments, the most recent of
which (the Meghalayan age) is named after a stalagmite record (KM‐A) from Mawmluh cave (Berkelhammer
et al., 2013) in the Indian state of Meghalaya. This definition is based on an abrupt shift in δ18O observed circa 4.2
ka before present (BP) in that record, and interpreted as representative of the Indian monsoon as a whole
(Berkelhammer et al., 2013). This isotopic excursion now serves as the Global Stratotype Section and Point
(GSSP) of the Meghalayan age (4200 yr BP to present), which, as the name implies, signals a change of global
significance. Should its interpretation change, or should a 4.2 ka anomaly fail to be widely expressed in spe-
leothem records from the region, it would have important implications for this chronological delineation—and for
the wider use of speleothem records on sub‐orbital timescales.

Indeed, there exist several abrupt hydroclimate excursions between 4.2 and 3.9 ka, documented in diverse proxy
archives across the Middle East (Arz et al., 2006; Cullen et al., 2000; Stanley et al., 2003), the Mediterranean
(Drysdale et al., 2006; Psomiadis et al., 2018), South and East Asia (Berkelhammer et al., 2013; Liu &
Feng, 2012; Staubwasser et al., 2003), East Africa (Thompson et al., 2002), and North America (Fisher
et al., 2008; Menounos et al., 2008). This string of events in paleoclimate records has led the “4.2 ka event” to be
characterized as a global megadrought (Weiss, 2016). In addition to geochemical evidence, archeological work
shows that this time period coincides with the collapse of several civilizations across Eurasia and North Africa,
including the Akkadian Empire in Mesopotamia (which collapsed ca 4170 ± 150 BP) (Cullen et al., 2000; Weiss
et al., 1993), the Old Kingdom of Egypt (whose disintegration started around 4200 BP) (Butzer, 2012; Stanley
et al., 2003), the Harappan civilization in the Indus Valley (declining by 3900 BP) (Staubwasser et al., 2003), and
the Longshan culture and other Neolithic cultures in China (which collapsed around 4200–3900 BP) (G. Jin &
Liu, 2002; Liu & Feng, 2012; Wu & Liu, 2004; H. Zhang, Cheng, et al., 2021).

However, a wider examination of additional proxy records appears to contradict the notion of a global mega-
drought circa 4.2 ka, as many proxy records, such as speleothem oxygen isotopes, peatland multi‐proxy re-
constructions, marine isotopic records, and others, show wet or unremarkable hydroclimate anomalies at that time
(Constantin et al., 2007; H. Li et al., 2018; Railsback et al., 2018; Roland et al., 2014; Scroxton et al., 2023b).
Furthermore, where a dry event is present, its timing remains uncertain in many records (Kathayat et al., 2018;
Railsback et al., 2018; Staubwasser & Weiss, 2006).

Many of these studies were focused on presenting and interpreting new data from a given field campaign.
However, due to the noisy nature of paleoclimate data, data synthesis offers advantages over individuated analysis
when constraining the spatial extent of a proposed climate phenomenon (Jonkers et al., 2021). There are two main
poles that define the spectrum of data synthesis study structure. The first approach prioritizes high data volumes,
collating as much data as possible before carrying out quantitative analysis. This structure produces very robust
results, but makes detailed high‐resolution analysis difficult. The second is a high‐resolution, low‐volume
approach. Such studies perform more detailed analysis on a smaller subset of hand‐picked records, sacrificing
a degree of robustness for the ability to draw more detailed conclusions.

Within the context of the 4.2 ka event, both the high‐volume (McKay et al., 2024; Parker & Harrison, 2022) and
the high‐resolution (Scroxton et al., 2023b) approaches to data synthesis have suggested that the 4.2 ka event was
not globally significant. However, Scroxton et al. (2023b) presented evidence for a “Double Drying Hypothesis,”
which suggests that there are three patterns of drying present in regions governed by the Indian monsoon during
the mid‐Holocene. Pattern 1 is a secular drying trend that is present for the duration of the Holocene, and is
associated with changing insolation. Pattern 2 is a brief period of enhanced drying from roughly 3.9 to 3.5 ka that
appears in records from around the Indian Ocean basin. Pattern 3 expresses a 4.2 ka event, that is, a period of
extreme aridity that appears in select paleo‐proxies from the same region during the interval from roughly 4.2 to 4
ka. Type examples of each of these patterns can be found in Figure 2 of Scroxton et al. (2023b).
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To further ascertain the spatio‐temporal footprint of the 4.2 ka event, this work assesses its expression in Asia
using the most up‐to‐date data sets and three independent detection methods. We assemble a network of 14 high‐
resolution, precisely‐dated speleothem oxygen isotope records from Asia, on which we systematically apply a
suite of robust statistical analyses including interval statistics, Laplacian Eigenmaps for Recurrence Matrices
(LERM), and Monte‐Carlo Principal Component Analysis (MC‐PCA), each of which take age uncertainty
explicitly into account. Our results reveal no evidence for a widespread 4.2 ka event in Asian speleothems,
challenging the notion of a global megadrought. Instead, we find strong support for two of the three patterns
proposed by the Double Drying hypothesis: a gradual enrichment of δ18O values over the Holocene, and a more
pronounced enrichment episode from 3.9 to 3.5 ka. We do not propose that the 4.2 ka event occurred during 3.9–
3.5 ka rather than its canonical 4.2–4 ka interval. Instead, we find evidence that there was a separate period of
enrichment during the 3.9–3.5 ka interval. Given the growing literature on drying at 3.9 kyr BP (Giesche
et al., 2018; Giosan et al., 2018; Leipe et al., 2014; Scroxton et al., 2023b), and the increased temporal and dating
resolution of paleoclimate records, it is now highly likely that these are two different climate excursions with
different drivers. We note that these kinds of enrichment episodes are often interpreted as reflecting regional
drying (Fairchild & McMillan, 2007) (the “amount effect”). While this interpretation is well supported over
oceanic islands like Borneo (Moerman et al., 2013), it may break down over large continental masses like Asia,
where other competing effects may prevail (J. Hu et al., 2019). In the following, we thus refrain from translating
δ18O values to local precipitation. However, in certain cases (e.g., when placing our findings within the context of
Scroxton et al. (2023b)), we borrow the amount effect interpretation and use “drying” as a shorthand for isotopic
enrichment.

The remainder of this paper is structured as follows. In Section 2, we describe the data sets and methodologies
employed in our analysis. Section 3 presents the key findings that emerge from this analysis. Then, Section 4
discusses these results in a broader paleoclimatic context, and reflects on their implications for our understanding
of the 4.2 ka event and Holocene hydroclimate variability more generally.

2. Data and Methods
2.1. Evidentiary Standard

While many articles have discussed paleoclimate events, few have explicitly stated their criteria for defining such
events. At a minimum, we claim that a spatially coherent paleoclimate event should stand out as a clear, well‐
dated excursion in a geographically wide network of paleoclimate proxies of appropriate resolution. If the
event is claimed to be globally significant, it should appear in a large majority of records. If the event is regionally
significant, it should also stand out in a collection of suitable records, though covering a smaller area of the globe.
For instance, if an event is claimed to be representative of the Indian Summer Monsoon (ISM), it should be
detectable in most areas presently affected by the ISM. Global significance implies regional significance: if an
event is not regionally significant, it cannot be globally significant. However, some allowance should be made for
non detection as proxy sensitivity and seasonal biases may obscure otherwise impactful climate signals.

A distinction should be made here between global significance and global impact. Most climate events are likely
to have a well‐defined signal around some geographic center of origin, with the amplitude of the signal decaying
with distance from that center. Additionally, there will be some teleconnections that propagate the signal with
minimal loss of amplitude. This means that an event which stands out in one region may be comparable to
centennial‐scale variability in another, and an undetectable part of noise in others. Identification of a climate event
in a particular area is important to characterize the spatial extent of that climate event, regardless of whether it is
significantly different from centennial‐scale variability. For instance, while both the 8.2 and 4.2 ka events are
present in speleothems from Madagascar, they do not stand out against the backdrop of natural variability
(Dawson et al., 2024; Scroxton et al., 2023a; Williams et al., 2023). That is, while they had an “impact,” they are
not “significant.” This suggests that, while these events did not have a strong influence on the climate in
Madagascar, the climate system is set up in such a way as to propagate their influence to the region. In this study,
we are primarily concerned with evaluating the global significance, rather than the global impact, of the 4.2 ka
event. To do so, we explore the regional impact of the event near its proposed epicenter. We focus on regional
impact as we expect an event that is globally significant to, at minimum, be regionally impactful. If we do not
observe an impactful event within the region that contains the event's proposed epicenter, then claims of global
significance should be viewed with skepticism.
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The first step in testing both the spatial impact and/or significance of an event must then be to assemble a network
of qualified proxy records into a testing data set. To address our motivating question, we require records that meet
the following criteria:

Sufficient length: Each record should provide appropriate context for the event. The event should not lie at the
edge of the record, and the record should be long enough to contextualize the event within the broader climate
history of the region. Here we use a padding requirement of 700 years, roughly three times the length of the event,
and a minimum length requirement of 3000 years in total. Allowances were made here for the record from
Guizhouxinv, as it has high resolution and nearly meets these requirements, and Mawmluh, as it is the canonical
example of the 4.2 ka event.

Sufficient resolution: The choice of appropriate minimum resolution is a subjective one. Here we use a minimum
resolution of 15 years, roughly 10 percent of the purported length of the event. This resolution gives us a good
chance of detecting the event without restricting record availability too severely.

Chronological control: Records should have age uncertainties around the event that are substantially smaller
than the event's proposed duration. These uncertainties can be estimated from the reported standard deviations of
the chronological constraints (e.g., U‐Th dates) near the event. For this study, we preferentially selected records
with at least two age control points within 100 years of the 4.2 ka interval, and with age uncertainties less than
50% of the event duration. However, we prioritized inclusivity and relaxed this criterion in some instances, such
as for the Liuli Cave record (Zhao et al., 2021), to incorporate a broader range of data. Furthermore, we require a
method for propagating age uncertainties; we do so with age model ensembles.

2.2. Data Sets

Here, we present our speleothem δ18O database (Table 1). We searched the SISAL v3 database (Kaushal
et al., 2024) and the literature, from which we extract 14 stalagmite δ18O records from Asia that meet our re-
quirements (Figure 1). For further information on the dynamical context in this region over the mid‐Holocene,
such as seasonal wind directions, we refer readers to more comprehensive work on the subject (Huo et al., 2021).
To remove the effect of insolation (Cheng et al., 2016; Kathayat et al., 2016; Y. Wang et al., 2008) (Figure S2 in
Supporting Information S1), all records are detrended using a Savitzky‐Golay filter implemented in Pyleoclim
(Khider et al., 2022). This allows us to focus on suborbital (centennial‐millennial) variability. The detrended δ18O

Table 1
Asian Speleothem Records Used in This Study

Cave site Stalagmite name Lat. Lon. Time range (y BP) Chron control (y) Resolution (y) Reference

Heshang HS4 30.45 110.42 9458, 82 59, 158 3 C. Hu et al. (2008)

Jiuxian C996‐1 33.57 109.1 7841, − 4 230, 1880 5 Cai et al. (2010)

Lianhua LH‐2 29.48 109.53 12431, 51 17,219 10 H.‐L. Zhang et al. (2013)

Mawmluh KM‐A 25.26 91.82 12107, 3654 32, 480 6 Berkelhammer et al. (2013)

Xianglong XL26 33.00 106.33 6657, 2008 20, 31 9 Tan et al. (2018)

Dongge DA 25.28 108.08 8902, − 20 63, 128 4 Y. Wang et al. (2005)

Sahiya SAH‐2 30.6 77.87 5648, 2607 79.5, 155 1 Kathayat et al. (2017)

Hoq Hq‐1 12.59 54.35 9249, − 46 30, 90 14 Van Rampelbergh et al. (2013)

Jiulong JL1 27.8 113.9 7271, 102 224, 1030 12 H. Zhang, Cheng, et al. (2021)

Liuli LL2 41.02 125.82 6683, − 55 123, 523 10 Zhao et al. (2021)

Guizhouxinv GZXND21‐1 27.1 105.1 5866, 3665 18, 28 1 Y. Li et al. (2023)

Tangga TA12‐2 − 0.36 100.76 16571, 159 97, 304 14 Wurtzel et al. (2018)

La Vierge LAVI‐4 − 19.8 63.4 6014, 2999 79, 198 3 H. Li et al. (2018)

Oman Q5 17.17 54.3 10874, 402 28, 132 5 Tian et al. (2023)

Note. “Chron control” describes the median and maximum 2σ uncertainties associated with the radiometric tie points used to generate the record's age ensemble.
Resolution refers to the median spacing between consecutive observations between 10,000 and 0 Years BP. BP means “before 1950 AD.” All time units here are
given in years.
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age ensembles are shown in the left panel of Figure 2. Table 1 contains information on the cave site, stalagmite
name, location, time range, resolution, and original publication.

2.3. Age Modeling

Age uncertainties must be considered in the investigation of sub‐orbital scale variability, particularly when
identifying abrupt shifts. Even though the most precise speleothem chronologies can be as accurate as a few years,
the age uncertainties of most Holocene Asian speleothem records are in the tens of years. An uncertainty of
50 years can offset two δ18O time series by 100 years, thereby influencing our judgment of how abrupt or
synchronous climate conditions were. To account for this, plausible chronologies with 1,000 members each were
constructed via the BChron (Parnell et al., 2008) R package, which has been shown suitable for speleothem
records (J. Hu et al., 2017; Parnell et al., 2011). Depths, corrected ages, age uncertainties, and measured δ18O of
samples from each speleothem records in Table 1 were extracted from the associated publication and converted to
the Linked Paleo Data (LiPD) (McKay & Emile‐Geay, 2016) format. These variables are the input for the Bchron
R package. The age‐depth models so constructed are displayed in Figure S1 in Supporting Information S1. This
process ensures that all age uncertainty is robustly represented in our results. The way this uncertainty is presented
depends on the analytical technique being used. In cases where our analysis produces a time series, we use en-
velope plots. In the case of the interval statistics technique, we use a mixture of histograms and kernel density
estimates. That is, the entirety of the analysis explicitly quantifies age uncertainties, so that all of our results are
robust against potential chronological artifacts. In the Supplementary Material, we also supplement many of our
analytical pipelines with additional age models independently generated by the COPRA (Breitenbach et al., 2012)
and Bacon (Blaauw & Christen, 2011) age model techniques, and show that our results are robust against the
choice of age modeling method. In short, age inaccuracies/uncertainty alone cannot explain our results, as we
have explicitly and robustly accounted for it at all stages of our analysis.

2.4. Synthetic Data

To examine what a well expressed climate event might look like in a collection of speleothem‐like series, we
created a synthetic version of our data set with an artificial 4.2 ka event. This allows us to manipulate various

Figure 1. Holocene portion of the 14 Asian speleothem δ18O records analyzed in this study, on their published age models. The gray band marks the approximate
location of the 4.2 ka BP event.
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aspects of the analysis protocol in a controlled way, and test the ability of our detection methods (Section 2) to
retrieve information about a known event. To create these synthetic records, we generated surrogates of our
original time series using an autoregressive process of order 1 (AR(1)). The AR(1) process is a simple stochastic
model to simulate processes with short‐term memory, where the value at each time point depends on the previous
value and a random noise term (Box & Jenkins, 1976), and is conditionally independent of all previous values. For
unevenly spaced data, this model can be expressed as follows (Robinson, 1977):

X(ti) = ρiX(ti− 1) + ε(ti), (1)

ρi = exp(−
Δti
τ̃
) (2)

where X(ti) is the value of the time series at time ti, ρi is the AR(1) coefficient for the time interval
Δti = ti − ti − 1, τ̃ is the characteristic time scale of the AR(1) process, and ε(ti) is a white noise process with zero
mean and constant variance σ2.

Figure 2. Left panel: Detrended δ18O time series from the 14 sites considered in this study (Figure 1, Table 1), with age ensembles. Error bars above each series
represent 230Th ages and 2σ intervals. The gray interval denotes 4100–3900 years BP. The blue interval denotes 8200–8000 years BP. Right panel: A synthetic data set
with a 4.2 ka event of fixed amplitude and characteristics mimicking the real observations (Section 2.4).
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To generate the surrogates, we first estimated the AR(1) persistence parameter, τ̃, for the median age ensemble
member using the TAUEST algorithm (Mudelsee, 2002) implemented in the Pyleoclim package (Khider
et al., 2022). TAUEST uses the method of moments to estimate the persistence of unevenly sampled time series.
We then used Equation 1 to generate a surrogate time series with the same temporal resolution as the median
ensemble member.

To simulate a 4.2 ka‐like event as it appears in the Mawmluh record, we added an asymmetrical spike to each our
surrogate time series, with a start time of 4100 years BP and an end time of 3900 years BP. In order to mimic the
magnitude of the event in the Mawmluh record, the signal‐to‐noise ratio (SNR), defined as the amplitude of the
spike divided by the standard deviation of the respective ensemble member, was set to 2.0. Other plausible SNR
ratios are shown in Figure S4 in Supporting Information S1. We then replaced the real ensemble values with those
from the surrogate time series to create surrogate ensembles with realistic age uncertainty. A schematic illus-
trating this process is shown in Figure S3 in Supporting Information S1, and the resulting stack is shown in
Figure 2 (right panel). Further discussion of this stack and its implications can be found in Section 3.1.

2.5. Detection Methods

Themethods used for evaluating the presence of an event should be chosen such that asmany plausible expressions
of the event as possible are considered in a statistically robust way. It is well known that purely random, stationary
processes can exhibit event‐like characteristics (Wunsch, 1999). Changes in variance can appear visually signif-
icant even when generated by stationary noise processes (e.g., red noise), which is often a good analog for pale-
oclimate time series (Meyers, 2012). It is therefore unwise to rely primarily on the eye for a task such as detecting
events with paleoclimate data. Appropriate techniques will vary depending on the question/event. In this study, we
use interval statistics, LERM, and MC‐PCA. These methods are described in more detail below.

2.5.1. Interval Statistics

Interval statistics provide a simple, noise‐resistant approach that helps to place a particular excursion within the
context of the rest of the record. This technique can zero‐in on a pre‐selected interval, but cannot identify them a
priori. The method involves segmenting each timeseries into k intervals of equal length (corresponding say, to the
reported length of an event) and comparing the median value of the target interval (“event”) to those of the other
k − 1 intervals. This comparison can be done using traditional histograms or kernel density estimation (KDE), a
non‐parametric estimate of the underlying probability density function (Emile‐Geay, 2023). The analysis can be
performed using either the values from the time series itself or the differences between consecutive time steps (in
which case it targets the magnitude of transitions). The median value for the target interval is then highlighted or
shaded on the histogram or KDE plot of the rest of the median interval values, providing a visual representation of
how the event compares to the rest of the record.

2.5.2. Laplacian Eigenmaps for Recurrence Matrices

Laplacian Eigenmaps for Recurrence Matrices (LERM) is a non‐linear time series analysis technique that tracks
changes in the underlying dynamics of the time series. It assumes an underlying coherent dynamical system and
benefits from evenly spaced data. The method involves four main steps: (a) phase space reconstruction of the time
series via time‐delay embedding, (b) generation of a recurrence matrix from the embedded data, (c) calculation of
the graph Laplacian and its eigenvectors (eigenmaps) from the recurrence matrix, and (d) computation of a Fisher
information statistic from the eigenmaps to track changes in system dynamics over time. Significant changes in
the Fisher information statistic are interpreted as indicative of transitions between dynamical regimes. By
leveraging the attractor reconstruction capabilities of time‐delay embedding (Takens, 1981) and the ability of
recurrence plots to capture system dynamics (Webber & Zbilut, 2005), LERM provides a holistic approach to
detecting gradual and abrupt transitions in paleoclimate records and other time series data. Further details can be
found in James et al. (2024) and Malik (2020).

2.5.3. Monte Carlo Principal Component Analysis

Monte Carlo Principal Component Analysis (MC‐PCA) is a data reduction technique that helps to distill the main
modes of variability present in a set of records, assuming that all the records being evaluated express climate in a
similar way. The method is designed to handle time series data with age uncertainties represented by age
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ensembles (Anchukaitis & Tierney, 2013; Deininger et al., 2017; Scroxton et al., 2023b). Instead of using a single
age model per time series, MC‐PCA operates on collections of age ensembles, where each ensemble contains
multiple plausible age realizations of a time series. The Monte Carlo aspect involves randomly sampling age
realizations from each ensemble and applying standard PCA to this set of sampled time series realizations. This
random sampling and PCA calculation is repeated many times using different combinations of age realizations
drawn from the ensembles. The resulting distributions of principal components and eigenvalues provide a robust
estimate of the dominant modes of variability while fully accounting for age uncertainty in the time series data. By
enabling the extraction of common signals from time series data with unavoidable age model errors, MC‐PCA
proves valuable for paleoclimate reconstructions and other scenarios involving dating uncertainties. The
method was implemented using the Pyleoclim package (Khider et al., 2022).

Other methods, such as change point detection techniques (Ruggieri, 2013), were also considered but ultimately
excluded. These methods have become increasingly popular in paleoclimatology (McKay et al., 2024; Parker &
Harrison, 2022), and are especially useful when handling a large number of records. However, when the database
of records can be comfortably plotted in a single stack, such techniques are often unnecessary.

3. Results
3.1. The 4.2 ka Event is Minimally Expressed in the Stack

Within our network of speleothem δ18O records there is little evidence of a widespread isotopic enrichment during
the 4.2 ka interval. Figure 1 shows the records to exhibit both positive and negative excursions around 4.2 ka, but
few of these anomalies emerge as distinctive transitions in the context of the last ∼10,000 years. In the left panel
of Figure 2 we show the detrended age ensembles for each of these records, with associated tie points and tie point
uncertainties. Three of the 14 records presented here (Mawmluh, Jiulong, and Guizhouxinv) show visual indi-
cation of a enrichment episode around this time. It is also worth noting that records from Shennong (H. Zhang,
Zhang, et al., 2021), Anjohibe (L. Wang et al., 2019), and Anjohikely (Scroxton et al., 2023a) experience hiatuses
around 4.2 ka. These records were not included in our analysis due to resolution constraints, but do offer support
for the existence of a period of strong aridity during the 4.2 ka interval, as low growth rates in speleothems can be
interpreted as a moisture signal (Fairchild & McMillan, 2007). The combination of these hiatuses with the
appearance of the 4.2 ka event in a minority of the records we examine here suggests the possible presence of a
relevant regional climate event. However, were the 4.2 ka an event of global significance (as necessary to define a
GSSP), we would expect to observe a robust signal in a much larger proportion of high‐resolution continuous
speleothems, especially in a network of records located close to the strongest signal of the event.

Another way to approach this detection problem is to probe how a coherent event would manifest in a network of
synthetic speleothems with properties that mimic the observed one. One such scenario is presented in the right
panel of Figure 2, showing an artificial 200y event centered at 4.2 ka (see Section 2.4 for details). While it is
unlikely that any event would express itself as coherently as the 4.2 ka event does in this synthetic version of our
data set, this example provides a target for what we might expect to see in, at minimum, a few of these records if
the 4.2 ka event was as widespread and severe as has been suggested. In order to better constrain what this event
might look like under different SNR scenarios, we constructed several versions of our stack using events with
different amplitudes (Figure S4 in Supporting Information S1). An SNR of 2 or 3 appears to be most consistent
with the amplitude of the event in theMawmluh record. In extremely low SNR scenarios (SNR= 0.5), the event is
largely undetectable. However, even in the SNR = 1 scenario, in which the maximum expression of the event is
notably more subtle than in KM‐A, the presence of an isotopic excursion during the event interval is more
consistently expressed than in the actual data set. This suggests that, even assuming low SNR conditions in other
caves, we would expect the 4.2 ka event to be at least minimally expressed in more records from our data set than
is currently observed if it were regionally significant.

3.2. Interval Statistics Over the 4.2 ka Event Interval

Amore quantitative approach to assessing this event is to ask whether any record exhibits a 4.2 ka shift as large and
sudden as the one documented in theMawmluh KM‐A record. To quantify how extreme Asian speleothem δ18O is
around 4.2 ka, we apply interval statistics as described in Section 2.5.1. Figure 3 shows the probability distribution
of the detrended δ18O values over 200‐year intervals based on 1,000 plausible agemodels, highlighting δ18O values
around 4.2 ka (4.1–3.9 ka, vertical gray bars). In the Mawmluh KM‐A record, the δ18O values around 4.2 ka stand
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out in the context of the Holocene. However, for other Asian speleothem records, the δ18O values for the period
centered on the 4.2 ka interval appear typical of average conditions. Guizhouxinv is the only record that shows a
significantly positive shift in δ18O values. The δ18O shift at Sahiya and Liuli are both negative during that period,
opposite from Mawmluh cave. The synthetic ensembles indicate what the result would look like for events of
varying impact. Notably, synthetic ensembles with an event SNR of 0.5 (indicated by the dashed line) record more
anomalous δ18O values during the event interval than most of the real ensembles. An SNR of 2 (the dotted line)
consistently produces δ18O event interval values that appear anomalous within the context of the KDE. This result
is also robust to the agemodelingmethod used (Figures S8 andS9 in Supporting Information S1). It could be argued
that a more relevant metric is the rate of change of δ18O, defined as the difference between consecutive intervals.
This difference is presented in Figure S10 in Supporting Information S1 for an interval length of 200 years.
Mawmluh and Guizhouxinv are again the only records that consistently stand out over the 4.2 ka interval when age
uncertainties are considered. Hoq and Tangga may also show some signal during this period, though in the case of
Tangga the result is inconsistent when age uncertainty is taken into account. Sensitivity analysis (Figures S13 and
S14 in Supporting Information S1) shows that these results are robust to the choice of interval size.

Figure 3. The distribution of the detrended δ18O values of the 14 Holocene speleothem records over 200 year intervals based on 1,000 plausible age models generated by
BChron. The gray vertical lines are δ18O values in the window surrounding 4.2 ka event interval (4.1–3.9 ka). The solid curves depict the distributions of the real,
detrended data. The lower transparent curves depict the distributions of the synthetic versions of the original series with events of different SNRs. Dashed corresponds to an
SNR of 0.5, dash‐dotted an SNR of 1, and dotted an SNR of 2. The black vertical lines indicate the median δ18O value for the synthetic ensemble during the event interval
for each SNR scenario.
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3.3. Regime Changes With LERM Around the 4.2 ka Interval

The above analyses focused on the magnitude of speleothem δ18O change around the 4.2 ka period; we now look
for changes in the dynamical character of these records. Such a change would indicate a regime shift in the climate
state governing the formation of these proxies. To carry out this search we apply LERM (Section 2.5.2) to our set
of ensembles. This technique is designed to detect when a significant shift has occurred in the dynamics of the
system represented by our time series. In this case, that system is the Asian monsoon, represented by some
mixture of the amount effect, moisture transport, and moisture source, filtered by cave‐specific processes.
Figure 4 shows the results of this analysis. There are four parameters that need to be set: embedding dimension

Figure 4. Laplacian Eigenmaps for Recurrence Matrices (LERM) applied to our network of speleothem δ18O ensembles. The
vertical gray bar indicates the 4.2 ka interval, the vertical blue bar indicates the 8.2 ka event interval. The colored horizontal
bars indicate the confidence interval for the Fisher information statistic drawn from the median ensemble member.
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(m), time delay (τ), window size (wsize) and window increment (winc) . Embedding dimension and time delay have
the strongest effect on the analysis of paleoclimate records (James et al., 2024). For this work we selectedm = 10
and τ as equal to the first minimum of mutual information (Abarnabel, 1997). wsize and winc are arbitrarily taken as
20 and 3 respectively. While changing the configuration of m and τ values shifted the precise timing of detection
for certain regime transitions, the results were qualitatively unchanged (Figure S15 in Supporting Informa-
tion S1). Note that the detection of the beginning of a regime shift often occurs early due to the process of time
delay embedding (James et al., 2024). This “smearing” of the detection window is unidirectional, as only in-
formation from future time steps is included for a given time embedding. Significant transitions in dynamics are
indicated by a crossing of the Fisher information statistic across the plotted confidence interval.

Figure 4 confirms the existence of regime changes near the 4.2 ka event interval in the Jiulong, Guizhouxinv and
Mawmluh records. It also suggests that Sahiya, Xianglong, and Hoq may undergo transitions during this period as
well. The precise nature of what this change may have been is unclear. Jiulong, Guizhouxinv, and Mawmluh all
experience large excursions in δ18O values during this period, which is likely what LERM is detecting. In the case
of Sahiya, the dynamical transition is probably related to the negative excursion in its values around this period. In
Hoq and Xianglong, the interpretation is less clear, suggesting a more subtle change in dynamics.

Given the presence of dynamical transitions near the 4.2 ka event interval in multiple records, we cannot
conclusively rule out a regime shift in climate dynamics during this time period. However, the precise nature of
this change remains unclear, as only a few caves record an abrupt change in δ18O, and the timing of the transition
is inconsistent. By way of comparison, most of the East Asian records that cover the 8.2 ka interval suggest a
significant change in dynamics around this time. Less evidence of a strong response to the 8.2 ka event is observed
in the lower latitude regions of our data set (Indonesia and the western edge of the Indian Ocean Basin), which is
consistent with more comprehensive work on the topic (Parker & Harrison, 2022).

As we observe a coherent shift in dynamics during the 8.2 ka event despite its epicenter residing in the North
Atlantic (Barber et al., 1999), we would expect to observe at least as strong a signal during the 4.2 ka interval near
its epicenter if it were globally significant. The relative coherence of an 8.2 ka event signal in our data set
compared to that of the shift around 4 ka suggests that the latter was substantially less impactful. This transition
may have been related to an isotopic enrichment trend driven by changes in the strength of El Niño‐Southern
Oscillation (ENSO), a possibility we discuss further in Section 4. However, additional work, such as applying
LERM to a broader set of records from SISAL v3, is necessary to better constrain the driver, spatial extent and
coherence of this shift.

3.4. MC‐PCA and Evidence for the Double Drying Hypothesis in East Asia

In order to quantify shared patterns of behavior, we apply Monte Carlo Principal Component Analysis (MC‐PCA,
(Anchukaitis & Tierney, 2013; Deininger et al., 2017)) to our data set. In order to emulate the workflow of
Scroxton et al. (2023b), we do not detrend the data before applying this analysis. To avoid noise from other
sections of the data set, each record is sliced so that only the time period between 5 ka and 3 ka is being analyzed.
We find that both Pattern 1 and Pattern 2 of the Double Drying hypothesis (Scroxton et al., 2023b) are robustly
represented in 13 of the 14 speleothem records in our data set. We do not observe any significant indication of
Pattern 3 (see Figure 2 of Scroxton et al. (2023b)) in the dominant modes of variability for these records. Figure 6
shows the spatial loadings of the first principal component. The dominant feature of this component is the strong
isotopic enrichment trend from ∼3.9 ka to 3.6 ka (Pattern 2), positioned on top of a more gradual, long term
enrichment trend (Pattern 1). This component is observed coherently with strong positive loadings in all seven
speleothem records governed by the East Asian monsoon (Liuli, Jiuxian, Xianglong, Heshang, Lianhua, Jiulong,
Guizhouxinv), and four of the five records governed by the Indian monsoon (Sahiya, Oman, Tangga, La Vierge).
An additional record from Liang Luar cave (Griffiths et al., 2009), not included in our broader analysis due to
resolution constraints, records a hiatus that contains this interval, potentially indicating more arid conditions
during this period as far as South East Indonesia. The only record that loads in the opposite direction is from Hoq.
The reason for this is unclear, but it is likely a cave‐specific, rather than regional, effect. There is some indication
of the presence of Pattern 3 in the second principal component, but the spatial footprint is inconsistent and the
event itself is not robustly represented (Figure S16 in Supporting Information S1). The variance explained by the
second mode is also roughly a third of that explained by the first mode, indicating it as a substantially less
significant pattern of shared variance (see Figure 5). This lends further evidence to the interpretation of the 4.2 ka
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event as a climate phenomena of potentially regional, rather than global,
significance, or one which is not associated with Indian Summer Monsoon
change.

We also carry out this analysis on the detrended data, as well as isolated
sets containing just the East Asian speleothems and just the Indian Ocean
Basin speleothems (see Figures S16–S21 in Supporting Information S1).
Despite the application of detrending and the use of regionally isolated
speleothem sets, the presence of an enhanced isotopic enrichment trend
from 3.9 ka to 3.6 ka and the lack of a clear isotopic excursion in the 4.2
ka event interval remains consistent. This indicates that the findings pre-
sented in this study are robust, regardless of the specific speleothems
selected or the detrending process employed. Note that Guizhouxinv and
Mawmluh were excluded from the main analysis due to their short time
axes, which would prevent us from examining coherent regional trends
after 3.7 kyrs BP. We conducted additional MC‐PCA analyses including
the Mawmluh and Guizhouxinv records in the full group. An isotopic
enrichment trend beginning around 3.9 kyrs BP remained the dominant
signal present in the first principal component (Figure S22 in Supporting
Information S1). We do observe some indication of a brief period of
isotopic enrichment from 4.1 to 3.9 kyrs BP in the second principal
component of the full set of records (Figure S23 in Supporting Informa-
tion S1). However, the direction of the loadings was inconsistent across the
study region, suggesting that the event had a weak regional impact.

4. Discussion
While there is growing evidence supporting a regionally significant drying event in the Middle East during the 4.2
ka interval (Carolin et al., 2019; Cullen et al., 2000; Sharifi et al., 2015; Watanabe et al., 2019), our analyses do
not corroborate previous claims in the literature that this drought was a global occurrence (Walker et al., 2018;
Weiss, 2016). We searched for a coherent signal across a region encompassing much of South, Central, and
Eastern Asia, an area in the SISAL v3 database with excellent spatial and temporal coverage and the site of

Figure 5. The screeplot for MC‐PCA applied to our set of speleothem oxygen
isotope data.

Figure 6. MC‐PCA applied to all 14 ensembles in our data set, each containing 1,000 members. Marker size indicates EOF
value, hue indicates the associated quantile. Cool colors indicate negative loadings while warm colors indicate positive
loadings.
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Mawmluh Cave, which previously defined the event. We were unable to identify a robust signal that indicated a
period of abrupt climate activity during the 4.2 ka interval across Asia. We note that while we combine regions
governed by disparate dynamical systems in the ISM and EASM, our analysis primarily examines records
individually before synthesizing results, allowing natural separation between regional signals. Additionally, the
PCA results remain consistent when analyzing ISM and EASM records separately (Figures S17 and S18 in
Supporting Information S1), indicating that combining these regions does not bias our findings. This broad
regional analysis is appropriate given claims of the 4.2 ka event's global significance ‐ if the event was globally
significant, it should appear in ISM and EASM governed regions, as both are near the proposed center of action.

The simplest explanation for the absence of a coherent 4.2 ka event signal is that the 4.2 ka event was not a global
one. Despite its clear expression in the Middle East (Carolin et al., 2019; Theaker et al., 2024), its influence was
not widely felt across the Asian monsoon region. Alternatively, the 4.2 ka event was global, but this network of
speleothems is ill‐equipped to detect the presence of this event. This argument is somewhat circular, as the
original record used to define the event, speleothem KM‐A from Mawmluh cave (Berkelhammer et al., 2013), is
qualitatively similar to all of the records we examine here.

The absence of a coherent 4.2 ka signal within our network of 14 speleothem records is strong evidence for the
regional nature of the event. It would be easy to dismiss the evidence from a single record. Indeed, the work of
Kathayat et al. (2017, 2018) and Scroxton et al. (2023b) suggests that the KM‐A record is not representative of the
region as a whole—it is not even representative of other records from the same cave (Figure S5 in Supporting
Information S1). It is harder to dismiss 13 other records. Speleothem records are generally considered the most
precisely dated of all paleoclimate archives on this timescale (Shen et al., 2013). If they cannot capture this event,
very few other records could, with the exception of cross‐dated tree‐rings, some of which do show an anomaly in
2036 BCE (Salzer et al., 2014). However, speleothems are clearly capable of capturing globally significant
climate events that occur over decadal to centennial scales, as attested by the robust presence of the 8.2 ka events
in the majority of high‐resolution speleothems from around the globe (McKay et al., 2024; Parker & Harri-
son, 2022). While only about half the records in our data set span the 8.2 ka interval, making its observation
tentative, the robust expression of the 8.2 ka event in available records (4 out of 7) contrasts notably with the
inconsistent expression of the 4.2 ka event (4 out of 14). This provides further instructive comparison of their
relative spatial coherence. A far more likely explanation for the lack of a clearly expressed 4.2ka event in this
network is that it was not coherent across Asia, and was therefore not of global significance.

One limitation of this study is the potential for seasonal bias. Speleothems, as hydroclimate recorders, are
typically expected to be most sensitive to changes in the behavior of the rainy season. In our study region, this
implies sensitivity to changes in the behavior of the Indian Summer Monsoon (ISM) and the East Asian Summer
Monsoon (EASM), which drive 90% and 60% of the annual rainfall in the Indian subcontinent (Sahastrabuddhe
et al., 2023) and East Asia (Sun et al., 2022), respectively. We note that the precise ratio has likely changed over
the course of the Holocene (Giesche et al., 2018; Giosan et al., 2018). If the 4.2 ka event primarily expressed itself
as a winter drying, as suggested by Scroxton et al. (2023b), speleothems biased toward summer months may not
have recorded a significant effect. However, recent work has suggested that speleothems from this region may be
sensitive to dry season infiltration (Ronay et al., 2019), indicating that interpreting them solely as recorders of
changes in the summer monsoon is likely an oversimplification. Further research is needed to constrain the
potential for a winter expression of the 4.2 ka event and to disentangle the seasonal biases of speleothems from
these regions.

A feature of Holocene hydroclimate that appears robust across this data set is Pattern 2 of the Double Drying
hypothesis (Figure 2 of Scroxton et al. (2023b)). This trend appears in almost all of the speleothem records we
examined, and represents a period of changing East Asian monsoon behavior from roughly 3.9 to 3.6 ka. Pattern 2
manifests as a brief intensification of a longer‐term, insolation‐driven, trend, though its cause is more elusive.
Scroxton et al. (2023b) had previously suggested that this pattern was present in paleoclimate proxies from around
the Indian Ocean basin. Our work extends this result to the East Asian region, indicating that this trend was
expressed in both the Indian and East Asian monsoons. Scroxton et al. (2023b) propose that the presence of
Pattern 2 in Indian Ocean Basin records could be linked to more frequent and intense El Niño events, which are
known to reduce ISM precipitation (Mooley & Parthasarathy, 1983). This interpretation is supported by recent
work showing a notable increase in ENSO variability around 4 ka (Theaker et al., 2024), refining the previous
timeline of 5 to 3 ka proposed by Emile‐Geay et al. (2016). The East Asian Summer Monsoon's (EASM)
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relationship with the ENSO is markedly more complex than that of the ISM (B. Wang et al., 2000). However,
recent work has suggested that EASM and ENSO share a predominantly negative relationship on decadal to
centennial timescales (Gao et al., 2024; H. Zhang, Cheng, et al., 2018), with stronger El Niño events resulting in
periods of weaker EASM, especially during periods of high ENSO variability (Xu et al., 2016). Questions for this
interpretation remain, as some studies have suggested that there may be some asymmetry between the response of
the EASM to central Pacific versus eastern Pacific ENSO events (D. Jin et al., 2016). We argue that the regime
change we observe around 4 ka in our compilation (Section 2.5.2) may reflect changes in the dynamics of the
climate system forced by this change in ENSO variability. Further work is necessary to understand the mecha-
nisms behind this regional pattern, as both ENSO‐related teleconnections and the interpretation of δ18O signal in
speleothems in Asia are imperfectly constrained over the Holocene (J. Hu et al., 2019).

Beyond these events, this analysis has broader implications for the use of speleothem records on suborbital
timescales, suggesting that, when the timescale of interest approaches the temporal resolution of the speleothem
record and/or the errors in the U‐Th ages, then the variability in a single sample should be viewed with extreme
caution. In other words, if the coarseness of the record or the errors in the age models are close to the duration of
the event, then a single record cannot typify regional or global conditions until it is widely replicated. Over the
Holocene, relative age errors on the order of 1% (Dorale et al., 2004) make it difficult to constrain an event that
took place over less than several hundred years. However, the widespread presence of a coherent, multi‐
centennial trend in the form of Pattern 2 drying suggests that speleothems can be consistent recorders of
regional hydroclimate signal on longer (multi‐centennial to millennial) timescales. The precise nature of what this
signal represents from region to region is still debated, and a promising area for future work. For this interpre-
tation to hold at centennial to sub‐centennial time scales, it should be quantitatively demonstrated that Asian
speleothems display spatially coherent variability at these scales, both through intra‐ and inter‐cave replication.
This coherency, or lack thereof, would have profound implications for the way speleothem δ18O records are
understood and used over these much shorter timescales of greater relevance to water resource managers.

Given the relatively small amplitude of sub‐orbital scale speleothem δ18O variability, establishing the existence of
regionally coherent, abrupt events is a frontier problem. Certainly, our community should seek to establish co-
herency among available records before singling out particular records as representative of the whole. Intra‐cave
replication is an important safeguard against over‐interpretation, as is evidenced by the lack of a robust
enrichment event during the 4.2 ka interval in other high resolution stalagmite δ18O data drawn from Mawmluh
cave (Figure S5 in Supporting Information S1; see also Scroxton et al. (2023b)). Complementary measurements,
such as δ13C and trace elements, could also help exclude non‐climate factors and better interpret speleothem δ18O
(H. Zhang, Griffiths, et al., 2018). The emergence of community‐curated, multiproxy databases like SISAL v3
(Kaushal et al., 2024) is an important step in this direction, as is the broad application of mathematical techniques
tailored to detect, and assess the significance of, such events. Until both these tools are in wider use, claims based
on a single record should be regarded with great skepticism.

5. Conclusion
Through the application of three robust statistical methods, we find little evidence for a coherent, widespread
isotopic enrichment during the 4.2 ka interval across our network of Asian speleothem records. Our compre-
hensive analysis of 14 high‐resolution speleothem δ18O records from Asia challenges the notion of a globally
significant 4.2 ka event and underscores the spatiotemporal complexity of Holocene hydroclimate variability.
Instead, and consistent with the Double Drying hypothesis (Scroxton et al., 2023b), we observe robust support for
two patterns: a gradual enrichment trend over the Holocene and a more pronounced enrichment episode from 3.9
to 3.5 ka, consistently expressed across both the Indian Summer Monsoon and East Asian Summer Monsoon
regions. These findings cast doubt on the proposal that the 4.2 ka event should mark the onset of a new geologic
age, and highlight the need for caution when ascribing global significance to individual paleoclimate records. Our
work provides a robust, multi‐method, reproducible framework for evaluating the spatio‐temporal coherence of
paleoclimate events, advancing methodological standards in paleoclimatology. Extending this analysis to a
broader set of proxies and regions, investigating the mechanisms behind the observed mid‐Holocene climate
patterns, and continuing to develop new frameworks for analyzing coherent paleoclimate variability across
multiple timescales are all promising lines of future inquiry.
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Data Availability Statement
Code to reproduce all the figures in this work is available at https://github.com/alexkjames/AsianSpeleo-
themCoherency/. Both the data and code necessary for reproduction are fully archived at James (2024).
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