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Abstract Annually laminated speleothems have the potential to provide information on high-
frequency climate variability and, simultaneously, provide good chronological constraints. However, there
are distinct types of speleothem annual laminae, from physical to chemical, and a common mechanism
that links their formation has yet to be found. Here, we analyzed annually laminated stalagmites from

23 caves and 6 continents with the aim to find if there are common mechanisms underlying their
development. Annually laminated stalagmites are least common in arid and semiarid climates, and most
common in regions with a seasonality of precipitation. At a global scale, we observe faster growth rates
with increasing mean annual temperature and decreasing latitude. Changepoints in average growth

rates are infrequent and age-depth relationships demonstrate that growth rates can be approximated to

be constant. In general, annually laminated stalagmites are characterized by centennial-scale stability

in calcite precipitation due to a sufficiently large and well-mixed water source, a time series spectrum
showing first-order autoregression due to mixing of stored water and annual recharged water, and an
inter-annual flickering of growth acceleration, bringing growth rates back to the long-term mean. Climate
forcing of growth rate variations is observed where a multi-year climate signal is strong enough to be the
dominant control on calcite growth rate variability, such that it retains a climate imprint after smoothing
of this signal by mixing of stored water. In contrast, long-term constant growth rate of laminated
stalagmites adds further robustness to their unparalleled capacity to improve accuracy of chronology
building.

Plain Language Summary Growth layers, or laminae, are found in many biological

and geological records. Stalagmites, mineral precipitates found in caves, can contain annual laminae.
Stalagmites grow upwards from water which drips onto them from overlying fractures and voids. For
annually laminated stalagmites, it is not known where and for how long they form, and why. Here, we
review and statistically analyze a global data set of laminated stalagmites. They are less common in water-
limited climates and are only found in regions with seasonal precipitation. The annual average laminated
stalagmite vertical growth is 0.093 mm, increasing with warmer temperatures. Stalagmite accumulation
rate is relatively unchanging over time. This is because their drip water source has enough volume

and a stable chemical composition to be a buffer to rapid changes. Year-to-year, we see a “flickering,”
where accumulation rate returns toward the long-term average, also due to this buffering effect. For an
environmental signal to be preserved in stalagmite laminae thickness requires a large perturbation, such
as wet or dry years associated with the El Nifio-Southern Oscillation, that can override the buffering of
the overlying water source. The long-term constant growth rate of laminated stalagmites provides an
unparalleled capacity for precise chronology building.

1. Introduction

Annually resolved proxy records of past climate variability enable assessment of high-frequency and
low-frequency periodicities that allow recognition of how external climate forcing (such as solar variability
or volcanic forcing) influences climate drivers (such as the El Nifio-Southern Oscillation [ENSO], Indian
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Ocean Dipole [IOD] or North Atlantic Oscillation [NAO]). (See Glossary for the definition of all terminol-
ogy). Studies of annually laminated archives such as ice cores, marine and lake sediments, and trees, are
relatively common while they have been relatively unexploited in speleothems. Here, we briefly review the
annually laminated archives from ice cores, marine and lake sediments, and trees, to place the annually
laminated speleothem record into context.

In the polar regions, ice cores have yielded 800,000 years of Antarctic climatic variability; atmospheric
and methane CO, concentrations revealing the range of natural variability and demonstrating connections
between Antarctica and distant locations across the entire Earth (Barker et al., 2011; E. J. Brook & Buiz-
ert, 2018). However, for Greenland the annual lamina record is 60,000 years (Lemieux-Dudon et al., 2010)
and the Epica Dome C age model is generated by combining several age markers and glaciological models
(Parrenin et al., 2007). The geochronological control among Antarctica and Greenland ice cores is compli-
cated by the fact that annual laminae are not preserved in deep ice cores, due to their thinning with glacier
flow and glaciological models must be used, which leaves room for improvement of the age synchronization
between the network of ice cores (E. J. Brook & Buizert, 2018). Critically, stalagmite precise age dating of
climate events allowed tuning of timing and duration of the same stadials in Greenland and Antarctica ice
core records beyond 60,000 years ago (Drysdale et al., 2007, 2009).

Outside the polar ice caps, annually laminated sediments allow insight on past climate from the present-day
to millions of years ago. These include lacustrine and marine varved sediments, and speleothems. There are
also annually laminated biological archives, which can be preserved in the geologic record, such as corals
and tree rings. All provide an annually resolved geochronology and information on different processes that
have influenced Earth's climate. Marine varved sediments are preserved in anoxic basins. The best exam-
ple is from the Cariaco Basin, the laminated cores which cover much of the last 90,000 years (Peterson
et al., 2000). Dating is critical for the older parts of the laminated sediments and is commonly relying on
radiocarbon and varve counting via multiple techniques, given that varves are not always annual. Varved
marine sediments are most apt to capture regional fluvial discharge, local upwelling intensity, and sea sur-
face temperature (SST; Black et al., 2007; Peterson & Haug, 2006; Staubwasser et al., 2003).

Remaining in the marine environment, the biological record related to annual coral skeleton growth pro-
vides unparalleled insight on SST in the tropical ocean, thus expanding our understanding of climate
changes associated with ENSO and/or 10D (Tierney et al., 2015). However, the lifespan of corals means
that coral skeleton growth laminae do not grow uninterruptedly for thousands or hundreds of thousands
of years. Thus, precise ages for fossil corals must be obtained by anchoring these lamina chronologies using
U-series dating, where errors associated with age determinations have been demonstrated to be less than
1% for well-preserved, last interglacial coral samples (Bard et al., 1990). One of the biggest issues with dat-
ing corals is the fact that they are commonly subject to diagenesis, where dissolution and re-precipitation
results in age uncertainties for old coral reefs.

In the continental environment, varved lake sediments have allowed insight on the dynamics of abrupt
climate changes at least for the last 70,000 years (Brauer et al., 2008; Sirocko et al., 2013; Zolitschka
et al., 2015). They form because of a seasonality of depositional processes from the water column and/or of
transport from the catchment area. The preservation of laminae depends on sustained absence of sediment
mixing due to waves and/or bioturbation and/or methane gas bubbles that may disrupt varves (Zolitschka
et al., 2015). The preservation of varved sediments, thus, requires lakes with an anoxic bottom, in a stable
tectonic setting and in regions where there is strong seasonal contrast, particularly in temperature. There-
fore, long, continuous, accurate varve chronologies extending over 100 years are mostly found in the mid
to high latitudes of the Northern Hemisphere but are rare in the equatorial regions and in the Southern
Hemisphere (cf. Wolff et al., 2011; Zolitschka et al., 2015).

The biologic equivalent of corals in continental settings are tree rings. Most commonly, tree rings are rou-
tinely used to reconstruct high-resolution last millennium climate variability. Floating tree ring chronolo-
gies allow us to gain rare insight into earlier periods (Muscheler et al., 2008). For example a South Amer-
ican conifer floating 1,229-year chronology has allowed paleoclimate data to be obtained back to ~50,000
C-years before present (Roig et al., 2001). However, tree ring chronologies and paleoclimate information,
like that obtained from varved sediments in lakes and corals, are best obtained from regions where there
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is a strong seasonal contrast (mostly temperature and hydrology). Furthermore, most tree-ring studies are
unlikely to extend the chronology well beyond the Holocene.

A promising continental archive of long, uninterrupted, climate-related proxy data that encompasses all
latitudes outside the polar regions and may provide annual time series of rainfall and/or temperature in
habitable lands are laminated speleothems (secondary mineral deposits in caves) that can be analyzed at
sub-annual resolution. Although only a subset of speleothems has been observed to contain physical (visi-
ble) laminae formed from changes in fabric/porosity, increasing use of high-resolution elemental mapping
is revealing the more widespread occurrence of chemical laminae (Woodhead et al., 2010). One of the most
important properties of caves is that they are a conservative system, capable of preserving its mineral de-
posits unaltered for hundreds of thousands of years and longer (Vaks et al., 2020; Woodhead et al., 2019).
This means that diagenetic alteration, specifically calcite to calcite recrystallization, is not common. And
aragonite to calcite transformation, which affects corals, is distinguishable by petrographic investigation
and is relatively uncommon (Bajo et al., 2016 and references herein). Furthermore, perturbations of the
stratigraphic order are not to be expected as in varved sediments because speleothem layers are already min-
eralized, the record is not as fragmentary as for tree-rings (and corals), and can be temporally constrained
by accurate uranium-series and/or radiocarbon radiometric dating (Holmgren et al., 1994; Hua et al., 2012)
and/or annual trace element cycles (Nagra et al., 2017).

Speleothem annual laminae were first recognized through UV fluorescence and/or optical microscopy ob-
servation of particulate, both originated from different degrees of decomposition of soil-derived organic
material (Baker et al., 1993; Frisia et al., 2003; Shopov et al., 1994), and from seasonal variations in calcite
fabric or mineralogy (Broecker et al., 1960; Genty, 1993). More recently, advances in high-resolution ele-
mental mapping have enabled the identification of annual variability in trace elements, mostly commonly
Sr (Borsato et al., 2019), but also Mg, Na, H, Ba, Y, P, Br, etc. (Borsato et al., 2007; Fairchild et al., 2001; Smith
et al., 2009). For exceptionally fast-growing stalagmites, micromilling or in situ techniques can provide
seasonally resolved data for carbon and oxygen isotopes that reveal annual variability (Mattey, 2010; Myers
et al., 2015; Orland et al., 2014; Ridley et al., 2015; Treble et al., 2005). The majority of published records to
date are of short duration (<100 years, the one exception is Ridley et al. [2015]), reflecting the time-consum-
ing sampling and analysis required to construct long isotope records at this resolution.

The main criterion used to confirm the annual periodicity of laminae are comparison with radiometric
dating methods such as uranium-thorium (Dominguez-Villar et al., 2012) or radiocarbon age determina-
tions (if a constant contribution of host rock carbon is likely; Broecker et al., 1960), and for recently de-
posited samples, identification of the 1960s atmospheric nuclear testing as peaks of radiocarbon (Mattey
et al., 2008) or 137-Cesium (Frappier et al., 2007) where it is possible. In addition, where cave monitoring
is possible, the annual growth rate (or vertical extension rate, see Glossary) represented by the laminae of
recently deposited stalagmites can be compared to that theoretically predicted for the observed drip hydrol-
ogy, cave climate, and drip water chemistry (Dreybrodt, 1999), and in situ calcite growth experiments can
also be used to confirm the annual nature of lamina deposition (Frisia et al., 2000). These approaches can
be complimented by observations of lamina properties in thin-section, which can be used to identify the
possible presence of dissolution features and micro-hiatuses that might represent the location of missing
laminae.

Speleothems, therefore, have been observed to primarily include four different annual lamina types. Physi-
cal (visible) laminae are formed from (i) calcite fabric/porosity and (ii) from particulate, or colloidal, organic
matter concentration annual variability. Chemical laminae consist of both organic and inorganic cycles as
(iii) changes in fluorescence under ultra-violet excitation, occurring due to the intrinsic fluorescence of
some organic matter fractions and (iv) as annual variations in trace element or oxygen and carbon isotope
content. Our observations are that fabric laminae usually also have chemical cycles and can exhibit fluores-
cence; that particulate - colloidal organic matter laminae are also fluorescent and exhibit chemical cycles;
and that fluorescent laminae usually also exhibit chemical cycles. Examples are presented in Figure 1.

Another way to group laminae types is based on the process of lamina formation itself, whether hydrologi-
cally controlled or cave-climate controlled. Annual laminae preserved in strontium (Sr) and other trace ele-
ments, particles, and fluorescent organic matter concentration variations are directly related to hydrological
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Figure 1. Laminae types. (a) Thin section of calcite fabric/porosity laminae. (b) Thin section of particulate—colloidal organic matter (optically visible); each
hydrological year is marked by a 1-4 um-thick brown lamina often accompanied by a variable number of thinner sub-annual laminae. (c) Thin section of
fluorescent organic matter laminae under UV excitation. (d) Chemical laminae (strontium) as mapped by synchrotron radiation—puXRF. Lamina types are not
exclusive: fabric laminae can also have chemical cycles and can exhibit fluorescence; particulate—colloidal organic matter laminae are also fluorescent and
exhibit chemical cycles, while fluorescent laminae usually exhibit chemical cycles.

controls. Specifically, organic matter, particulate, and colloidal laminae reflect a seasonal transport of
soil-derived material, typically in the wet season. Strontium concentrations, which are commonly derived
from host rock dissolution, forms laminae when there is seasonal variation in extent of rock-water interac-
tion or precipitation of Sr-depleted calcite along the hydrological flow path to the speleothem, also known
as prior calcite precipitation (PCP). In contrast, the preservation of physical annual laminae in speleothems,
producing fine texture or fabric alternation, are thought to be controlled by both seasonal ventilation (and
associated changes in cave air pCO,) and the competition between subsequent water supersaturation state
with respect to calcium carbonate and inflow from the surface of compounds and/or ions that influence
crystallization (Frisia et al., 2000). This competition affects crystal growth by blocking growth sites when
supersaturation is low and impurities are high (Frisia et al., 2000). Seasonality in cave climate would be
expected to be strongest in mid- to high-latitude and high-altitude regions characterized by strong seasonal
temperature contrast (James et al., 2015). The amount of annual vertical extension preserved in laminae to
give a speleothem growth rate can, therefore, relate to the hydrological year or the cave climate year. The
extent of any difference in annual growth rate characteristics between different laminae types (fabric vs.
trace element) has yet to be investigated. Do stalagmites with laminae from carbonate fabric variations have
different annual growth rate properties and climate sensitivity compared to other lamina types with a direct
hydrological control?

Speleothem annual growth rate is determined by multiple environmental processes. The primary control
on calcite growth rate is the supersaturation state of the drip water with respect to this CaCO; phase (Bu-
hmann & Dreybrodt, 1985), although a high concentration of impurities in a supersaturated parent water,
for example Mg, slows down calcite growth (Davis et al., 2000). Supersaturation with respect to calcite is
influenced by the extent of dissolution of the carbonate bedrock, typically limestone and/or dolomite. This
extent of dissolution is usually determined by the production of carbon dioxide from soil and ground air
microbial communities and tree root respiration that combine with water to form the carbonic acid. It is
also determined by the extent of PCP and the concentration of carbon dioxide in the cave air (Fairchild &
Baker, 2012). The carbon dioxide concentration of the cave atmosphere can also affect growth rates, with
a slower speleothem growth rate at higher cave atmospheric CO, concentrations. Water supply (drip rate)
provides a direct hydrological control on growth rate of stalagmites, with limited growth possible at both
very slow and very fast drip rates. At very slow drip rates, drip intervals are longer than the time taken for
calcite formation and at very high flow rates, degassing is incomplete (Hartmann & Baker, 2017). Temper-
ature has a control on the reaction rate of calcite formation, although this is dominated by the temperature
control on soil and vegetation CO, productivity (Borsato et al., 2015).
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Speleothem annual growth rate time series have found two applications in paleoclimate research. The first
is providing annual climate reconstructions, where variations in annual growth rate correlate with a climate
forcing. The second is the use of the annual laminae to produce accurate geochronological controls between
radiometrically dated layers.

Applications where climate reconstructions have been achieved from speleothem annual growth rate in-
clude reconstructions of the NAO (Baker et al., 2015; Trouet et al., 2009), ENSO (Rasbury & Aharon, 2006),
Chinese monsoon climate (Tan et al., 2003), and mean annual temperature (MAT) reconstruction and solar
forcing (Frisia et al., 2003). The NAO reconstructions are from Uamh an Tartair (Cave of the Roaring) in
Scotland, which has a peat bog above the cave. The relative water saturation of the soil drives growth rate
(wetter conditions fully saturate the peat, which decrease soil CO, productivity and associated limestone
dissolution, leading to a slow speleothem growth rate). This climatic control on limestone dissolution dom-
inates over direct hydrological effects on changes in drip rate. The record from Shihua Cave, near Beijing
within the northern sector of the Chinese monsoon region, suggests that stalagmite growth rate correlates
with climate, but in the opposite direction (warm and wet leads to more CO, production, faster dripping,
and faster stalagmite growth). Similarly, Rasbury and Aharon (2006) used annual-lamina chronologies in
modern Niuean stalagmites to identify a dominant and positive precipitation control on growth rate, and
thus reconstruct a role for ENSO as a driver of rainfall variability over multi-year timescales.

Annual laminae time-series can be used to reconstruct age-depth profiles, upon which the chronologies of
other proxy records can be accurately placed. A standard approach is to use U-Th analyses to temporally
constrain floating annual-lamina chronologies. This has utility when investigating high-resolution (mul-
ti-year to centennial) climate variability, for which accurate chronological control is needed. For example,
Frappier et al. (2007) used annual fabric lamina chronology to associate oxygen isotopic ratio excursions
from a modern Belize stalagmite with tropical cyclones. Belli et al. (2013) used particulate organic matter
laminae to bracket the duration of cold-dry conditions associated with the Younger Dryas event in a sta-
lagmite from Northern Italy. Badertscher et al. (2014) used chemical laminae to date the Santorini Minoan
eruption in a Turkish stalagmite, thus supporting an independent composite dendrochronology reconstruc-
tion. Liu et al. (2015) use stalagmites with both fluorescent and fabric laminae from the monsoon climate
region of China to constrain oxygen isotope time series, with the annual temporal resolution permitting in-
vestigation of centennial-scale changes in monsoon intensity. Flohr et al. (2017) used annual fabric laminae
to constrain a high-resolution isotope record for the last 2,400 years in northern Iraq, identifying past mul-
ti-decadal and long-term droughts, and the role of aridification in the rise and fall of regional civilizations.

Over recent decades, individual and community initiatives to archive paleoclimate data has led to the on-
line storage of numerous annual growth rate time series, which include the World Data Service for Paleo-
climatology, part of the NOAA National Centers for Environmental Information (NCEI) repository. More
recently, annual growth rate time series have been archived as part of the Speleothem Isotope Synthesis and
Analysis (SISAL) database of speleothem carbon and oxygen isotope ratios (§">C and 8'°0), in the instances
where annual laminae provide the age-depth geochronology. Combined with some additional unarchived
or unpublished growth rate time series, there is now a global data set of stalagmite annual growth rate time
series that can be investigated to (1) increase our understanding of the relative importance of the various
potential climate and hydrological controls on laminated stalagmite type, growth rates and duration (2) use
long-term stalagmite growth rates in geochronological applications.

2. Methods
2.1. Data Compilation

We compiled a database of annually laminated speleothem time series using a combination of database
searches and previously unpublished data. Annual laminations were identified as either physical lamina-
tions (annual changes in calcite fabric or micro-particulate organic matter inclusions) or chemical lamina-
tions (annual changes in trace element composition or fluorescent organic matter). Fabric laminae can in-
clude phase laminae (e.g., seasonal alternations in calcite and aragonite, G. A. Brook et al., 1999) and annual
changes in aragonite fabric (e.g., Duan et al., 2012), but no archived time series were identified for these
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lamina types. The two databases investigated were the SISAL v2 database (Comas-Bru, Atsawawaranunt,
et al., 2020; Comas-Bru, Rehfeld, et al., 2020) and the NOAA World Data Centre—Paleoclimate.

Metadata for each speleothem and associated cave was compiled for the type of lamina and their climatic
interpretation (if any); geolocation data (latitude, longitude, altitude of the cave, cover thickness and host-
rock age and lithology); modern hydroclimate data (MAT, total annual precipitation, potential evapotran-
spiration [PET], and Aridity Index [AI; from Worldclim v1, Zomer et al., 2007, 2008], seasonality of precip-
itation [using the Seasonality Index of Walsh and Lawler, 1981; see Glossary]). Historical temperature and
precipitation data for the period 1901-2019 CE was extracted from the CRU TS4.04 gridded data set (Harris
et al., 2020). Recharge amount and karst storage was modeled using a global recharge model specialized for
karst regions (Hartmann et al., 2020), and seasonality of recharge determined (applying the Walsh & Lawl-
er [1981] Seasonality Index methodology to monthly recharge data). The model simulates karst recharge
processes based on the general conceptual model of the soil and the epikarst (Berthelin & Hartmann, 2020;
Williams, 1983) incorporating karstic heterogeneity by assuming distributions of subsurface properties
such as soil and epikarst storage capacities, or epikarst hydraulic properties. Recharge amount and karst
storages are extracted from a 27-year simulation period (1992-2019) driven by daily precipitation and tem-
perature (Rodell et al., 2004), and potential evaporation (Priestley-Taylor-Equation, Martens et al., 2017;
Miralles et al., 2011) applied over a 0.25° x 0.25° grid globally over all karst regions. Simulation uncertainty
is obtained by running the model 250 times over the entire period and simulation area using randomized
parameter values resulting in realistic simulations at monthly time scales (Hartmann et al., 2020).

2.2. Geostatistical Analyses

To advance our understanding on the ideal conditions for a climate signal to be preserved in speleothem an-
nual growth rate records, and inform their role in geochronological applications, a geostatistical approach
was used to elucidate common properties and potential climatic, hydrological, and environmental forcing.

Basic descriptive statistics (mean, standard deviation) were calculated for the lamina thickness (the one-di-
mensional annual extension or growth rate) data as well as the duration of laminated growth sequences.
For speleothems with multiple laminated growth phases, statistical analyses were undertaken on each lam-
inated growth phase.

Geostatistical analyses were undertaken on the speleothem lamina time series (growth rate, duration of
laminated growth), and results were compared to associated speleothem and/or cave meta-data.

We applied variogram analysis of laminae times series to characterize the behavior of these temporally cor-
related data, following Mariethoz et al. (2012). The resulting parameters are described in Glossary (Range,
Sill, Nugget, and Information Content). These indicators were determined for each time series longer than
50 years (n = 56). In addition, the flickering of growth rate (f; see Glossary), which is the lag-one correlation
of the acceleration of annual growth rate, was determined following Mariethoz et al. (2012). Flickering has
been proposed to occur as a consequence of the presence of karst water storage (Mariethoz et al., 2012).
We computed the variability of each of the above metrics across all sites, and compared it to the variability
within each stalagmite, when a stalagmite is composed of many parts separated by hiatuses.

To determine whether step changes in either the mean or variance occur in speleothem annual growth
rate time series, we undertook changepoint analysis using the Pruned Exact Linear Time (PELT) method
(Killick et al., 2012; see Glossary). Changepoint analysis provides quantified information on the linearity
of deposition and the possibility of nonlinear growth rate responses to climate and environmental forcing.
Growth rate times series were log-transformed to normalize the data prior to changepoint analysis on the
mean. The time series were LOWESS detrended using a 0.1 span before changepoint analysis of variance.
During PELT changepoint analysis, the minimum segment length was defined as 1 year, the assumed test
statistic was normal, and the Schwarz Information Criteria penalty was applied. The R package “change-
point” was implemented through Microcal Origin.

We applied spectral analysis on annual growth rate time series longer than 300 years to investigate the
strength of different frequency components using the Redfit software (Schulz & Mudelsee, 2002; see
Glossary). This software enabled the comparison of speleothem growth rate time series to a first-order
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Figure 2. Map showing locations of laminated stalagmites investigated here. Gray shaded areas are the global karst extent (Goldscheider et al., 2020).

autoregressive (AR1) red noise background. This allows the identification of the frequencies (time periods)
that stalagmite growth rate time series statistically different from red noise, and potentially contain climate
information. For all series, a Blackman-Harris data window was used on data which had been segmented
every 200 years of laminated record. Spectral peaks were recorded for cases where there were at least 7 “cy-
cles” possible over the duration of laminae.

Age-depth profiles of laminated stalagmites were investigated using standard regression analyses. This al-
lows the investigation of linearity, or otherwise, of stalagmite vertical accumulation. If accumulation rate is
close to linear, this benefits geochronological applications.

3. Results and Interpretation
3.1. The Database

We identified 39 laminated speleothem time series, whose geographic positions are shown in Figure 2. Sum-
mary information describing the cave metadata is presented in Tables 1 and 2 and time series, presented
as growth rate versus time, in Figure 3. The 39 records derived from 23 caves and 6 continents (Figure 2).
Stalagmites are the only speleothem type with archived growth rate data, however laminated sequences are
present but unarchived in stalactites and flowstones (e.g., Broecker et al., 1960). Twenty-two records were
found in the SISAL v2 database (SISAL entities 85-88, 108, 128, 182, 217, 229, 279 (partial record), 382-386,
465, 466, 506, 507, 559, 573, and 672). There are an additional eight records previously analyzed for their
growth geostatistics from Mariethoz et al. (2012) and which were predominantly archived in the World Data
Centre—Paleoclimate. We add nine additional records, five new records from the WDC Paleoclimate, and
four previously unarchived or unpublished records. The annual periodicity of all 39 laminated speleothem
time series has been assessed by the original authors through comparison with the most appropriate radi-
ometric dating method for their period of deposition (atmospheric bomb test peaks for modern deposition;
uranium-thorium or radiocarbon for samples deposited pre-bomb).

The 39 growth rate time series (archived as supporting information) come from the Holocene except for one
Ethiopian record (GM-1, Goda Mea, Ethiopia, that formed during the last interglacial). This likely reflects a
bias due to a focus of paleoclimate research to high-resolution climate investigations of the last millennia.
Four caves have multiple stalagmite records, including coeval deposition (Uamh and Tartair, UK; Avaiki
Cave, Niue; Grotta di Ernesto, Italy and Qingtian Cave, China).

Sixty-four percent of the stalagmites (n = 25) have a single laminated growth period reported by the authors;
21% have two growth phases and 15% have more than two growth phases. We suggest that this could include

BAKER ET AL.

7 of 32



10.1029/2020RG000722

Reviews of Geophysics

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

(T102) T2 32 suojsau Aovyan,
Xof Jrssernf €€°0 6S°0 6¢CC 15°0 ¥S6 09% 66 (03 0€S‘T S'6¢ oy ‘aneD S[ENENY 6SS dz
1sed S[PPIA
QuojsawI| KemION
(6007) Te 30 98ury  oydiowred ST 6£°0 8¢S 0C's 00F  009T ¥'T 09 0CI 099 99[[nysIe] 00T €01
(L102) Te 19 JuojsawI| AreSuny
Auguwaq JISSEIL], SE0 LT0 LSE L0 LEY 619 L6 0ST SLE S'0C S8y dAe)) B[peIRq z8¢ ZON
Tejerqro
QuojsawI| ‘aneD
(8002) Te 19 PazZNIojop S,[9BYDIA
KopeN Jrssernf 99°0 BU Bu 690 890°T L9L €81 00T gce €6— T9¢ 1S MON z8I D0q19
(€002) Te 32 BISIL] Ao €001 LLdH
(Z102) ‘TR 10 Juo)saWI| ‘03suIyg
ACLEN dssernf €0 €C0 00L STT 6€L 68T°T L9 (114 LIT'T LTI 091 Ip enoIn 64T 9LYH
(ST02) Te 19 QUOISaWI| ureds ‘aae)
Zounjy SN03JeI2ID LT0 0¥°0 9¢T 090 £68 1434 el (114 0SO‘T 00— 8'0v SOuIoN AT L-OIN
6001 £960S
800T 29601S
L00T 19608
N
(s107) T2 10 oywo[op arejre], & G
Al UEIIAOPIO 920 6€°0 6LY'T 6£°C £6¥ SS6'T  T'L ()8 (i/44 67— 1'8S ue quen) S8 £9601S
adoing
QuojsawI| eidonpg
(8107) Te 30 JeISY Jrsseanf 19°0 T 950  VLL'T (114 PLS'T Sor S8 AABD) BN BPOD 10T T-IND
[Tew pue
(0100) 'TE 32 auojsawI] erdoryg
1oyeq Jssernf 8¢ €9¢T 1014 7’8 ‘dAed 0I19g 801 [-049g
(L002) Te 32 erdorpa 88 £-0fsy
Joxeq 54 8T9°'T ‘9ABD BSSAINY L8 [-049
(L002) 'Te 30 JeISY 62C -0V
erdorpa o .
paysignd QuojsawI| EINCle) 810L ulv
Asnomaid JoN Jrssernf SS°0 €9°0 8T¢ €S0 9I8T  ¥6C°T 1C 0¢ PEST ' ov 9'8 afeuky /a1y €101 €YoV
BV
soouIRfoy oSe SOXPUl (1)  (ww) (IAd (Ww) (ww) () (W) (W) (At (At oureu ayg (@ApueT  oweu
£3o1009 Aieuoseds xopuy  oreyoal  /d) 14ad d L SSQUNOIY) SpNMINY SIF ‘,) SIN ‘o) VSIS Amnuyg
uonedoaid Lire [enuue  Xapup [enuue [enuUUE  ISA0D Suog 1e] =000'T>)
-uoseag el Lpuy [e30L  UBdIN ar bHnug
ErAlipEN

0139y 1po1ydn.13029 Aq pasrT sa)duivs YIM 231U3DIDIS PAIPUTUDT IPNUUY YODF 40f UOLdLIISA(T 9718 YILM d]qD], Lipwmns
L CLA R

8 of 32

BAKER ET AL.



‘pardures uaym Sunisodap [[1s a1om Jey) sojdures aIe sOIe)I Ul S PUe SSWEU AJNUH ‘SINNUS PAUFAP AJM3U I0J 000 T< PUE ‘000°T> 219Ym (00T “Te 32

‘PIOJYSY ‘NIg-SeWo)) AIUS A TVSIS 9U3 ST (I LAyug sioyine ay3 Aq papiaoid jou sem uoneuriojur 301098 10 SSUDIY) 19400 ‘Opnin[e 1oy d1e sded eje (T861) I9[MeT pue ys[em Jo A3o[opoyjaur
oy Surmorroy Areanoadsar o3reyoar pue uonelidoaid Ayuowr Suisn paje[no[ed I8 SAOIPUI AJI[BUOSEIS Y, 'SUONEIO] PuUe[SI [[BWS I0] (‘"B'U) S[qe[eAR JOU SI pue (0Z0Z “Te 30 UUeW)IeH) [opow
A3o101pAy js1ey e uisn paje[nored s1 a8IeYoAI [ENUUER [B)0O], "9Seqelep WIOPLIOA 93 wolj St (LAd) uoneirdsuenodeas [enusjod ‘Surmoroy oY) 10j 1dooxs ‘9ouaIajal [eUISLIO S} WOIJ ST BIep [[V 9ION

10.1029/2020RG000722

Reviews of Geophysics

9 of 32

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

eI[RIISDY
00T ‘aneD [eISA1D 9101 IS-AdD

d)IuBRI[09® eIRISNY
SP103a1 MaN Areursrend) 69°0 67C 90°'T €€0°'T 0v—0¢ 0L T'SIT ‘9AED) BYI0Z[0D SIor ¥S-T9
QuoIsdwI| cror ENSV

Areurareng)

(9007) UOIBYY  PAZNIWO[OP onIN rror ey
79 LIngsey Aqrenied LT0 'U LTT  9ST1 0€-0C S'69T— AABD) DTeAY oror NSV
JIJI0BJ pUE BISE[eNSNY
(9007) T2 10 2001 OH
uassnusey suojsaw T00T 709

(€T02) Te 32 /oyruo[op VSN ‘ureAe)
WOIWSY UBTULI™g 09°0 ot 070  8LST 0€ 00T €V0T— peqsred 908 I1-09

9ZI[og ‘Teu NN
(L002) ‘Te1°  Quolsawl| [yorung,

torddery SN03JBIAID LY'0 8S0°T 0T TPl or (04 6'88— unjpvy L0S L-WILV

(9102) ‘1€ 32 [1ze1g
O[[°AON SS0 6£9 €80  80LT ove 896— ‘dned OY[V,p Ned 8TI 90HTV
BOLIOWIY [INOS PUE ‘[BIIUDD “YIION

(6T02) Te 12 QUOISaWI| So®T ‘TeIN
Suem ugLN[IS 980 088 YO'T  LIST 08T (453 LT0T uno( weyJ, TL9 LT-INL

(€007) ‘Te 39 QuojsawI| BUImgD
uer, UBIdIAOPIO 90T 6S 650 766 1ST 9GIT— ‘aARD) BNYIYS 900T T0S6SL
(Z102) T8 19 QUOISaWI| 'UIYD 99y €€HN
nm UBIOIAOPIO LLO (44 LO'T 916 0T 00S €'6Cl ‘dae) dquenN Sov 9HN
98¢ L0
8¢ 0r10O
(ST02) ‘TR 32 Quo)saWI| BUIYD v8¢ v210
nry uBIuLIsd S0 90S Tt 6 08 0€9°T ¥'0TT ‘ane) uen3uId) €8¢ 610
BISY HS pue eUlYD

(#002) ‘T8 19 QUOISaWI| uewQ
uueunIa[g U320y 790 TT SO0  SLV'T 0T 0C-ST 0vS ‘a10Jo( Jyey S00T €0S

(L102) ‘1B 39 beiy
Tyord S8°0 76 90  SITT 0T 059 TSy ‘ane) 1eyfon €45 I-oo
S90URIRJOY oFe (ISd) xepur (ww)  (pEd (ww)  (wur) (ux) (w) (oa+ QuIeu 9IS (@ fpuey  sweu
£301099 Kyreuosess d3reyoar  /d) 1dd SSOUNDIY) dpmINY  SIH ‘5) VSIS Anug

uoneldoalg [enuue  Xdpuy [enuue [enuue I9A0D Suo = 000°T>)
-uoses§ el Apuy [eI0L, UBSN a1 fnug
931809y

panuyuo)

19198l

BAKER ET AL.



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics

10.1029/2020RG000722

Table 2

Geostatistical Summary, With Samples Sited by Entity ID

Variogram properties

Changepoint analysis

Informat- Years
Total Lamina Range ion Number of Number of between
Entity  Entity laminae phases r Sill Content  Flickering changepoints changepoints variance
1D name Lamina type (n) (n) (years) ¢ Nuggetn (IC) (6)) (mean) (variance)  changepoints
85 SU967 FOM 1,090 1 68.8 0.44 0.18 0.71 —0.31 1 5 218
86 SU032 FOM 326 1 323  0.64 0.30 0.68 —0.46 0 5 65
87 Merc-1 Fabric 111 1 6.8 0.52 0.23 0.69 —0.42 0 0
88 Asfa-3 Fabric 107 1 11.8 0.67 0.19 0.78 —-0.33 0 0
108 Bero-1 Fabric 989 6 117.3  0.75 0.31 0.70 —0.53 0 6 165
128 ALHO6 Fabric 1,496 1 2543 0.57 0.34 0.62 —0.44 1 3 499
217 MO-7 Fabric 4,094 2 79.0 0.49 0.30 0.62 —0.34 2 15 273
229 Ach-1 Fabric 448 1 429 045 0.53 0.46 —0.42 0 0
279 ER76 Fabric, FOM 549 4 50.0 0.68 0.13 0.75 —0.33 0 0
POM
182 Gib04a Fabric 56 1 0 0
383 QT9 Fabric, FOM 1,005 1 255.8 0.32 0.28 0.53 —0.38 0 3 335
384 QT24 Fabric, FOM 593 1 87.0 0.41 0.11 0.79 —0.35 0 4 148
385 QT40 Fabric, FOM 903 1 232.7 0.72 0.10 0.88 —0.26 1 11 82
386 QT41 Fabric, FOM 816 1 318.5 0.83 0.39 0.68 —0.27 0 2 408
382 NU2 Fabric 146 1 39.3  0.35 0.45 0.44 —0.32 0 1
465 NH6 Fabric 980 1 242 0.16 0.12 0.57 —0.27 1 10 98
466 NH33 Fabric 883 1 109.1 0.43 0.24 0.65 —0.32 1 4 221
506 BC-11 Fabric 1,399 1 368.2 0.24 0.80 0.23 —0.41 0 2 700
507 ATM-7 Fabric 25 1 0 0
559 2p Fabric 258 2 28.8 0.70 0.28 0.71 —0.41 0 3 86
573 Gej-1 Fabric 1,850 2 72.3  0.40 0.60 0.40 —0.32 0 7 264
672 TM-17 Sr 1,933 1 129.9 0.73 0.30 0.71 0.07 0 6 322
1001 BC2 Fabric 2,482 2 223.7 0.39 0.53 0.42 —0.41 0 3 827
1,002 HC1 Fabric 2,062 3 140.2 0.33 0.44 0.44 —-0.41 0 3 687
1003 ER77 Fabric, FOM, 462 2 189.2  0.26 0.25 0.61 —0.27 1 2 231
POM
1004 L-03 FOM 2,782 1 87.7 0.40 0.26 0.60 —0.35 1 26 107
1005 S03 Fabric 777 1 234 0.53 0.38 0.58 —0.35 0 0
1006 TS9501 Fabric 2,659 1 238.8 0.57 0.48 0.54 —0.39 2 11 242
1007 SU9%61 FOM 1,874 2 49.5 0.46 0.18 0.71 —0.39 2 9 208
1008 SU962 FOM 1,454 3 157.3  0.75 0.12 0.84 —0.36 1 15 97
1009 SU963 FOM 1,780 2 167.6  0.75 0.18 0.81 —0.40 1 11 162
1010 ASM1 Fabric 172 1 67.1 0.39 0.69 0.36 —0.37 0 1
1011 ASM2 Fabric 224 1 1049 0.82 0.53 0.61 —0.33 0 1
1012 ASM3 Fabric 127 1 45 044 0.61 0.42 —0.40 0 1
1013 Ach-3 Fabric 921 4 17.8  0.52 0.34 0.60 —0.33 0 7 132
1014 GM-1 Fabric 1,352 4 17.0 0.56 0.36 0.61 —0.33 0 7 193
1015 GL-S4 Sr 845 1 281.6  0.51 0.47 0.52 —0.40 0 3 282
BAKER ET AL. 10 of 32
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Table 2
Continued
Variogram properties Changepoint analysis
Informat- Years

Total Lamina Range ion Number of Number of between
Entity  Entity laminae phases r Sill Content  Flickering changepoints changepoints variance
ID name Lamina type (n) (n) (years) ¢ Nuggetn (IC) (6)) (mean) (variance)  changepoints
1016 CRY-S1 Sr 51 1 0 1
1018 Ayn-07-5 Fabric 178 2 16.7 0.58 0.23 0.72 —0.31 0 0

Note. Entity ID is the SISAL v2 entity (Comas-Bru, Atsawawaranunt, et al., 2020; Comas-Bru, Rehfeld, et al., 2020) where <1,000. Lamina type abbreviations:
FOM, fluorescent organic matter; POM, particulate organic matter; Sr, strontium. For samples with <100 total laminae, variogram analysis was not possible.
Entity IDs in italics are samples that were still depositing when sampled.

a sampling bias as researchers focus on the “best” (most continuously laminated) samples. Samples from
Ethiopia are notable in having multiple laminated growth phases (with Bero-1 being the sample with most
phases, 6).

Eighteen stalagmite laminae series were from samples known to have been actively growing when collect-
ed, and the observed growth duration is therefore a minimum. We note that the reported growth duration
may also be a minimum if analyses were made over a specific period of interest. Twenty-one stalagmite
laminae series had lamina sequences that terminated “naturally,” for example, there was a growth hiatus at
the top of a lamina sequence.

Lamina type was predominantly reported as changes in calcite fabric (n = 24). We note that visible laminae
are often described as due to calcite fabric variations, but our experience is that with further investigation by
scanning electron microscopy these laminae may relate to sorption of particulate or colloidal organic mat-
ter, with or without changes in their fabric. Five samples from the Chinese monsoon region (Shuihua Cave
and Qingtian Cave) had both fluorescent and fabric laminae. Six stalagmites from two caves with overlying
peaty soils had laminae preserved through annual fluorescence intensity variations (Uamh an Tartair, UK;
Larshullet, Norway). One stalagmite from Laos (Tham Doun Mai) and two stalagmites from Western Aus-
tralia (Crystal Cave, Golgotha Cave) had annual Sr variations identified from synchrotron-light generated
micro X-Ray Fluorescence two-dimensional mapping of trace element variability distribution.

Laminated stalagmites have been reported from a wide range of host rock geological ages (from Ordovician
to the present-day) and lithologies (limestone, dolomite and aeolianites). Despite the intuitive perception
that geological age of the karst rock will influence the karst hydrology, with decreasing primary porosity
in older carbonates, and that the lithology would likely affect stalagmite trace element composition, any
relationship between lamina type and geological age or lithology is hard to determine. For example, an-
nual Sr laminae are observed in stalagmites from caves developed in Late Quaternary aeolianite (Crystal
Cave and Golgotha Cave, Australia), Silurian limestone (Tham Doun Mai, Laos) and Ordovician dolomitic
limestone (unarchived data from Uamh an Tartair, UK, Roberts et al., 1998). In our data set, laminae com-
prised of particulate matter and fluorescent organic matter are only observed in relatively old limestone or
dolomite lithologies (Permian limestone at Qingtian Cave, China; Jurassic limestone at Grotta di Ernesto,
Italy; Ordovician dolomitic limestone at Uamh an Tartair, UK; and Scandinavian Caledonide metamorphic
limestone at Larshullet, Norway). A larger data set is needed to determine if Sr laminae types are due to
the dominance of fracture-flow in the older limestones and marbles and very high porosity in the more
recent aeolianites and if particulate laminae are related to the porosity inherent to old dolomitized/meta-
morphosed limestones.

Laminated stalagmites have been reported from between 35°S and 66°N (Figure 2). The metadata for each
site is presented in Table 1, and selected modern hydroclimate and cave parameters are visualized as box-
plots in Figure 4. Climate parameters are for the modern climate, as reported by the authors. Annually
laminated stalagmites have been reported from locations with a wide range of MAT (1.4°C-26°C, Figure 4a)
and total annual precipitation (74-2,052 mm, Figure 4b). The precipitation seasonality index (PSI) ranges
from 0.25 to 1.06 (Figure 4c). Walsh and Lawler (1981) defined values of PSI < 0.19 as locations where
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precipitation is spread through the year, and no laminated stalagmites have been reported for sites with no
precipitation seasonality. Laminated stalagmites are predominantly found where precipitation has a defi-
nite wetter season (PSI: 0.20-0.39) (37% of stalagmites); is seasonal with a short dry season (PSI: 0.40-0.59;
34% of stalagmites) or seasonal (PSIL: 0.60-0.79; 21% of stalagmites). Samples have only rarely been reported
at locations with a long dry season (PSI: 0.80-0.99; 5% of stalagmites) or with precipitation < 3 months (PSI:
1.00-1.19; 3% of stalagmites).

Laminated stalagmites have been analyzed from caves with a wide range of annual PET of between 400 and
1,816 mm (Figure 4d), which reflects the wide range of latitudes and MAT of the sites. The resulting Aridity
Index (AI), the ratio P/PET, is log-normally distributed (Figure 4e), with most laminated stalagmites found
at sites with an AI < 1.27, and an interquartile range of 0.53-1.20. Laminated stalagmites have been rarely
analyzed from semiarid (AI < 0.5) environments. We interpret this to be due to insufficient water availabili-
ty for continuous stalagmite deposition. Laminated stalagmites are also rarely analyzed from environments
with significant annual water excess (AI > 2), which we interpret as due to limited seasonality of recharge.

We compare the sites with laminated stalagmites to modeled recharge for the site. We also derive a “Re-
charge Seasonality Index,” using the modeled mean monthly recharge amounts to determine a seasonality
index, using the same methodology as applied to monthly precipitation by Walsh and Lawler (1981). We
observe that laminated stalagmites have been reported over a wide range of total annual recharge, from
11 mm/year (Kahf Defore, Oman) to 1,479 mm/year (Uamh an Tartair, UK). Laminated stalagmites from
caves with recharge <100 mm/year are found also at Carlsbad Cave (USA), Shihua Cave (China), and Ge-
jkar Cave (Iraq). Given the continuous deposition of stalagmites for hundreds or thousands of years at these
caves, this suggests that a substantial subsurface focusing of recharge is occurring to enable sufficient water
supply, including that from infrequent high-rainfall amount events. The modeled monthly mean recharge
for each cave site is presented in Figure S2, together with the Recharge Seasonality Index. The Recharge
Seasonality Index ranges from 0.17 (low seasonality, Baradla Cave, Hungary) to 0.93 (strongly seasonal,
Golgotha and Crystal Caves, Australia). Stalagmites with hydrologically derived laminae (fluorescent or-
ganic matter, colloidal/particulate organic matter and trace elements) are found across the range of seasonal
recharge (recharge seasonality index >0.39). Mid-latitude sites with low recharge seasonality and annual
fabric laminated stalagmites might be explained by a predominant seasonal cave climate control on calcite
fabric. In contrast, mid-latitudes sites with high recharge seasonality could have a dual control on annual
lamina formation: the seasonality of cave climate (imprinting the fabric change) and hydrology (determin-
ing the amount of vertical extension within that period).

For most stalagmites, data on the cover thickness above the cave is available. Although the cover thickness
may not relate closely to the water residence time in the bedrock, the log-normal distribution of the cover
thickness data (Figure 4f) suggests that relatively shallow caves (<100 m cover thickness) is where laminat-
ed stalagmites are preferentially located (an exception is Tham Doun Mai, Laos, at 180 m cover thickness).
Increased water mixing and increasing water residence time with depth likely explains the less frequent
observation of laminated stalagmites with depth, although there may also be a sampling bias to researchers
focusing on shallow caves.

3.2. Annual Lamina Thickness (Growth Rate) Properties and Metadata Comparison

Figure 5 presents the distribution of all annual growth rates for all 39 speleothems. The distribution follows
a log-normal distribution. The mean annual growth rate is 0.163 mm, and the median is 0.093 mm. The
slowest annual deposition (10 percentile) is less than 0.018 mm and the fastest (90 percentile) is more than
0.404 mm, with an inter quartile range of 0.200 mm (0.037-0.237 mm). This range of annual growth rate
agree with that theoretically predicted by growth rate modeling (Baker et al., 1998). Within the distribution
of all annual growth rates, those derived from annual fluorescent laminae alone are the lowest (aver-
age = 0.034 mm, median = 0.030 mm), due to location of these samples at cool climate sites (see below).

‘We compare the annual growth rate data to the modern hydroclimate and geospatial metadata for each site.
We use the mean growth rate for each deposition phase, and Holocene speleothems only, assuming negligi-
ble change in hydroclimate over the Holocene in comparison to the large range of modern climate covered
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Figure 3. All data presented as time versus annual growth rate. The graph labels show the entity ID as tabulated in Tables 1 and 2. Note different axis scales are
used to best visualize individual time series. Years BP refer to years before present where present is 1950 CE.
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Figure 4. Distributions of hydroclimate and site metadata for annually laminated stalagmites. (a) Mean annual temperature, (b) total annual precipitation, (c)
Precipitation Seasonality Index (PSI), (d) potential evapotranspiration, (e) Aridity Index, (f) cover thickness, and (g) Recharge Seasonality Index. Information
on data sources are provided in Table 1. The definitions for the PSI are from Walsh and Lawler (1981) and are adopted for recharge seasonality.

by the data set (MAT from 1.4°C to 26°C, total annual precipitation from <100 to 2,052 mm, PET from 400 to
1,816 mm; see Table 1). Using the Spearman’s rank correlation coefficient (r;), we observe a strong, positive
correlation between annual growth rate and MAT (7, = 0.64) and PET (r; = 0.69) and negative correlation
with latitude (r; = —0.64; all significant at a 99.9% confidence interval, Table S2). These three co-varying
hydroclimate parameters represent the warming temperature gradient from pole to equator. The associated
increased PET additionally reflects its derivation from T and latitude using the Hargraves methodology
(Hargraves et al., 1985). There is no correlation between mean annual growth rate and total annual precip-
itation (r; = —0.07), negative correlations with modeled average soil and epikarst store fullness (r; = —0.50
and —0.51 respectively) and modeled annual total recharge (r; = —0.52) and a positive relationship with re-
charge seasonality (r; = 0.52), all correlations significant at a 99.9% confidence interval. These relationships
demonstrate the inter-relation of hydrological and climatic controls on growth rate at the global scale, with
slow growth rates at sites with high recharge due to the inverse correlation of recharge to PET (r; = —0.68)
and MAT (r; = —0.59; both significant at 99.9% confidence interval).

The relationship between growth rate and latitude and MAT is shown in Figure 6, comparing with modern
temperatures as reported by the authors (Figure 6b) for all Holocene-aged samples, and for historical CRU
TS4.04 gridded temperature data for samples deposited since 1901 CE (Figure 6¢). Correlations (r = 0.40 for
all samples; 0.45 for samples deposited since 1901 CE) are similar for both temperature comparisons. Sta-
lagmites with annual laminae due to changes in calcite fabric and those with fluorescent or trace element
laminae are shown in Figure 6b, with laminae from organic matter fluorescence predominantly at cooler
climates. The temperature sensitivity of growth rate at the global scale agrees with the theorized primary
control on speleothem growth rate of drip water calcium concentration (Buhmann & Dreybrodt, 1985). Soil
and vadose zone carbon dioxide productivity is temperature dependent, as demonstrated empirically for
global soil PCO, (G. A. Brook et al., 1983). This carbon dioxide generates the subsequent dissolution of car-
bonate and increase in drip water calcium concentration. Global analyses of cave drip waters have shown
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a good agreement with modeled drip water calcium concentration and
temperature, using the relationship of G. A. Brook et al. (1983), especial-
ly for temperate climates (Baker et al., 2016; Borsato et al., 2015, 2016).
One outlying sample with relatively low growth rate, at latitude 20.8°N
and 180 m depth, is stalagmite TM-17 from Laos (Wang et al., 2019) with
annual Sr laminae. Hydrological data reported for the sample suggested
piston-flow hydrological behavior, for example, discrete “parcels” of wa-
ter movement of similar age and limited mixing. Such a flow path would
indicate that carbonate dissolution would be closer to a “closed” system
evolution than an “open” system evolution, which could explain the low-
er growth rate, and the depth of cave further means that substantial PCP
is likely to have occurred along the flow path due to the slow percolation
through the thick rock burden.

Figure 5. Distribution of annual lamina thicknesses for the stalagmites
listed in Table 1. Lognormal curve shown for comparison.

0.2

0.4

Annual lamina growth rate (mm)

&9 g8 : e 3.3. Duration of Laminated Sequences

The total number of laminae reported in each speleothem sample, and
the number of laminated growth phases, are reported in Table 2. We in-
vestigate the duration of annual lamina deposition, and its relations to
metadata. We note that for stalagmites with multiple laminated growth
phases, the intervening period could represent either a growth hiatus
(e.g., a period with no dripping, drip water diversion, or dissolution due to drip waters becoming aggressive
with respect to calcium carbonate), or a period of deposition without clear lamina formation or a con-
densed interval where the growth rate is lower than the spatial resolution of the analytical method (typi-
cally 2-20 um), or where concentration of a trace metal falls below the limit of detection of the analytical
method. Additionally, many of the samples have been harvested for scientific analysis often concentrated
on the last few hundreds or thousands of years, and the duration of laminae deposition is therefore a min-
imum value (for example, Grotta di Ernesto stalagmite ER76 is laminated in its entire 8,000 years growth,
and the complete Laotian TM17 record is almost continuously laminated for about 38,000 years). Finally,
we acknowledge there is a possible sampling and research bias, where the most continuously laminated
stalagmites were selected.

In stalagmite growth phases that were not terminated by sampling (number of growth phases = 41), we
observed a median length of continuous annual laminae deposition of 447 years and an inter quartile range
of 177-1,004 years (Figure 4, data presented in Table S1). Laminated sequences of shorter duration are
identified in stalagmites from Ethiopia. Treated separately, these have a median duration of 172 years and
interquartile range of 69-340 years (Figure 7). Deposition of calcium carbonate in the region has been pro-
posed to be limited by the tectonic activity associated with the East African Rift, which disrupts water flow
paths and stores it in the karst (Asrat, 2012, in Fairchild & Baker, 2012). For all sites excluding Ethiopia, the
median duration of laminated sequences is 815 years (inter-quartile range of 315-1,668 years; Figure 7).

Outlier samples have unusually long duration lamina sequences and are from cold-climate Larshullet sta-
lagmite L-03 (Norway) and extra-tropical, relatively cool monsoon climate Shihua Cave, China (TS9501).
Where there are multiple stalagmites from the same cave or region, we observe a within-site variability
that covers the whole range of the data (e.g., Carlsbad Cavern laminated deposition ranges from 266 to
2,167 years). For individual stalagmites, within sample variability in the duration of laminated sequences
is also significant, for example, Uamh an Tartair stalagmite SU961 has durations ranging from 206 and
1,668 years, and Carlsbad Cavern stalagmites BC2 and HC1 have durations of 316 and 2,168 years and be-
tween 267 to 1,134 years, respectively.

Finally, we compared the duration of continuous lamina deposition against the available metadata using
the Spearman'’s correlation coefficient (Table S3), considering only growth phases not affected by stalagmite
harvesting and excluding Ethiopian stalagmites where growth is likely truncated by tectonic processes (re-
maining samples, n = 30). No statistically significant correlations exist (» < 0.36, p > 0.05).
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Figure 6. (a) Relationship between lamina thickness and latitude, (b)
mean annual temperature (all Holocene samples), (c) mean annual
temperature 1901-2019 CE (coeval entities only). In (a) and (b), fabric and
particulate organic matter laminated stalagmites are blue and Sr or FOM
laminae in red. 1901-2019 CE temperatures are from the Climate Research
Unit (CRU) gridded surface temperature 4.04 (Harris et al., 2020).

Overall, our global analysis suggests there is no statistical relationship be-
tween lamina duration and hydroclimate, and that within-cave and with-
in-sample variability in lamina duration is as large as the global range.
From this, we infer that the duration of laminated deposition is in general
controlled by site-specific factors, for example, hydrologically controlled
by specific flow paths, and in the case of Ethiopian samples, there is a
likely tectonic control. We investigate this further in Section 4, where we
characterize laminated stalagmites by all their growth properties, includ-
ing the duration of continuous lamina deposition.

3.4. Geostatistical Properties of Growth Rate Time Series
3.4.1. Variogram Analysis and Flickering

The variogram properties nugget effect (n), sill contribution (c), informa-
tion content (IC), range (r), and the flickering parameter (f), were deter-
mined for each laminated growth phase. The distribution of IC, r, and
f are presented in Table 2 and Figure 8, and the results for individual
growth phases in Table S1. A comparison of IC, r, and f between fabric
laminated stalagmites and stalagmites with fluorescent organic matter
(FOM) and Sr laminae is presented in Figure S2. The nugget and sill are
not shown, as the IC represents the relative value of nugget to sill in the
variogram.

Figure 8a shows the IC, where a value of 0 is pure noise and 1 a complete-
ly smooth autocorrelation function. IC values are normally distributed,
with a median IC of 0.65 and an inter quartile range of 0.53-0.71. Out-
lying IC values come from two stalagmites from Carlsbad Cavern, USA,
that show relatively noisy variogram properties. As previously observed
for the duration of laminated deposition, there is significant within site
variability. For example, four stalagmites from Qingtian Cave, China,
have IC between 0.53 and 0.88. There is also substantial within-sample
variability. For example, a third Carlsbad Cavern stalagmite has an IC
varying between 0.36 and 0.58. Despite this variability, comparison be-
tween fabric laminated stalagmites and stalagmites with either FOM or
Sr laminae shows the latter group have a higher mean IC (0.73 vs. 0.58).
The inter quartile range for IC for stalagmites is 0.46-0.69, and for FOM
or Sr laminated stalagmites from 0.66 to 0.81 (Figure S2). The difference
in IC between the two groups is significant at a 99% confidence level
(Student's t-test). Stalagmites with laminae preserved through FOM or
Sr laminae have a less noisy annual growth rate autocorrelation function,
which we infer is due to a combination of (1) FOM laminated stalagmites
occurring at cooler and wetter sites, where karst stores remain relatively
full (see next section) and (2) FOM and Sr laminae are more directly relat-

ed to the hydrological year, whereas changes in speleothem fabric could be related to both seasonal changes
in drip water chemistry lamina and seasonal changes in cave climate. Especially in mid-latitudes, fabric
laminated stalagmites could preserve a combination of cave climate year, with ventilation occurring close
to the equinoxes, and the hydrological year, potentially introducing additional noise.

Figure 8b shows the variogram range, which is the duration of temporally correlated data, and includes
data from all stalagmites. This parameter has a log-normal distribution, with a median of 67 years and an
inter quartile range of 23-157 years. The longest range is observed in a stalagmite from Carlsbad Cavern
(421 years, stalagmite BC2). All values of variogram range for the caverns are between 21 and 421 years),
indicating a significant within sample and between sample variability at a site. Significant within-sample
variability is also observed at other sites (for example, stalagmite ER-76 from Grotta di Ernesto (Italy) has
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a range between 6 and 130 years). There is no difference between fabric laminae and other laminae types
(Figure S2).

Figure 8c presents the distribution of the flickering parameter f, which can theoretically range from —1 to
+1. A value of —0.5 is obtained from white noise and a value of 0 represents no flickering of growth rate
increments. Mariethoz et al. (2012) observed flickering in 11 stalagmite growth rate series and interpreted it
as due to the damping effect of the stored water volume on inter-annual growth variability. Figure 6¢c shows
the flickering data is normally distributed with outliers exhibiting high and low values of f. The Laotian
TM-17 stalagmite has the highest value, f = 0.07, indicating it has a very smoothed growth rate time series
with no flickering. This concurs with the authors observation of piston-flow hydrology (Wang et al., 2019)
and with the interpretation of the flickering phenomena of Mariethoz et al. (2012). The lowest flickering
has values lower than the white noise value of —0.5 and occurs in growth phases of the Bero-1 stalagmite
from Ethiopia. These f values suggest there is no predictable signal in the inter-annual (¢ — 1) change in
growth rate. The authors report that this stalagmite has bundles of “infiltration laminae” within each year,
with occasional seasonal dissolution features (Baker et al., 2010). The intermittent partial dissolution of an-
nual growth would be one explanation for the observed f value. When comparing the flickering of laminae
formed from changes in calcite fabric (inter quartile range from —0.33 to —0.51) and those from FOM and
Sr laminae (—0.30 to —0.39), there is no statistical difference. We infer that the rate of change of growth rate
is dominated by the damping effect of the stored water volume, irrespective of how growth rate is preserved
in the stalagmite and how that determines the total annual growth.

Table S4 presents the Spearman’s correlation coefficients of the geostatistical parameters with metadata for
all laminated growth sequences, including the duration of laminated sequences for samples and average
annual growth rate (n = 55).

(a) Statistically significant correlations between the nugget and IC (r; = —0.83, 99.9% CI) and sill and IC
(r; = 0.63,99% CI). This is due to the derivation of IC from the ratio of nugget (n) and sill (c)

(b) The nugget correlates with modeled recharge (r; = —0.64, Figure S3a), modeled soil store and epikarst
store fullness (both r; = —0.66), MAT (r; = 0.57, Figure S3b), PET (r; = 0.45) and Al (r; = —0.43). These
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correlations suggest that decreasing water availability and decreasing recharge leads to a decrease in the
water volume in the karst stores supplying stalagmites in warmer climates and could lead to increased
nonlinear time series behavior and short-term fluctuations as stores drain and refill

(c) Increasing stored water with increasing recharge would explain the relationship between information
content (IC) and modeled soil and epikarst store fullness (r; = 0.52 and r, = 0.57) and modeled recharge
(ry = 0.54, Figure S3c)

(d) The flickering parameter f has no significant correlations with any of the site metadata, agreeing with
the inference that it relates to the effect of changes in water storage to a specific drip (and therefore
sample)

For samples where there are multiple laminated growth phases, we consider the within-stalagmite varia-
bility of each geostatistical parameter to its variability across all growth phases. We observe a high with-
in-stalagmite variability, as summarized in Table 3. The increase in standard deviation of a geostatistical
parameter from within-stalagmite to all laminated growth sequences ranges from x1.15 (sill) to x1.66 (nug-
get and flickering). The overall dominance of within-site variability provides evidence for the importance
of site-specific and drip-specific control on variogram properties and flickering. When considering all lam-
inated growth sequences, the greater variability in the nugget agrees with the observed global correlations
with MAT, recharge, and AI (Figure S3c).

3.4.2. Spectral Analysis and Comparison to AR1 Red Noise

Results of the spectral analyses undertaken on stalagmite laminae sequences longer than 200 years are
shown in Figure 9. In general, the spectral properties of stalagmite growth rate time series are indistinguish-
able from a red noise AR1 process at a 99% confidence level. Stalagmite growth rate times series are fitted
to ARI1 functions with a median value for the autocorrelation parameter 7, of 2.18 (range 0.91-6.16) years.
A higher value of 7 indicates a stronger “memory” of previous year's growth rate, and we observe 7 values
much smaller than the variogram range (i.e., the duration of autocorrelation in growth rate). Table S5 pre-
sents values of 7 and Spearman's correlation coefficients of 7 with metadata for all laminated growth se-
quences longer than 200 years (n = 40). 7 most strongly correlates with modeled annual recharge (r; = 0.73),
modeled soil and epikarst store fullness (r, = 0.72) and the variogram information content (r; = 0.77), and
has no correlation with the duration of autocorrelation in growth rate, the variogram range (r; = 0.24). An
autocorrelation with stronger “memory” in stalagmite growth rate time series is more likely when recharge
is greater, resulting in fuller soil and epikarst stores, and less noisy variogram properties.

Figure 9 shows that the Laotian TM-17 (entity 672) has a distinctly different spectra from all other stalag-
mites, with lower spectral power at less than 3-years frequency. Combined with the lack of flickering of
growth and relatively slow growth rate for this sample, its spectrum provides additional confirmation of the
dominance of piston-flow, with discrete parcels of water feeding the stalagmite.

Spectral analysis of the stalagmite growth rate time series demonstrates that, in general, stalagmite growth
approximates an AR1 or red noise signal. This is due to the mixing of recharge waters prior to reaching
the cave; tritium dating evidence suggests this a mean water residence time from ~2 to 36 years to decades
is possible for caves <50 m below land surface (Jean-Baptiste et al., 2019; Kaufmann et al., 2003; Kluge
et al., 2010). However, Figure 9 shows that most stalagmites have some spectral peaks that do exceed the
95% confidence level of a red noise process. Most (88.6%) of these spectral peaks occur at less than 6-year
periodicity; with only 11.4% occurring over periods longer than 6 years. This also agrees with the likely wa-
ter residence time, and associated mixing, between the surface and the cave.

Figure 9 shows that there are no within-site or regional trends for the spectral peaks that are significant
compared to red noise. However, the Niue stalagmites, whose growth duration were too short to include
in our analysis, do have consistent spectral signals in stalagmite growth rate time series from this ENSO
dominated climate region (Rasbury & Aharon, 2006). We interpret the observation of spectral power that
is significant compared to an AR1 processes at less than 6-year time periods in this data set as representing
the time-window where it is most possible for climate or environmental processes to imprint a signature on
growth rate. This would require stalagmites with a suitable hydrological connectivity (less water mixing and
mean residence time, resulting in a relatively small growth rate “memory” or 7), as well as sufficiently large
climate or environmental variability in a stalagmite growth rate determining process.
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Table 3
Within-Stalagmite and Between-Site Variability in Stalagmite Geostatistics

Range () Sill (¢) Nugget (n) Information content (IC)  Flickering (f)

Average 1 SD, all laminated growth phases 117.0 0.246 0.180 0.176 0.100
Average 1 SD, within individual stalagmites 83.4 0.214 0.109 0.136 0.061
Average 1 SD within individual stalagmites (weighted) 89.5 0.179 0.111 0.130 0.050
Increase in SD (within-stalagmite vs. all laminated growth phases) 1.40 1.15 1.66 1.29 1.66

Note. The weighted average weights for the total number of laminae within a stalagmite.

Our experiences of climate-sensitive growth rate time series at Grotta di Ernesto and Uamh an Tartair fur-
ther suggests that sites close to the climatic limit of speleothem formation (cf. Borsato et al., 2016) might
yield the strongest climate sensitivity. Both sites are close to such a limit: cool temperatures limiting drip
water calcite saturation at Grotta di Ernesto and a soil saturation controlling drip water saturation at Uamh
an Tartair. In this regard, sampling stalagmites growing “close to the edge” of their possible range could
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Figure 9. Spectral analyses of growth rate time series for each group phase, compared to AR1 spectra. 80%, 90%, 95%, and 99% confidence intervals for the
ARI spectra are shown. For all graphs, x-axis is frequency (1/years) and y-axis spectral power in dB. Entity IDs are shown: the suffix refers to the number of the
growth phase. For more information on the stalagmite metadata see Tables 1, 2, and S1, and for values of the autocorrelation function 7 see Table S5.
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amplify their environmental sensitivity, and would be similar to the approach used in dendroclimatology of
sampling stressed and climatically sensitive trees, such as close to the treeline. In regions where a multi-year
climate driver occurs in the less-than 6-year time frame, such as ENSO, sample replication would ensure
the identification of a spectral signature derived from climate forcing rather than it being a function of karst
hydrological conditions.

3.4.3. Changepoint Analysis

Results of the changepoint analysis on both the mean and variance of annual lamina thickness time series
are summarized in Table 2. PELT changepoint analysis shows there are fewer changes in mean growth rate
compared to growth rate variance. Most stalagmites have no changepoints in mean growth rate, and no
samples have more than two changepoints. Time series of stalagmites with changepoints in mean growth
rate are presented in Figure 10.

Changepoints in mean growth rate operate equally in both directions (e.g., to faster or slower growth). Fif-
teen changepoints in mean growth rate are observed in 12 of the 39 stalagmites. They are observed at sites
where laminae are preserved as FOM (five out of six stalagmites which laminae are uniquely reported as
FOM; Larshullet, Norway, and Uamh an Tartair, UK). Other samples with mean growth rate changepoints
include four of seven from the Chinese monsoon region (Qingtian Cave, Nuanhe Cave, Shihua Cave), and
stalagmites from Grotta di Ernesto (Italy), Molinos Cave (Spain), and Pau d'Alho Cave (Brazil). For these 12
stalagmites, the average duration of laminated growth sequences is 1,462 years (median: 1,444 years), in the
upper quartile of duration of laminated stalagmite deposition.

Changepoints in mean growth rate in laminated stalagmites are therefore infrequent. The primary control
on growth rate is drip water supersaturation with respect to calcite, which is determined by the extent of soil
and vadose zone carbon dioxide productivity. Changes in mean growth rate could represent rapid or non-
linear changes on processes that control soil and vadose zone carbon dioxide production, such as wildfire
or, in the Anthropocene, land clearance or urbanization. Alternatively, a changepoint could occur due to a
permanent flow switching between water stores which have waters of contrasting calcite supersaturation,
such as what might occur due to seismic activity or climate change. Another process that can determine
growth rate and change rapidly is an alteration in cave ventilation, potentially caused by cave collapse or
rapid external temperature change, leading to a significant change in cave air carbon dioxide concentration.

In contrast to the changepoints in mean growth rate, there are more growth rate variance changepoints per
sample. Data is summarized in Table 2 and all variance changepoints are presented in Table S6, with select-
ed examples shown in Figure S4. Thirty-one out of the 39 stalagmites have one or more variance change-
points. Six of the seven samples with no variance changepoints have a relatively short duration of laminated
deposition of less than 550 years. Overall, there are 189 variance changepoints occurring on average every
213 years (see Figure S4a for an example from Molinos Cave). Two stalagmites from Carlsbad Cavern, USA
(Figures S4b and S4c), have the longest interval between changepoints (>680 years), and stalagmite S-03
from Oman has no changepoints over 1,454 years of deposition. These sites have the lowest aridity index
observed in the data set (Al < 0.2), suggesting that a very stable supply of stored water is required for
continuous laminated stalagmite deposition to occur. The maximum number of changepoints is 26, from
stalagmite LO3 from Larsullet, Norway (Figure S4d). This is the only stalagmite which preserves both spring
(snow-melt flush) and autumn FOM laminae. Variance changepoints are grouped through time, more likely
occurring where the authors report multiple laminae per year and relatively warm summer climate (Linge
et al., 2009).

Some caves and regions have co-eval stalagmites, allowing investigation of a common control on variance
changepoints. At Uamh an Tartair, UK, five stalagmites have periods of coeval deposition. A total of 45
changepoints are observed, occurring between every 65 years to every 276 years, depending on stalagmite.
Only 12 variance changepoints could have occurred at the same time (allowing for chronological uncer-
tainties, within £25 years). Ten of those relate to stalagmites SU961 and SU962 which grew a few cm apart
and for which flow switching between stalagmites had previously been reported by the authors (Proctor
et al., 2002). For these two stalagmites, there were an additional 14 changepoints which were not coeval. At
Qingtian Cave, China, (Liu et al., 2015), overlap of stalagmites chronology between ~7.5 and ~6.5 ka had no
coeval variance changepoints, and a frequency of changepoints varying from 82 to 408 years. Changepoints
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Figure 10. Changepoints in mean growth rate. For all graphs, x-axis is years before present, where 0 is 1950 CE, y-axis is the log growth rate. Changepoint years
BP are shown in red. Entity IDs are shown, for more details see Tables 1 and 2. Entities are grouped by lamina type, climate, or cave where appropriate.

were not coeval for three overlapping stalagmites from Niue, and two coeval stalagmites from Nuanhe Cave,
China (Wu et al., 2012).

Overall, variance changepoints occur more frequently than mean changepoints. Where there are coeval
stalagmites at a site, there are almost no synchronous variance changepoints. Variance changepoints ap-
pear to be largely sample-specific in their timing and frequency, which suggests a lack of common forcing.
Therefore, we propose a drip-specific karst hydrology control on growth rate variance, generated by the
non-linear nature of karst hydrology due to movement of water stored in one or more voids or fractures and
often complex flow paths.

3.4.4. Age-Depth Relationships in Laminated Stalagmites

Given the importance of annually laminated stalagmites in providing geochronological control for other ge-
ochemical proxy data, we investigate the age-depth relationships for all stalagmite samples (Figure 11). As
might be anticipated from the infrequent occurrence of changepoints in mean growth rate, Figure 11 shows
that all stalagmites approximate to a linear age-depth relationship, irrespective of length of deposition or
whether samples were sampled whilst still activity forming or not.

We determined the strength of this linear age-depth relationship through regression analysis of all growth
phases. For all growth phases, the mean R* was 0.98, with 2o of 0.05. We find no relationship with the dura-
tion of laminated sequences from 27 to 2,785 years (R*> = —0.01). The outlying growth phases with relative
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low age-depth linearity are from stalagmites from Grotta di Ernesto, It-
aly (ER77, 1003.1), Akcakale Cave, Turkey (2p, 559.1), Uamh an Tartair,
UK (SU962, 1008.1, and 1008.3) and Qingtian Cave, China (QT40, 385).
With the exception of ER77, these are samples with the most frequent
changepoints in growth rate variance (SU962 every 97 years; 2p every
86 years; QT40 every 82 years), suggesting that a change in variance in
these samples is associated with a change in growth rate that does not
result in a changepoint in mean being detected. For most growth phases
(92% of all growth phases), the age-depth relationship is linear, with an
R?> 0.97. The strong linear growth over deposition periods from decades
to millennia is interpreted as due to the buffering effect of a well-mixed
karst water store necessary to ensure continuous stalagmite deposition.

4. Discussion

Figure 11. Age versus distance for all samples. Coloring distinguishes
samples where lamina formation was ongoing when harvested (black)
versus other samples (red). All years and distances are from the start of a

Year since start of laminae

T T
100 1000 . . .
4.1. Characterizing Laminated Stalagmites
To account for all the statistical and climatic characteristics of the sam-
ples, we conduct a multidimensional scaling (MDS) analysis (see Glossa-
ry). It consists in a representation of the samples in a high-dimensional

laminae growth phase, for example, oldest is bottom-left, end of growth space where the “distance” between any pair of samples is given by their
phase (or harvesting) is upper-right. Log-log scale is used to enable the dissimilarity in terms of the various criteria considered (Jex et al., 2012).
visualization of all age-depth relationships over 2 orders of magnitude Here the variables considered are: growth rate, the variogram parameters

vertical extension.

(Range r, Sill ¢, Nugget n, and Information Content IC), flickering, MAT,

total annual precipitation, PET, AL, PSI, modeled recharge, modeled soil

and epikarst store percentage fullness, and the Recharge Seasonality In-
dex, resulting in a 15-dimensional space. The autocorrelation parameter 7 is not included as this was only
available for the subset of samples with growth duration long enough for spectral analysis. The distance
chosen is the standardized Euclidean distance. A high-dimensional representation is often needed to map
all samples with their correct distances; however, it is often possible to project this space in two dimensions
to have an acceptable graphical representation.

This is the case in Figure 12, where the two dimensions illustrated (out of 15 dimensions in total) represent
60% of the information about the pairwise distances among the objects (laminated stalagmite growth phas-
es). Each dot represents a growth phase, and similar growth phases are closer to each other. We only include
stalagmite growth phases that were not truncated by sampling. In MDS, the axes cannot be interpreted in
terms of the variables used as input, because the projection of a high dimensional space in a 2-D representa-
tion results in axes representing many variables at once. The axes are therefore usually not labeled in MDS.
However, to facilitate the interpretation, we have performed a k-means classification of the 43 samples us-
ing all 15 dimensions, with 4 classes. It shows that the classes are meaningful, grouping together stalagmites
based on their growth duration, hydroclimate, and geostatistical properties.

One class (represented in blue, Figure 12) comprises stalagmites with short growth duration or relatively low
range, clustering all Ethiopian stalagmites with those from Molinos Cave and Akcakale Cave. Correlation of
annual growth rate with instrumental temperature or precipitation records was weak or absent at Akcakale
Cave (Jex, 2008) and Rukiesa Cave, Ethiopia (Baker et al., 2007). At Molinos Cave, thicker laminations grew
during intervals characterized by more negative 8"°C values, and were darker in reflected light, interpreted
as longer or more intense rainy winter-spring (Muiioz et al., 2015). Ethiopian stalagmites deposited during
the Holocene and last Interglacial widely exhibit decadal-scale variability in growth rate, the cause of which
is uncertain but considered to be hydroclimatically determined (Asrat et al., 2018; Baker et al., 2010).

The second MDS class (in magenta) groups long duration growth phases from water-limited environments:
stalagmite samples from Carlsbad Cavern, USA and Kahf Defore, Oman; Gejkar Cave, Iraq and Shihua
Cave, China. In monsoon climate regions, the Shihua Cave stalagmite has a growth rate record calibrated
against rainfall and temperature (Tan et al., 2003). In the water-limited Carlsbad Cavern and Gejkar Cave
records, annual growth rates vary with oxygen isotope ratio, and they are interpreted as records of moisture

BAKER ET AL.

22 of 32



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics

10.1029/2020RG000722

o
- 1001.2
©1002.3 Class 2
i ® 1003.2
Class 3
i ®1006
©1002.1
°
©1005 Jooz2 - 8, 10091
2172 [ Y
®1001.1 o 166 386 2792 10092
573.2 NI
1085 1086 o) 384 2793® 1003 P9
vise \i®lio1na >292 o 1007.
T e °
- 10144 128 1008.3
108.2 10133 672
1014.1 1008 1
1013.2 ®1018.1
e 013> Class 1
. 1ds3y 1084 | | | | |

Figure 12. Multidimensional scaling with four clusters. Data included: growth rate; variogram properties range,

sill, nugget, and information content (IC); flickering; mean annual temperature; total annual precipitation; potential
evapotranspiration; Aridity Index, Precipitation Seasonality Index; modeled recharge, modeled soil and epikarst store
percentage fullness, and the Recharge Seasonality Index. The distance chosen is the standardized Euclidean distance.
The four clusters are coded by color and samples labeled by entity ID and growth phase (where relevant).

amount (Asmerom et al., 2013) or effective moisture and drip rates within the cave (Flohr et al., 2017), with
thinner annual layers signifying reduced effective moisture.

The third class identified by the MDS (in red) groups growth phases with relatively high Information Con-
tent, from regions of water excess, predominantly alpine settings and peat-covered sites from Europe, such
as Grotta di Ernesto, Uamh an Tartair, and Larsullet. Although not included in the MDS, this cluster is
predominantly comprised of stalagmites with hydrological FOM and/or particulate organic matter laminae
and high autocorrelation parameter 7. The Uamh an Tartair and Grotta di Ernesto stalagmite growth rate
records from this group have growth rates which are sensitive to a NAO climate forcing (Baker et al., 2015;
Frisia et al., 2003; Scholz et al., 2012). Both sites have low modern day drip water calcium concentrations
that indicate that they are close to the edge of that possible for speleothem formation.

A fourth MDS class (in light blue) groups all the remaining stalagmites from China and SE Asia—six stalag-
mites from Qingtian Cave and Nuanhe Cave, China; the Tham Douan Mai Laotian stalagmite, and also the
Brazilian Pau d'Alho Cave stalagmite. All are characterized by relatively long duration laminae sequences
(shortest: 593 years) in regions with a highly seasonal, monsoonal climate with P/PET >0.8. At both Qing-
tian Cave and Nuanhe Cave, the authors report no correlation between annual growth rate and stalagmite
880 (Liu et al., 2015; Wu et al., 2012). This contrasts with MDS class 2, where stalagmites from water limited
environments showed a correlation between growth rate and 80 (Asmerom et al., 2013; Flohr et al., 2017),
likely due to the dominant control on growth rate of yearly seepage water amount. Wu et al. (2012) postulate
that at Nuanhe Cave, that both drip water supersaturation and yearly seepage-water amount may determine
annual growth rate, whereas stalagmite 8'®0 in Chinese monsoon climate regions is more likely to relate to
changes in moisture source of air masses interacting with the monsoon circulation (Hu et al., 2019).
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4.2. Comparing Properties of Laminae Types: Fabric, POM, FOM, Sr

Our geostatistical analysis allows the comparison of the properties of different laminae types. We observed
no difference in the flickering property, f, between laminae types. This inertia on growth rate changes is due
to the properties of the water store feeding the stalagmite, and the similarity between lamina types suggests
that although calcite fabric laminae might be determined by seasonal changes in cave climate and represent
the cave climate year, the amount of annual vertical extension in that time period is predominantly con-
trolled by hydroclimatic and karst hydrological processes.

We observe more variogram noise (or uncorrelated signal) where laminae are formed from changes in cal-
cite fabric, and a greater information content (greater correlated signal to noise) in the variogram where the
laminae formed from fluorescent organic matter. Stalagmites with laminae preserved through changes in
calcite fabric occur at warmer and more water limited sites, where karst model output confirms that soil
and epikarst stores are less full, allowing greater non-linear hydrological behavior over time and a greater
probability of uncorrelated signal. Additionally, we propose that this greater noise found in the growth rate
variogram for many sites with calcite fabric laminae is due to the cave climate year being asynchronous
with the cave hydrological year. The modeled recharge for each of the sites is shown in Figure S1. Assum-
ing the cave climate year commences around the spring or autumn equinox, then sites where increased
recharge occurs at the same time could result in additional stalagmite growth in one of two laminae years,
depending on the precise timing of recharge relative to change in ventilation. Sites particularly sensitive to
this phenomenon include Carlsbad Cavern, USA, Actun Tunichil Muknal, Belize, Akcakale Cave, Turkey,
Gejkar Cave, Iraq, and Pau d'Alho Cave, Brazil, where recharge maxima and minima occur at the equinoxes,
and the Ethiopian caves, where there are two rainy seasons, one around the spring equinox. In contrast,
where recharge has a large difference between summer versus winter seasons, recharge should consistently
occur within one cave climate year and one laminae. Examples here include the Mediterranean climates
types with dominant winter recharge (e.g., SW Australia), sites with summer monsoon rainfall dominating
recharge (e.g., Qingtian Cave, China), and cool climate sites with relatively warm summer-limiting recharge
(e.g., European sites Uamh an Tartair, Grotta di Ernesto, and Larshullet).

4.3. Paleoclimatically Sensitive Laminated Stalagmites

Stalagmites with demonstrated climate signal tend to fall into two groups (1) in water-limited environ-
ments, annual vertical extension or growth rate is limited by water availability, and growth rate records are
interpreted as records of effective moisture and drip rates within the cave. Examples include records from
Carlsbad Cavern, USA; Molinos Cave, Spain; and Gejkar Cave, Iraq. Where faster annual growth rates corre-
late with more negative "0 or §"*C carbonate isotope composition, this helps confirm the likely hydrologi-
cal control on the growth rate. (2) Stalagmites with a suitable hydrological connectivity (a high information
content) from cooler or wetter climate regions, enabling a water excess and a seasonal soil hydrological con-
nectivity indicated through fluorescent or colloidal-particulate rich laminae. They also appear to be located
in caves where the climate is close to the limit of speleothem formation, which helps improve sensitivity to
surface changes in climate and environment. Examples include records from the relatively winter-cold and
summer-warm Uamh an Tartair, Scotland, and Grotta di Ernesto, Italy, sites.

Our geostatistical analysis suggests that there is a dominant hydrological buffering of the karst water store
that limits growth rate variability over time, and that in many cases, this means that variations in stalagmite
growth rate are complacent to climate variability (but still have value in geochronology, see Section 4.4).
Over periods of significant global change, such as deglaciation, we hypothesize that the growth rate record
could preserve evidence of climate change, where it changes the amount of water recharged to the karst
stores feeding a hydrologically sensitive stalagmite, or significantly changes the chemistry of the buffering,
stored water. With respect to climate phenomena that occur over multiyear or multidecadal timescales,
stalagmites with the clearest evidence of climate forcing of growth rate have predominantly derived from
regions with an ENSO or NAO control of temperature or rainfall, including monsoon strength. These in-
clude the instrumental calibration of growth rate to warm season temperature in Shihua Cave, Beijing (Tan
et al., 2003) and instrumental calibration of a composite record from Uamh an Tartair, UK, against Jan-Mar
precipitation, sea level pressure and the Jan-March NAO; Baker et al., 2015). This agrees with our observa-
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tion that spectral power in the growth rate time series greater than a red noise signal mostly occur at periods
<6 years. These observations suggest that possible regions for future research into stalagmite rate records
that are sensitive to multiyear climate variations would include those with significant seasonal or annual
temperature and precipitation variability influenced by phenomena such as the IOD, NAO, and ENSO. An-
other multiyear signal that may be preserved in the speleothem growth rate record is that of past fires. In
forested regions, wildfire that destroys trees and shrubs can lead to a multiyear decrease in soil and vadose
zone carbon dioxide production from root respiration (Coleborn et al., 2016), and a consequent decrease in
drip water calcite supersaturation (Bian et al., 2019). Future research might investigate the extent to which
stalagmites in fire-prone regions experience a decrease in growth rates over a multiyear time period.

4.4. Geochronological Characteristics of Laminated Stalagmites

For the majority of growth phases, and irrespective of depositional environment, we show that the age-
depth relationship is linear (R* > 0.967) over the timescale of tens to thousands of years, which we interpret
as due to the buffering effect of a well-mixed karst water store that is necessary to ensure continuous stalag-
mite deposition. This approximation to linearity can be used for geochronological applications.

Geochemical laminae can sometimes be hard to identify, obscured due to changes in elemental incorpora-
tion to different calcite fabric types (Borsato et al., 2019), the presence of fluid inclusions, porosity or crystal
defects. This is especially problematic for line-scan techniques (e.g., by laser ablation mass spectrometry)
which do not provide a 2-D spatial elemental map. It is reasonable to assume that linearity in vertical ex-
tension rate can help in the automation of peak detection as it can provide a range within which to identify
peaks.

Linearity of laminated stalagmite vertical extension has utility when comparing laminae chronology to
radiometric dating techniques, especially where laminated sequences have been rigorously checked for
the absence of missing laminae and hiatuses. For example, '*C analyses on speleothem presume a constant
“dead” carbon proportion, and an assumption of a linear age-depth relationship can help constrain changes
in dead carbon percentage and help quantify the use of '*C when determining changes in past atmospheric
C. For U-Th dated laminated stalagmites, a linear age-depth relationship can be used to better constrain
variations in *°Th/***Th detrital composition (Hellstrom, 2006; Linge et al., 2009). We do not observe the
presence of growth rate changepoints close to growth terminations and hiatuses, and we can count laminae
from the nearest U-Th dating location to obtain the start and end represented by a hiatus.

5. Conclusions

Globally, we observe that in relatively shallow caves (<100 m cover thickness) mean growth rate of stalag-
mite annual laminae changes with MAT and, therefore, with latitude and altitude. The median duration of
laminated sequences is several hundred years, less in Ethiopia, where stalagmite deposition is constrained
by regular tectonic activity on the East African Rift. Long-term growth rate is approximately linear, reflect-
ing the buffering of the stored water required to maintain calcium carbonate deposition. At the year-to-year
scale, growth rate deceleration back toward a mean state is ubiquitous as indicated by flickering, reflecting
the inertia of the chemistry and volume of stored karst water. This phenomenon is observed irrespective of
laminae type (fabric, particulate, fluorescent, or trace element). Spectral analysis of growth rate time series
is largely identical to AR1 red noise. Spectral power greater than this red noise signal mostly occur at peri-
ods <6 years, reflecting a typical timescale where climate and/or environmental control on growth could be
large enough to overcome the mixing of waters in the overlying karst stores. The geostatistical properties of
laminated stalagmites represent the role karst hydrology and geochemistry and water stored in karstic voids
or fractures, partially draining and refilling every year, providing a buffering and inertia to any changes
in stalagmite growth rate. Again, spectral properties are similar for all laminae types, consistent with an
overarching hydrological control on stalagmite annual growth rate, irrespective of whether laminae are
physically or chemically preserved. Outliers in stalagmite flickering show some samples can have unique
growth mechanisms, due to piston flow and seasonal dissolution. Geostatistical properties vary significantly
between growth phases of individual stalagmite and between stalagmites at an individual site, indicating a
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dominant drip-specific control due to drip specific hydrology. This points toward the value of replication of
stalagmite growth rate records, within the practical limits imposed by conservation requirements.

Ataglobal scale, MDS on all laminated stalagmite growth sequences does reveal clusters of stalagmites with
similar properties (range, information content) and duration of laminated sequences, despite the drip-spe-
cific hydrological controls. These MDS clusters largely align with the extent of seasonal water limitation
and with regions with tectonic controls on growth duration. In particular, samples with FOM or particulate
organic matter laminae cluster with stalagmites with higher variogram information content, found in high
latitude sites, alpine sites and monsoon sites with high recharge. Stalagmites with lower IC and greater
variogram noise have fabric laminae and are largely found in water limited environments. Where the cave
climate year as recorded by fabric laminae is asynchronous with the hydrological year, increased variogram
noise can be introduced when small changes in recharge timing means that additional deposition occurs in
different laminae years.

Despite the multiple processes that control stalagmite growth rate, their smoothing by the mixing of
water in karst stores and fractures limits the temporal variability in growth rate, and changepoints be-
tween growth phases with significantly different mean growth rates are rare. This mixing and desire for
the system to return to the dynamic equilibrium state of the stored water properties in general limits
the climate information in the growth rate of annually laminated stalagmite time series, and explains
why correlations between climate parameters and growth rate have proved to be the exception over mul-
ti-decadal time-scales. In contrast, laminated stalagmite growth rate time series would be expected to be
sensitive to multiyear climate phenomena such as the IOD, ENSO, and NAO, especially in seasonally or
annually water limited environments where moisture supply is the dominant control. Based on these
findings, our recommendations for studies that utilize annual laminations for paleoclimatic purposes
would be to target these regions. The broader application of laminated stalagmites is in their ability to
provide an annually resolved chronology. The age-depth relationship of laminated stalagmites is close to
linear over hundreds to thousands of years due to the smoothing/mixing effect of stored water on long-
term growth rates. The long-term constant growth rate of laminated stalagmites advances their role in
precise chronology building.

Glossary

Aeolianites: Rocks formed by the lithification of wind-transported sediments. Thus, if the cement is
mostly calcium carbonate, even if the sediments consist of hardly soluble quartz, the rock may act as a karst
rock.

Autocorrelation: Applied here to individual time series, the autocorrelation measures the linear re-
lationship between different lagged values of the time series. Here, we consider the time series of annual
vertical accumulation, or growth rate, of stalagmites. See also: variogram, red noise.

Changepoint: A statistical metric which identify times when the probability distribution of a stochastic
process or time series changes. Here, it is applied to time series of stalagmite annual vertical accumulation,
detecting whether or not a change has occurred in either mean or variance, and identifying the times of any
such changes.

Diagenesis: Includes all those processes that occur soon after deposition and before metamorphism. In
speleothems, diagenesis implies the transformation of aragonite into calcite or of vaterite into calcite and/
or the dissolution of small calcite crystals and re-precipitation of larger calcite crystals. Diagenesis is not
common in most speleothems, which is one of the greatest advantages of using stalagmites to investigate
past climates.

El Nifio-Southern Oscillation (ENSO): A climate phenomenon that changes the global circulation
pattern over the Pacific Ocean and adjacent regions. During the El Niiio, the Pacific Ocean surface warms
over the central and eastern Pacific Ocean, resulting in drier conditions over Indonesia and Australia and
wetter conditions over the tropical Pacific Ocean. In the La Nifia, the cooling of the ocean surface in central
and eastern tropical Pacific Ocean leads to drier conditions over the central tropic Pacific Ocean and wetter
conditions in Indonesia and Australia. This cooling occurs typically every 3-7 years.
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Epikarst: The epikarst is the near-surface few meters, or tens of meters, of a karstified rock such as
limestone. At this shallow depth below surface, physical, and chemical weathering leads to enlargement of
fractures and joints, which then promotes further dissolution of the karst rock by soil-derived carbonic acid.
The epikarst therefore has numerous solution-widened fractures, which can temporarily store infiltrating
rainwater thus retarding the time of transmission of the rainwater signal between the surface and the cave.

Fabric (stalagmite): Stalagmite fabric refers to the spatial orientation of the smallest crystal units that
forms a stalagmite. Commonly, stalagmites are built by calcite crystals, which may be perfectly stacked
one on top of the other if nothing disturbs the growth. But in caves there are many disturbances. Inflow of
particulate from the soil disturbs the stacking, and may create pores between growing crystals. The addi-
tion of certain trace elements also disturbs the growth, because some elements influence the morphology
of the growing crystals. Thus, the changes over time of stalagmite fabrics, provide insights into changes in
the physical and chemical properties of the water from which the crystals form at seasonal to millennial
timescales.

Flickering: A statistical metric describing the observed lag-one negative autocorrelation of growth incre-
ment, which is the change in growth rate from one year to the next. When the growth rate acceleration is
strongly negative, high growth rate years tend to be followed by low growth years. This is termed as flicker-
ing and has been shown to be related to karst storage in Mariethoz et al. (2012). The occurrence of flickering
is illustrated in Figure 13, where a portion of a stalagmite presenting a strong flickering pattern is zoomed
in to show the oscillation between high and log growth in successive years.

Fluorescent organic matter (FOM): Aromatic carbon structures within natural organic matter can
have the optical property of fluorescence, emitting light when excited by ultra-violet wavelength energy.
Where natural organic matter is preserved within speleothem calcite, fluorescence microscopy allows the
identification of the FOM.

Information content (IC): See variogram.

Indian Ocean Dipole (IOD): 10D is the difference between sea surface temperatures in the tropical
western and eastern Indian Ocean. A positive IOD has warmer surface water adjacent to Africa, resulting
in wetter conditions in NE Africa and drier conditions in the Australian region between May and Decem-
ber. The opposite occurs when there is a negative IOD. Since 1960, there have been 11 negative IOD and 10
positive IOD events.

Karst: It is the landforms associated with the dissolution of sparingly soluble rocks, most commonly
carbonates (limestones and dolomites). Karstified carbonate rocks are characterized by focused recharge
through closed depressions or sinkholes, the development of underground drainage systems, and lack of
surface rivers and lakes. Caves containing stalagmites are typically part of this underground drainage sys-
tem. When the system no longer floods, due to lower groundwater levels (or uplifted bedrock), passages are
mostly filled by air and stalagmites form from percolating water.

LOWESS: A local regression technique, or moving regression, where a local weighting is applied. Here,
it is used to detrend stalagmite annual vertical accumulation rate time series prior to analysis of changes in
variance over time using changepoint analysis.

Multidimensional scaling (MDS): A visualization method to display the amount of similarity between
samples of a data set. Here, the samples are the laminated stalagmite sequences, which form a global data
set for which we have a large amount of different geostatistical and geospatial information. MDS is used to
show this similarity between laminated stalagmite sequences mapped as a scatter plot in abstract two-di-
mensional space.

North Atlantic Oscillation (NAO): The NAO index is based on the surface sea-level pressure difference
in the North Atlantic sector between the Subtropical High and the Subpolar Low. A positive NAO is asso-
ciated with warmer temperatures in NE North America and North Europe, wetter conditions in northwest
Europe and drier conditions in southern and central Europe. The opposite climate is experienced with a
negative NAO. The NAO has high interannual variability, with prolonged periods of both positive and neg-
ative phases common.

Nugget: See variogram.
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Pruned exact linear time (PELT): An algorithm to detect multiple changepoints in a time series.
Changepoint detection methods comprise binary segmentation and segment neighborhood analyses. Bi-
nary segmentation uses a single changepoint test and a time series split into two segments. Each segment
is then analyzed again, and this continues until no changepoints are detected. The algorithm is fast but
only an approximation to the total number of changepoints. PELT is similar to the segment neighborhood
algorithms, where dynamic programming is used to the optimal segmentation to detect all possible change-
points. These algorithms are exact but more computationally complex.

Prior calcite precipitation (PCP): A term used in speleothem science to describe the precipitation of
calcite that has occurred along the water flow path prior to reaching the tip of a particular speleothem.
Extensive PCP can result in a cave percolation water having a decreasing supersaturation with respect to
calcite along a flowpath, and in the context of stalagmite growth properties, could be a factor determining
annual vertical accumulation rate.

Range: See variogram.

Recharge: The movement of water to the groundwater. In the context of stalagmite percolation waters,
the water is likely to have from rainfall, and it has yet to reach the groundwater, and it would be best defined
as potential rainfall recharge. Recharge is modeled here using the Var-Karst model, which quantifies the
monthly volume of water leaving the unsaturated zone.

Red noise: In time series analysis, this refers to the spectral analysis property where power density de-
creases with increasing frequency. In many paleoclimate proxies, including stalagmites, time series proper-
ties are autocorrelated, leading to a red noise spectrum. Here, we use the REDFIT software to specifically
test whether time series of stalagmite annual vertical accumulation are different from an autoregression (1)
or AR(1) function. That is, where the vertical accumulation at time t is related to the accumulation at time
t minus 1, plus some noise.

Seasonality Index: Walsh and Lawler (1981) define a Seasonality Index as the sum of the absolute de-
viations of mean monthly rainfalls from the overall monthly mean, divided by the mean annual rainfall. If
all months have equal rainfall, the index equals zero, and if all rainfall falls in 1 month, the index is 1.83:
seasonality classes are defined by 0.2 index units. Here, we apply it to monthly precipitation to obtain a
Precipitation Seasonality Index and to monthly modeled recharge to obtain a Recharge Seasonality Index.
Sill: See variogram.

Spectral analysis: In time series analysis, this is an algorithm that estimates the strength of different
frequency components (the power spectrum). Specifically applied to stalagmites and other potential paleo-
climate proxies, spectral analysis is used to elucidate frequencies (or periodicies) in a time series. Here, we
investigate the time series of stalagmite annual vertical accumulation, to determine if there are frequencies
that are statistically different from those that could be obtained from randomly generated AR(1) or red noise
time series (see red noise).

Speleothem: A cave deposit (speleo—from ancient Greek spélaion means cave; them—from the ancient
Greek theme, which means the topic of/topic of). The use of them within the word speleothem has been
transformed in the English language literature as signifying deposit.

Stalagmite: A chemical precipitate found in caves that forms from drip waters. It is a type of speleothem
that accumulates from the cave floor in a vertical direction. It will typically have an associated stalactite,
which forms on the cave ceiling and grows downward.
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Synchrotron XRF: Synchrotron light is characterized by focused and high brilliance. X-rays (which we
do not see) are emitted as part of the light spectrum and captured by a beamline in the desired range of
wavelength and energy. These X-rays are so powerful that they can penetrate through thick stalagmite sam-
ples and reveal their chemical composition with an unparalleled accuracy.

Variogram: A geostatistical tool that describes the behavior of data, either spatially (2-D) or temporally
correlated time series. Its principle is to compute the variance of pairs of data points that are separated by
a certain lag (either a distance or a time-lag). The experimental variogram is the function that describes the
observed variance for a series of increasing lags. This function typically increases with larger lags, as data
become more decorrelated when their separation increases. A variogram model is a mathematical expres-
sion adjusted on the experimental variogram. The parameters values resulting from this adjustment provide
information on the behavior of the observed variable, such as Range (r), Sill (c), and Nugget (n). The Range
is related to the correlation length and can be seen as the persistence of episodes of thicker or thinner lami-
nae; the Sill is the overall variance of the time series; the Nugget is the part of the signal that is unaccounted
for by the range, and can be seen as uncorrelated signal; the Information Content which is the percentage
of variance attributed to the correlated signal.

Vertical extension rate: Speleothem lamina thickness is measured as a distance from bottom to top of a
growth lamina perpendicular to the lamina surface. It is a linear dimension and, as such, it is here referred
to as vertical extension rate. This terminology prevents confusion with growth rate, which refers to the lin-
ear advancement of different calcite crystal faces. Different calcite crystal faces have different growth rate,
and the result of growth rate differences is a three-dimensional calcite crystal. The growth rate of a calcite
crystal is measured in the laboratory and is calculated in terms of mass deposited per unit area per unit time
at a specified supersaturation. The area dimension is two dimensional, and time is the third dimension.
When we measure the distance between top and bottom of a growth lamina in a stalagmite we are, practi-
cally, equating the vertical extension of the lamina with how fast the stalagmite grew per year. The exten-
sion rate accounts for the velocity at which a stalagmite layer grows in the vertical dimension (from floor to
ceiling) and reflects not just calcite crystal growth, but also porosity and presence of impurities

White noise: In time series analysis, this refers to the spectral analysis property where power density
does not vary with frequency. In other words, the time series has an autoregression 0 or AR(0) function. In
terms of stalagmite deposition, it would mean that the vertical accumulation at time ¢ is unrelated to the
accumulation at any previous timesteps and comprises just noise. Here, we compare stalagmite flickering
properties to white noise.
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