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ABSTRACT

Speleothem stable carbon isotopes (8'3Cearp) are used to reconstruct past environments, but are a complex signal
of karst, soil and plant processes. To help untangle these signals, we used plant waxes, their carbon isotopic
values (613CW3X) and polycyclic aromatic hydrocarbons (PAHs) extracted from stalagmites to evaluate plant
photosynthetic pathway (Cg vs C4) and biomass burning above a cave. Our test case investigates stalagmites from
Anjohibe in Madagascar where at around 1000 CE multiple §'3Cay, records increase by ~ 8-10 %o. This suggests
that humans transformed the local landscape from C3 vegetation to C4 grasses through agropastoral practices,
which rely on burning to promote grass growth. We evaluated different protocols to remove contamination,
finding higher biomarker yields after polishing off the surface of the stalagmite versus ultrasonic pre-cleaning in
solvent. Anjohibe stalagmites include n-alkanes from trees and grasses; however, bulk organic §'°C and 8'3Cyyqx
from samples dated to after the transition to the modern C4 landscape yield values suggesting C3 vegetation. This
is likely due to a disproportionally higher contribution of C3 waxes to the overall n-alkane signal. PAHs are
present in the stalagmite but do not match the types found in overlying soils and further testing is required to
determine their source. We find that 5'3C values of bulk organic carbon, or plant waxes extracted from stalag-
mites, should be interpreted with caution as the proportion of plant matter on the landscape does not necessarily
equate to the proportion of organic molecules produced by those plants or preserved in the sedimentary record.

1. Introduction

the cave (Wong and Breecker, 2015), while the latter primarily reflects
the isotopic value of precipitation (McDermott et al., 2005). Of the two,

Speleothems have long provided a wealth of information for un-
derstanding terrestrial paleoclimate (Hendy and Wilson, 1968), espe-
cially after improved precision in U-Th dating techniques (Shen et al.,
2002). Their mineralogy, trace metal and stable isotope chemistry
document past changes in the monsoons, occurrences of droughts and
other changes in paleo-hydrology (Bar-Matthews et al., 2003; Medina-
Elizalde et al., 2010; Wang et al., 2001). The most commonly used
climate proxies in speleothems are the stable carbon (5'3C) and oxygen
(8'®0) isotopes of carbonate. The former is thought to reflect carbon
input to karst systems from the atmosphere, soil and vegetation above
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5'%0 is the more easily explained within a climate framework, with
variability reflecting changes in rain amount, moisture source, and
temperature (Fairchild et al., 2006). Variability in §'3C in speleothem
carbonate is more difficult to interpret and is far less often used as an
environmental proxy because a wide variety of processes may influence
the signal, including: vegetation type, soil processes related to moisture
and temperature, prior calcite and aragonite precipitation, disequilib-
rium reactions in the karst, changes in the partial pressure of carbon
dioxide (pCOy) in the cave atmosphere and degree of degassing of cave
drip waters (Fohlmeister et al., 2020). Because of these complexities,
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513C records have often been ignored or unreported in speleothem-based
climate studies. Recently, combined 5!3C and trace element (Mg/Ca, St/
Ca) measurements have been used to explore and even quantify the role
of hydrology (mainly prior carbonate precipitation) on speleothem §'3C
(Stoll et al., 2023). Paired 8'3C and '*C measurements are revealing the
role of differently aged organic matter (OM) sources in speleothem 8'°C
(Lechleitner et al., 2016). However, the role of changing vegetation
remains relatively unexplored.

Biomarkers can be described as molecular fossils and include com-
pounds or classes of compounds preserved in the rock record that can be
traced to specific organisms, group of organisms or biological reactions
(e.g. photosynthesis) (Castaneda and Schouten, 2011; Killops and Kill-
ops, 2005). They have the potential to directly identify vegetation
changes in speleothems, and therefore the role of those vegetation
changes on speleothem &!°C. Blyth and others have investigated
whether speleothems contain more direct information about vegetation
and climate in the organic carbon compounds found in low concentra-
tions in speleothems (Blyth et al., 2007; Blyth et al., 2006; Blyth et al.,
2013a; Blyth et al., 2013b) and (Li et al., 2014; Wang et al., 2019). If this
organic component can be extracted, its geochemistry (e.g. plant wax
biomarkers and 8'3C values of individual compounds) might be used to
directly identify vegetation changes using well-dated speleothems.
These studies have outlined techniques to extract bulk organic carbon
s8¢ (Blyth et al., 2013a; Blyth et al., 2013b; Li et al., 2014), specific
organic compounds such as plant waxes (e.g. n-alkanes, fatty acids;
Blyth et al., 2006; Wang et al., 2019) and other compound classes such
as archeal membrane lipids (Blyth and Schouten, 2013) as well as to
measure their stable isotopic compositions (Blyth et al., 2013b; Wang
etal., 2019). In studies of Heshang Cave, China, Wang and others (2019)
argue for evidence of more Cg vegetation and soil respiration in the early
Holocene based on compound specific 5'3C of different chain lengths of
fatty acids, whereas no change is recorded by the inorganic 8*>C from
the same sample (Hu et al., 2008). Other researchers have measured and
quantified polycyclic aromatic hydrocarbons (PAHs) in speleothems,
which are molecular indicators of biomass burning and fire but can also
be derived from petrogenic sources (Argiriadis et al., 2019; Argiriadis
et al., 2024; Perrette et al., 2008). Preliminary work on speleothems
from lava tubes in the Galapagos has also found biomarkers indicative of
anthropogenic stress on the environment (Miller et al., 2022). Despite
methodological advancements including acid digestion, liquid-liquid
phase separation (LLPS) (e.g. Blyth et al., 2006) and clean lab protocols
(e.g., Argiriadis et al., 2019), a major challenge with this work is the
very low concentration of organic carbon (0.01-0.3 % total carbon) in
cave deposits (Blyth et al., 2016). Additionally, like other paleoenvir-
onmental archives (e.g., lake sediments, peats), questions remain
regarding the source, transport and preservation of organic compounds
in speleothems.

In this study we test whether these organic molecular tools can be
applied to detect a well-established vegetation turnover approximately
1,000 years ago in northwestern Madagascar. Here, an ecosystem shift
from a dry deciduous forest ecosystem dominated by flora using a Cs
photosynthetic pathway to a grassy biome dominated by C4 grasses was
likely caused by human activity and involved, in part or in full, the
introduction of slash and burn agriculture (Burns et al., 2016; Godfrey
et al., 2019). Evidence for this shift is recorded by a large increase in
grass pollen in lakes across Madagascar (Burney, 1987; Gasse and Van
Campo, 1998; Matsumoto and Burney, 1994; Teixeira et al., 2021), and
is seen in speleothems from Anjohibe (‘big cave’ in Malagasy) via a
large, ~10 %o positive excursion in carbonate 8'3C (hereafter 5'3Cearp)
(Burns et al., 2016; Voarintsoa et al., 2017). Thus, we consider speleo-
thems from Anjohibe, in comparison to above-cave soil and plant sam-
ples, to be an ideal test case to determine whether various organic
biomarkers are present in speleothems, whether they record information
on the overlying soil and vegetation, and whether they can detect
ecosystem scale changes in overlying vegetation. If the organic material
contained in speleothems is reflective of surface processes, then the large
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shift in 8'3Ceap, should also be recorded in one or more organic com-
pounds held in the same speleothems.

2. Material and methods
2.1. Study site and field sampling

Anjohibe is located about 70 km northeast of Mahajanga (—15.542°
latitude, 46.885° longitude) and formed in the Eocene Narinda Lime-
stone (Besairie, 1972; Middleton and Middleton, 2002), with overlying
bedrock thickness ranging from 1 to 10 m below the land surface
(Voarintsoa et al., 2021). Today, the environment above the cave is
primarily savanna C4 grasses with scattered palms and small Cg trees
(Supplementary Fig. 1) in wetter areas such as at cave entrances
(Voarintsoa et al., 2021).

We tested organic geochemical methods on three speleothems (AB2,
AB3 and AB4) collected in 2014. The 5'*Ccarp of AB2 and AB3 has been
previously published (Burns et al., 2016; Scroxton et al., 2017) and in-
cludes the distinctive ~ 10 %o enrichment at ~ 1 ka marking the tran-
sition from predominantly C3 to C4 vegetation. Stalagmite AB4 was
never analyzed in detail for carbonate isotopes due to very large un-
certainties of the U/Th ages, with a top age of 3554 + 1664 years BP
(Before Present) and a bottom age of 5796 + 6391 years BP. Based on
these two ages, any geochemical information recorded in sample AB4
should reflect the paleoenvironment prior to the recorded ecosystem
shift. In other words, it should reflect a C3-dominated deciduous forest
landscape. Prior to destructively sampling material from the well dated
AB2 and AB3 stalagmites, AB4 was used for testing extraction methods
because it contained ample amounts of carbonate that could be dis-
solved for biomarker analysis. Soil and plant samples above Anjohibe
and nearby Anjohikely (‘little cave’, —15.561° latitude, 46.874° longi-
tude) were also collected in October 2019 to test as possible sources of
biomarkers found in the speleothem samples.

2.2. Speleothem OM

2.2.1. Controlling for modern OM contamination on speleothems

A summary of the chemistry workflow for the stalagmite sample
preparation is shown in Fig. 1. Because the OM content of speleothems is
very low, contamination of sample surfaces during sample collection,
handling and preparation is a serious concern. Previous studies of OM in
speleothems have removed potentially contaminated surface material
by either physical or acid removal of the surface (e.g., Blyth et al., 2006;
Blyth and Schouten, 2013; Blyth et al., 2013a; Wang et al., 2019) or by
sampling a fragment from the speleothem and ultrasonic pre-cleaning it
whole in solvent, usually dichloromethane (DCM) or 9:1 DCM: methanol
(MeOH) (e.g., Argiriadis et al., 2019; Blyth et al., 2007). However, the
stalagmites from Anjohibe can be quite porous, reflecting a mixture of
calcite and aragonite layers and ultrasonic pre-cleaning is likely unable
to differentiate between removing contaminant organic molecules on
the surface of the fragment versus paleo-molecules within the layers of
the stalagmite. Therefore, we tested two methods of removing
contamination.

The first method is based on previously published methods (e.g.
Argiriadis et al., 2019; Blyth et al., 2007) and involved ultrasonic pre-
cleaning a portion of the stalagmite in solvent. We used either a ~ 2
cm diamond-tipped coring drill bit to obtain cylinders of stalagmite
carbonate or a diamond tile saw to cut chips of stalagmite along the
growth axis. These fragments were then sonicated in 9:1 DCM:MeOH
either 5x for 3 min (Blyth et al., 2007) or 3x for 15 min. Since previous
studies used a range of different weights (~200 mg to 10 g), we also
tested the ultrasonic pre-cleaning protocol on samples between 1-13 g.
An in-house marble standard was powdered and combusted at 500 °C to
eliminate all OM and used as a check standard for the organic
geochemistry protocol described below.

The second method to remove surface contamination is newly



R.R. Dawson et al.

Liquid/Liquid

Speleothem Cleaning Extraction

Procedure

Sonicate in Solvent

Polish off outer surface

(speleo])

Organic Geochemistry 195 (2024) 104810

Plant Lipids
n-alkanes

NN

fatty acid methyl esters (FAMEs)

A CHy

\

GC-IRMS
3BCcan
G,
ec‘/lls .
" % %ns,
tg, "y,
Cag; 70 Pol li
vt
Hydrocarbons
chrysene fluoranthene pyrene

Fig. 1. Schematic of organic geochemistry workflow.

proposed here and involves physical removal, using a diamond encrus-
ted metal polishing plate. Polishing grit, paste or pads used in standard
thin-sectioning practices were not used to avoid OM contamination.
Subsamples of stalagmite were drilled at different depths along the
growth axis using a ~ 2 cm diamond-tipped coring drill bit to obtain
cylinders of stalagmite carbonate that weighed between 9-12 g. The
outside surfaces of the carbonate cylinders were then polished off to
remove any modern surface OM contamination. All metal tools
including the polishing plate and core drill bit were rinsed prior to and
between sampling using 9:1 DCM:MeOH. The same in-house marble was
also sampled using the same core drill bit and polished to serve as a test
of this new method to remove surface contamination.

2.2.2. Speleothem OM Extraction and Chromatography

After one of the two surface cleaning pretreatment methods was
followed, stalagmite samples were dissolved in 34-37 % TraceGrade HCl
pre-extracted with solvent (DCM) to remove contamination. All glass-
ware used was cleaned and combusted in a 500 °C muffle furnace for 6 h.
A solvent cleaned stir bar was added to the reaction beaker to facilitate
dissolution. The beakers were covered with a petri dish during the
dissolution (which usually took a couple hours to overnight) while
allowing CO3 to escape via the spout. After the stalagmite fragment was
dissolved, any dissolved OM was extracted from the acid 3 times by LLPS
using DCM in a separatory funnel. Subsequently the DCM fractions were
combined to obtain a total lipid extract (TLE); excess solvent was
evaporated on a Zymark TurboVap. There was often residual water from
the HCI and this was removed by running the TLE through sodium sul-
fate columns. Next the TLE was separated into neutral lipids, fatty acid
and phospholipid acid fractions using aminopropyl column chroma-
tography with mobile phases of DCM:isopropanol (2:1, v/v), ethyl ether:
acetic acid (96:4, v/v) and MeOH, respectively. The neutral lipids were
further separated into apolar, ketone, and polar fraction using alumina
oxide column chromatography with mobile phases of hexane/DCM (9:1,
v/v), hexane/DCM (1:1, v/v) and DCM/MeOH (1:1, v/v). A total of 17
samples from stalagmite AB4 and 1 from AB2 were examined; bio-
markers were detected in all 18 samples. Molecules of interest for this
study include the n-alkanes and PAHs which are predominantly in the
apolar fraction. For all types of samples (speleothem extract, soil, plant),
apolar fractions were subsequently run through silver nitrate impreg-
nated silica gel columns with hexane (100 %) and ethyl acetate (100 %)

to separate saturated and unsaturated hydrocarbons prior to analysis on
the GC-IRMS.

Fatty acids or n-alkanoic acids are another type of leaf wax molecule
that can be extracted from sediments, although they are not as recalci-
trant as n-alkanes (Cranwell, 1981). Questions remain about the pro-
duction, isotopic fractionation, transport and preservation differences
between n-alkanes and fatty acids in living plants (Diefendorf and
Freimuth, 2017). Regardless, fatty acids may provide important envi-
ronmental information, and were extracted to obtain information about
the past environment above Anjohibe. The fatty acid fraction was
acetylated using 5:95 acetyl chloride:MeOH and the sample vials were
placed in a metal holder, on a heating block set to 60 °C and allowed to
react to completion overnight. Water was then removed using LLPS with
a 5 % NaCl solution and hexane. The fatty acid fraction was further
cleaned using silica gel and extracted with DCM. The end products are
fatty acid methyl esters or FAMEs. Plant waxes (n-alkanes and FAMEs)
were quantified by a gas chromatograph (GC) equipped with a Flame
Ionization Detector (GC-FID). PAHs were identified and quantified by
GC-MS (see sections 2.4 and 2.5 for more details).

2.3. Soil and plant samples

In addition to the stalagmites, modern topsoils (n = 3; approximately
0 to 20 cm depth) and plants (n = 9) from the ground surface above
Anjohibe were collected in October 2019 to compare biomarker content
(plant waxes, PAHs) and 613C0rganic of potential sources to that of the
stalagmite layers. Topsoils were collected near the primary entrance to
Anjohibe where small trees grow today, and near an entrance above the
cave that is surrounded by grassland. A third topsoil was taken from a
grassy area above Anjohikely. Plants with either C3 or C4 photosynthetic
pathways were also collected from the surrounding area, along with an
introduced non-native cactus (from a local farmer) representative of
plants that use the Crassulacean Acid Metabolism (CAM). Plants were
either identified in the field or classified to the family level using field
notes and photos along with the Kew Royal Botanic Gardens Plants of
the World Online database (POWO, 2022).

Modern topsoil samples were freeze-dried, homogenized, and
extracted using a Dionex automated solvent extractor (ASE 200) with a
solvent mixture of 9:1 (v/v) DCM:MeOH. Modern plant samples were
extracted ultrasonically also using 9:1 (v/v) DCM:MeOH. Samples were
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sonicated 3 times for 30 min and extracts combined to obtain the TLE.
Both topsoil and plant TLEs followed the same aminopropyl, alumina
column, and silver nitrate impregnated silica gel chromatography pro-
cedures as described above.

2.4. Plant Waxes (GC-FID)

The n-alkanes and FAMEs were identified and quantified on an
Agilent 7890A gas chromatograph (GC) equipped with a Flame Ioniza-
tion Detector (GC-FID). Samples were injected (1pl) from an autosam-
pler into the inlet (splitless, 250 °C) and carried via hydrogen gas (flow
rate of 4.5 ml min~') onto a 60m DB-5 column (0.32 mm ID, 0.25 pm
film). The oven temperature initiated at 70 °C, increased at a rate of
17 °C min~! to 130 °C, and next at 7 °C min'to 320 °C; the final tem-
perature of 320°C was held for 15 min. Concentrations of each com-
pound were determined using a calibration curve of the standard
squalane, which was injected at 8 concentrations ranging from 2 to 75
ng/pL. To assess sample recovery after each step (e.g. acid dissolution
and column chromatography), a known concentration of a standard
(squalane) was also added to the sample beaker prior to dissolution.
Recovery of plant waxes was 84 % efficient after acid dissolution, and
between 53-77 % efficient after acid dissolution and column
chromatography.

2.5. Polycyclic Aromatic Hydrocarbons (GC-MS)

For the speleothem and soil samples, PAHs within the apolar fraction
were identified and quantified on a Hewlett Packard 6890 series GC
coupled to an Agilent 5973N mass spectrometer (GC-MS) with a Restek
Rtx-5 ms column (60 m x 250 pm x 0.25 pm). The oven temperature
initiated at 70 °C, increased at a rate of 20 °C min~" to 130 °C, and next
at a rate of 4 °C min~! to 320 °C; the final temperature of 320 °C was
held for 20 min. Samples were analyzed in Selected Ion Monitoring
(SIM) mode, where ion masses of 17 PAHs were targeted. PAH con-
centrations were calculated using an external calibration curve based on
varying concentrations of a mixture of 16 PAHs from a RESTEK SV
Calibration Mix combined with Retene from a CHIRON AS standard. See
methods in Miller et al. (2017) for more details.

2.6. Plant Wax §'3C (GC-IRMS)

Plant waxes (n-alkanes and FAMEs) were targeted for compound
specific isotope analysis (CSIA) if specific chain lengths of interest were
found in high enough concentrations (at least ~ 60 ng/pl for our in-
strument) to obtain reliable carbon isotope measurements. If concen-
trations were sufficient, sample 613CWax (n-alkanes or FAMEs) was
measured on a Thermo Delta V Advantage Isotope Ratio Mass Spec-
trometer (IRMS) coupled to a Thermo Trace GC Ultra through a GCC III
or a Thermo Trace 1310 through an IsoLink II. Samples were injected
(4pD) from an autosampler into a 280 °C inlet (splitless) and onto a DB-1
MS column (30 m, 0.25 mm ID, 0.25 pm film). The oven temperature
initiated at 70 °C, increased at a rate of 25 °C min ™" to 230 °C, and next
atarate of 5°Cmin ' to 320 °C; the final temperature of 320°C was held
for 10 min. Helium was used as a carrier gas at a flow rate of 1.2 ml
min~!. The oxidation and reactor temperatures were 940 °C and 650 °C
respectively on the GCC IIL. On the IsoLink II the reduction furnace was
set at 1000 °C. When we had enough material samples were run in
duplicate and normalized to Vienna Pee Dee Belemnite (VPDB) using an
external standard (nC28#2, Arndt Schimmellmann, Indiana University).
Precision and accuracy were tracked via comparison with a standard of
known value (nC25#4, Arndt Schimmelmann, Indiana University). De-
viation in accuracy of our reconstructed 5!°C was 0.0 +/- 0.2 %o. Pre-
cision, measured using the average of repeat measurements, was +/- 0.2

%o.
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2.7. Total lipid extracts/TLEs (EA-IRMS)

In addition to CSIA, some samples of stalagmites and plants were
analyzed for the 5'3C of bulk extracted OM (613CTLE). For these analyses,
a few drops of the TLE were added to a pre-weighed tin capsule, the
solvent allowed to evaporate fully, and subsequently weighed. These
samples were analyzed at the Yale Analytical and Stable Isotope Center
(YASIC) on a Costech ECS 4010 Elemental Analyzer with Conflo III
interface for isotope ratios on an IRMS. The in-house reference materials
run at Yale are standardized to the Vienna Peedee Belemnite (VPDB) and
give a standard deviation of at least 0.2 %.o.

2.8. Ratios to describe OM

N-alkane data is often summarized using the average chain length
(ACL), which is the weighted average of the various carbon-chain
lengths (Bush and Mclnerney, 2013) and is defined as:

_ >.(Cy x 1)
A ="c

C, is the concentration of each n-alkane with n carbon atoms. This and
other chain-length ratios are often thought to be indicative of different
plant functional groups. For example, the ratio of C29/Cs; or C31/(C31 +
Ca9) has been used to try and differentiate savannah versus rainforest
habitats (Jansen et al., 2008; Vogts et al., 2009), though this might be
more reflective of climate than an actual difference between grass and
woody plant types (Bush and McInerney, 2013). Another common ratio
used to examine n-alkanes in paleorecords is the carbon preference
index (CPI) (Marzi et al., 1993). This describes the odd- over even-
carbon number predominance and is defined as:

_ [D0aa(Co1-33) + 3 04a(Ca3-35)]
N S (SN)

CPI values vary greatly in modern plants (Bush and McInerney, 2013),
but it is commonly reported that a CPI > 1 indicates immature (not
thermally altered) plant matter.

3. Results and discussion
3.1. Recovery of plant waxes from stalagmites

The two different methods for removing surface contaminants from
stalagmite samples showed highly variable yields of plant waxes (Cag
FAMES and Cyg n-alkanes) (Fig. 2). These chain-lengths are abundant in
both grasses and woody plants (Bush and McInerney, 2013) and so were
chosen as a target molecule for assessing 5'C CSIA potential of these
stalagmite samples. As expected, the combusted marble standard did not
contain any n-alkanes. For the smaller AB4 samples (~1 g) that were
sonicated clean, yields were between 7-13 ng Cag n-alkanes. These
amounts are well below the ~ 60 ng of Cyg n-alkanes required for CSIA
on our GC-IRMS. A previous study of an Australian stalagmite
(Argiriadis et al., 2019) yielded ~ 1000-2000 ng Cag n-alkanes g!
carbonate, though the authors see a lack of odd-over-even preference
suggesting a source other than plants for these lipids. Another previous
study on a speleothem from Ethiopia (Blyth et al., 2006) showed lower
yields between ~ 60-100 ng g_1 carbonate for C3; n-alkanes and Cog n-
alkanols, with the authors acid digesting ~ 10 g of stalagmite carbonate
per sample. The lower leaf wax yields in AB4 could be due to lower
primary productivity above Anjohibe than the other two caves or slower
and less fracture flow of OM to the stalagmite surface. Lower concen-
trations of plant waxes make careful laboratory preparation and in-
strument precision essential when working in this type of setting. It is
important to use internal standards to test sample recovery as well as
carbonate standards such as marble to identify any possible sources of
contamination.
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Fig. 2. Total amount (ng) of Cyg n-alkanes (filled symbols) and Cog FAMEs (open symbols) extracted from stalagmite sample AB4 using two different methods for
removing surface contamination and Cy9 n-alkanes from stalagmite AB2 sample and marble standards.

Since 1 g of speleothem AB4 did not provide enough material for
CSIA, it was subsequently resampled by drilling 3-12 g of speleothem.
Interestingly, there is no 1:1 relationship between the amount of spe-
leothem carbonate dissolved and the yield of extracted plant waxes, with
values ranging from 17 to 44 ng for Cy9 n-alkanes and 8-63 ng Cog
FAMES (Fig. 2). Though this set of six AB4 samples was sonicated for a
longer period during the second sonication step (close to 2 h), compared
to the 6 samples weighing ~ 1 g each, they show no evidence of
excessive loss of organic molecules due to the extra sonication time.
Although there was no predictable increase in organic molecules with
increased carbonate dissolved, we decided to dissolve close to 10 g of
AB4 going forward to have a better chance of reaching the 60 ng
detection limit for CSIA. To examine how much plant wax was removed
after ultrasonic pre-cleaning, we saved the solvent used for ultrasonic
cleaning another sample of AB4 (red X in Fig. 2) and compared it to the
quantity of waxes eventually extracted from the carbonate after acid
dissolution (red X with a vertical line in Fig. 2). For this sample, we
sonicated it 5x for 3 min in 9:1 DCM:MeOH. The amount of Cyg n-al-
kanes (16 ng) removed and presumed to be contamination from the first
sonication is about the same as the amount extracted post acid disso-
lution from another sample with similar mass (~6 g) sonicated for 15
min and then 2 h (17ng). This emphasizes that the sample signal is very
small and on the scale of possible contamination.

Ultimately there is no way to determine whether the lipids removed
during sonication are sample or contamination. The AB4 speleothem is
quite porous and therefore the solvent used for ultrasonic cleaning likely
reacts with OM not only on the cut outer surface of the speleothem, but
also within these pore spaces, where primary OM was deposited at the
time the speleothem layers were formed. Therefore, with none of the
ultrasonically cleaned samples except one yielding enough plant waxes
(Cos FAMES) for CSIA, we instead turned to the polishing method of
removing contaminated stalagmite surfaces in hopes of extracting
higher yields of primary organic molecules.

Four samples of AB4, polished on each side to remove contamina-
tion, ranged in mass from 9 to 13 g and the amount of extracted plant
waxes ranged from 38 to 103 ng for Cy9 n-alkanes and 24-108 ng Cag
FAMES (Fig. 2). On average, this method recovered more plant waxes
than ultrasonic cleaning, but again, there is no linear relationship be-
tween the amounts of carbonate dissolved and extracted plant waxes.
We explored how much organic contamination might be on the tools
used, including the polishing plate used to remove surface contamina-
tion and the drill bit used to sample AB4. Therefore, we saved both the
solvent (9:1 DCM:MeOH) used to clean the tools prior to sampling and
polishing and the solvent used to clean the tools again before the next

sample. These “pre-cleaning” and “post-cleaning” solvent rinses were
treated as samples and run through the chromatography steps to
compare with AB4. The full range of potential plant wax compounds of
interest were present as contamination on these tools (Fig. 3). We
concluded that it is essential to pre-clean the polishing plate and drill bit
prior to sampling. These findings support previous work on Archean drill
cores (French et al., 2015), which found that initial sampling with
inadequately cleaned saw blades was a major source of biomarker
contamination. Likewise, it is important to clean tools with solvent be-
tween sampling to remove any residual OM from the previous sample
(Fig. 3).

When comparing the solvent washes (Fig. 3) to the AB4 sample that
was acid digested and extracted by LLPS (Fig. 3), we see that in contrast
to the potential contamination rinsed off the sampling tools, the waxes
extracted from a clean sample of AB4 exhibit the classic odd-over-even
predominance expected from plant waxes. However, the solvents used
for cleaning the tools have a smoother distribution of all chain lengths
(Fig. 3) and a low CPI (1.01-1.03). The CPI values for n-alkanes from the
4 polished samples from stalagmite AB4 and one polished sample from
AB2 range from 1.40 to 1.82, suggesting a source from terrestrial higher
plants (Fig. 4). The CPI range of all the sonicated clean samples is 0.57 to
2.02, with most above one, again suggesting a biological source. The
polished marble standard CPI is 0.89, while the combusted marble
standard CPI is 0.22. One AB4 sample extracted from ~ 1 g of carbonate
had a very low CPI (0.57), within the range of the marble standards. This
sample also had the lowest yield of total n-alkanes between Cz1-C49 (97
ng). This is a reminder that any interpretation from n-alkane ratios
should be made with caution when working with samples with such low
organic molecule yields.

O Solvent used to
pre-clean tools
AB4

m Solvent used to
clean post sampling

o N B
T T

Concentration n-Alkanes
(ng g Carbonate)

o N A O

21 23 25 27 29 31 33 35
n-Alkane Carbon Chain Length

Fig. 3. Concentration of n-alkanes from solvent used to pre-clean the drill bit
and polishing plate used to sample stalagmite material from AB4, extracted AB4
stalagmite (RRD 39), and solvent used to clean the same drill bit and polishing
plate before next sample.
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Fig. 4. Carbon preference index (CPI) versus the n-alkane chain length ratio C3;/(C3; + Cao) for all stalagmite samples and marble standard. The dashed line at a CPI
value of 1 differentiates alkanes derived from higher plant sources from those derived from degraded or mature organic matter. The solid black line on the left side of
the plot shows endmember values of the C31/(C3; + Cag) ratio for woody angiosperms and grasses (based on Bush and Mclnerney, 2013).

The ACL of all polished speleothem samples ranged from 26.7 to 28.3
while the ACL of all sonicated AB4 samples included some longer chain
lengths and ranged from 26.6 to 30.2. The first solvent rinse saved from
extracting AB4 (5 x for 3 min) had n-alkanes in it with an ACL of 25.1,
while ultimately the carbonate dissolved and extracted after that 5x3
minute sonication cleaning protocol, yielded n-alkanes with an ACL of
26.9. They also differed in CPI, with the solvent rinse being 1.09 and the
sample 2.02 (Fig. 4). All leaf wax data from testing different stalagmite
extraction methods and marble standards are listed in Supplementary
Tables 1 and 2 (n-alkanes) and Supplementary Table3 (FAMES).

3.2. Comparison of plant waxes from Anjohibe 3 ka and ~ 600 ya

Since concentrations of plant waxes in the Anjohibe samples were
rarely high enough to analyze 5'3Cyay, we explored using n-alkane chain
length ratios such as C31/(Cs; + Ca9) to estimate relative inputs from
woody angiosperms versus grasses through time. Ratios of C3; and Cog n-
alkanes have been proposed by previous studies (Jansen et al., 2008;
Vogts et al., 2009), to reflect the transition from forests to grasslands,
with forests producing more of the shorter Cyg chain length. However
these chain length differences might also reflect wetter (shorter chain
lengths) versus drier (longer chain lengths) climates (Bush and Mcl-
nerney, 2013). The 4 polished AB4 samples were drilled at roughly
equally-spaced depths throughout the ~ 2 m length of the stalagmite.
Geochemical data they provide reflect vegetation at ~ 3 ka, and we can
compare these 4 samples to the sample taken from AB2 at ~ 295-315
mm, which reflects the environment ~ 600 years ago, after the shift to a
savanna ecosystem (Scroxton et al., 2017). Modern African grasses
produce n-alkane chain length ratios of C31/(Cs; + Ca9) averaging 0.731,
while woody angiosperms have an average value of 0.399 (Bush and
Mclnerney, 2013). Interestingly, we find that the C3;/(Cs; + Cg9) value
for AB4 samples (0.373-0.468) and the AB2 sample (0.410) are similar
(Fig. 4), though the latter grew after the landscape above Anjohibe
became C4-dominated. It is unlikely the ~ 10 %o increase in 513Cearp at
1000 CE reflects a mere replacement of C3 grasses by C4 grasses with no
change in the relative abundance of C3 trees. C3 grasses are found in
shaded forest or mosaic landscapes and at elevations above 2000 m and
C,4 grasses do not thrive in shady habitats (Silander et al., 2024). The
change from C3 to C4 was far more rapid (~100 years) than expected for
climate driven fluctuations, and there is no correlation between carbon
and oxygen isotope values at the time of the habitat shift, as would be
expected if the change were triggered by climate. This supports the idea
that it was caused instead by human agropastoralist practices (Burns
et al., 2016; Godfrey et al., 2019). A loss of C3 trees near Anjohibe at ~
1000 CE is also strongly supported by subfossil data showing the local
extirpation of endemic large-bodied arboreal taxa with Cg plant diets
after 1500 years ago, as well as the fact that introduced species

(including rats and shrews, as well as domesticated animals), had largely
C4 diets (Crowley and Samonds, 2013). The lack of expected signal in the
C31/(Cs1 + Cg9) value could be due to other factors, such as temperature
or aridity, which can influence n-alkane chain-length or because chain-
length distributions are not an exact indicator of plant type. It is also
possible our AB2 sample never received surface n-alkanes produced after
the landscape changed. Uncertainties remain about the transport and lag
time between various carbon reservoirs for n-alkanes from plant to
speleothem.

We can also compare the overall concentrations of n-alkanes
extracted from these samples that represent the older more C3 domi-
nated landscape (AB4) and the younger C4 dominated landscape (AB2).
The total Cy1-C49 n-alkane yields averaged 312 ng for the polished AB4
samples, while the AB2 sample total yields averaged only 74 ng, which is
less than that detected in the polished marble standard (130 ng). These
differences are obvious when normalized to grams carbonate dissolved
per extraction (Fig. 5). In addition to making it difficult to interpret n-
alkane distributions, the low concentration of n-alkanes in AB2 pre-
cluded 613Cwax measurement. All leaf wax data from samples drilled
from stalagmites AB4 and AB2 are listed in Supplementary Table 1 and 2
(n-alkanes) and Supplementary Table 3 (FAMES).

3.3. Plant waxes from modern plants and soils

The nine modern plants collected from the field near Anjohibe
represent six families that are C3 photosynthesizers, two families that are
Cy4, and one that uses CAM. The C3 plants have the highest total con-
centrations of Cy1-Cyg n-alkanes, ranging from 65 to 562 pg g !, whereas
the C4 and CAM plants have 66-144 pg g~ L. A similar relationship is
present in the total n-alkane concentrations extracted from the three
soils collected near Anjohibe and Anjohikely. The two soils collected in a
more open grass covered area had total n-alkane concentrations ranging
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Fig. 5. Concentration of n-alkanes in polished stalagmite samples from AB4 (n
= 4) and AB2 (n = 1) compared with a polished marble standard. AB4 bars
reflect the average of 4 samples and errors bars are the standard deviation while
AB2 bars reflect a single sample.
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from 1 to 2 pg g~ ! while the soil sample collected near the entrance of
Anjohibe with more trees had a total concentration of 9 g g~*. The ACL
of the C3 plants analyzed here is 31.0-31.9, while the C4 grasses is lower
at 30.3-30.7 and the CAM plant is 30.2. The ACL of the two more grassy/
open soils are 29.4 and 28.7, while the more tree covered Anjohibe soils
is 30.6. The greater range with lower ACLs (~27-30) seen in the spe-
leothem samples compared to the modern plants and soils could be due
to the breaking of longer plant derived chains and production of shorter-
chained n-alkanes by microbes in situ and en route to the speleothem
surface.

Comparing different chain length distributions such as Cg;, Ca9, and
Cy7 from the plants and soils collected near Anjohibe to the database of
African plants in Bush and Mclnerney (2013), shows that there is
overlap between C3, C4 and CAM plants and the chain lengths of plant
waxes they produce (Fig. 6). The average C31/(Cs1 + Ca9) value (0.760
+ 0.079) of the modern Cg plants collected near Anjohibe (n = 6) are
actually closer to the end member for grasses (0.731) reported from the
larger dataset from Bush and Mclnerney (2013). Likewise, the average
C31/(C31 + Cag) value (0.593 =+ 0.047) for the modern C4 grasses
collected near Anjohibe (n = 2) is more towards the end member for
woody angiosperms (0.399) depicted in Fig. 4. Therefore, n-alkane chain
length distributions are not always a reliable indicator of plant type and
the patterns observed with a larger dataset such as by Bush and McI-
nerney (2013) may not be observable within specific regions repre-
sented by a smaller subset of plants. In fact, there is no significant
difference in n-alkane distributions from samples from the ~ 3 ka AB4
stalagmite versus the ~ 600 ya AB2 stalagmite (Fig. 6), despite the latter
growing after the major shift to a C4 dominated landscape (Burns et al.,
2016; Godfrey et al., 2019; Scroxton et al., 2017). The average C31/(Cs1
+ Cy) value for the AB4 stalagmite samples (0.406 + 0.043) is also
within error of the value for the AB2 stalagmite sample and both are
closer to the value of the two modern C4 grasses versus the modern C3
plants collected near Anjohibe. N-alkane distributions appear not to be
distinctive enough to differentiate plant types in this ecoregion. All n-
alkane data from modern plants and soils collected near Anjohibe and
the nearby Anjohikely are provided in Supplementary Tables 4 and 5.

3.4. Polycyclic aromatic hydrocarbons from soils and stalagmites

Low molecular weight (LMW) PAHs (e.g. phenanthrene, anthracene,
fluoranthene, pyrene, retene) compared to high molecular weight
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(HMW) PAHs (e.g. Benzo(a)anthracene, Chrysene, Benzo(b)fluo-
renthene, Benzo(k)fluorenthene, Benzo(a)pyrene, Indeno(1,2,3-cd)
pyrene) are useful in differentiating burned plant types with potential
applications in the sedimentary record (Karp et al., 2020). In our three
soil samples we find LMW PAHs including fluoranthene, pyrene, and
retene in concentrations from 3.9 to 17.2 ng g sed! (Fig. 7). We also
detect 16.3 ng g sed! of a high molecular weight (HMW) PAH, dibenz(a,
b)anthracene. Though we found no notable differences in either con-
centration or types of PAHs between the more C3 plant-covered versus
C4 plant-covered modern-day soils (Fig. 7). No PAHs were detected in
the sample of stalagmite AB2 (grew ~ 600 ya), despite its deposition
after the transition to a C4 vegetated landscape due to agropastoral
burning. The PAHs extracted from stalagmite AB4 samples (grew ~ 3
ka) most reflect HMW PAHs (m/z above 228) with only one sample
containing the LMW PAHs (e.g. fluoranthene and pyrene) found in the
modern soils (Fig. 7). Concentrations of PAHs from the polished AB4
samples range from 0.3 to 2 ng g~ stalagmite, which is an order of
magnitude lower than the concentrations found in the soils (Fig. 7). The
ultrasonic pre-cleaned AB4 samples had higher concentrations of PAHs
from 0.8 to 7.9 ng g~ ! stalagmite. This could be due to chance and the
location on the stalagmite from which the sample was drilled or due to
contamination. These concentrations are within the range found in
previous studies (Argiriadis et al., 2019; 2024) of stalagmites from
northwestern Australia that track historical records of fire. Although the
Australian cave and Anjohibe are located in similar environments, PAH
proxy work may be more difficult at Anjohibe, because of its larger size
and thus more complicated or slower infiltration pathways for PAHs.
Slower growing stalagmites at Anjohibe may also contribute to the lack
of PAHs in AB2 samples. Another study by Perrette et al. (2008) on
material from France found higher concentrations of LMW PAHs in
stalagmite samples (~20-30 ng g~ 1) but lower concentrations overall in
soils, including LMW PAHs (~1-12 ng g~ }), suggesting that the PAHs in
the stalagmite reflect a “reservoir effect”. It is clear from the overall lack
of similarity between the stalagmites of Anjohibe and nearby soils that
the stalagmite PAHs warrant further study. Without this, these PAHs
cannot be used as reliable paleoenvironmental indicators.

We extracted PAHs from the solvent used to clean the polishing plate
and drill bit after sampling and cleaning an AB4 sample (RRD 39). The
concentrations and PAH types are similar to those extracted from the
AB4 samples themselves (Fig. 7), indicating the post solvent wash does
remove PAHs from the sampling tools and could be helpful in preventing
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Fig. 6. Ternary diagram comparing different chain lengths of n-alkanes extracted from plants, soils and Anjohibe stalagmites. Previously published data of African
plants compiled in Bush and McInerney, (2013) and Vogts et al., (2009) are also plotted.
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sample cross-contamination. However we also found similar concen-
trations of PAHs in the marble standard, suggesting a PAH source from
contamination throughout the chemical workup. A previous study by
(Argiriadis et al., 2019), sonicated the piece of stalagmite before acid
dissolution and extraction, and tested recovery of PAHs using a known
amount of the compounds added to 0.5g of Carrara marble. They found
PAH recovery between 90 and 163 %, also suggesting some additional
sources of PAHs were incorporated into the Carrara marble extract via
contamination at steps in the laboratory protocol. At such low sample
concentrations, contamination can heavily skew interpretations.
Therefore, questions remain as to the source of PAHs in stalagmite
samples, and we conclude that PAHs are not reliable paleoenvir-
onmental signals in this case. All of our PAH concentrations are given in
Supplementary Table 6.

3.5. Compound specific stable isotopes (6'>Cyax) from Anjohibe

We obtained enough plant waxes in one AB4 sample to analyze
613CW2lx of the Cy9 (11 ng g’l) and C3; (7 ng g’l) n-alkanes, chosen
because they are commonly produced by woody angiosperms and
grasses (Bush and McInerney, 2013; Vogts et al., 2009). The 613Cwax
(VPDB) values for these chain lengths are -32.3 %o and -33.7 %o
respectively. Like previous studies (Blyth et al., 2011; Wang et al., 2019;
Xie et al., 2003) we found a bimodal distribution of chain lengths for our
FAMES, with the highest abundances in the shorter chain lengths (Ci¢
and C;g) which are represented in all biomass including bacteria and
plants. The next most abundant chain length, Cy4, is attributed to plant
waxes (Fig. 8). Therefore, we analyzed the 613CFAMES of C1g and Cyq
chain lengths, following a previous study which used these values to
estimate changes in soil respiration (Wang et al., 2001). We extracted
enough FAMES (>10 ng g™1) in three AB4 samples (including the same
one analyzed for SISCW,,X) to run CSIA. The average 5'3Cpamg values and
standard deviations of C1g and Co4 are 30.4 =+ 0.6 %o and —32.4 + 0.5 %o,
respectively.

The §'3C values of the long-chain waxes (Cag, Cg1, C24) from AB4
overlap with published 5'3Cyax values from modern Cs plants
(Chikaraishi et al., 2004; Vogts et al., 2009) (Fig. 9). Modern Cs plants
(n = 5) collected near Anjohibe have Cs; n-alkanes 513C values with a
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Fig. 8. Concentration of FAMES and n-alkanes in a polished stalagmite sample
from AB4. Chain lengths marked with an asterisk were measured for CSIA. Note
the logarithmic scale on the y-axis.

mean and standard deviation of —39.5 + 3.9 %o, whereas modern
collected C4 and CAM plants (n = 3) have Cg; n-alkanes 513C values
averaging —20.8 £ 1.1 %o (Fig. 9). A modern soil collected near the main
entrance to Anjohibe, where trees are present, gives a C3; n-alkane 5'3C
value of —35.8 %o. Unfortunately, the soil collected near an Anjohibe
entrance surrounded by grassland did not produce enough material for
CSIA. However, a soil from Anjohikely, surrounded by grassland, albeit
with a Pachypodium tree growing nearby, gave a Cg; n-alkane 5'3C value
of —30.1 %o. These modern 613Cwax values from samples collected near
Anjohibe are also plotted in Fig. 9 and show that the longer chain length
5!3C,ax values from AB4 are close to the Cs; n-alkane §'°C value of
modern Cg plants and C3 dominated soils versus the modern C4 plants.
The AB4 §'3C,ax values are representative of OM from ~ 3 ka, and thus
support the theory that prior to ~ 1 ka, Cz plants dominated the land-
scape above Anjohibe. The C1g FAME 6!3C values are higher and likely
sourced from both plants and bacteria (Xie et al., 2003), and do not
overlap with the modern Cs3 plants (Fig. 9). All CSIA data is listed in
Supplementary Table 7.

3.6. Bulk organic carbon (TLE) stable isotopes from Anjohibe

Because we did not recover enough plant waxes after extracting ~ 12
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Fig. 9. Compound specific (triangles) and TLE (boxes) 5'3C values from
Anjohibe stalagmite samples AB4 (orange) and AB3 (pink) and TLE 5'3C values
from modern C3 (green) and C4 (purple) plants collected near Anjohibe,
Madagascar. Error bars are standard deviation. The green and purple boxes
represent the wide range of 5'°C values seen in plant waxes of other modern Cs
and C,4 plants respectively (Vogts et al., 2009).

g of the well-dated sample AB2, two samples from AB3 were extracted,
also previously published in Burns et al. (2016). We sampled AB3 at 50
mm and 700 mm, which based on the previously published age model
(Burns et al., 2016), should contain OM that represents ~ 1,460 years
before present (prior to the shift to a C4 dominated landscape) and ~ 240
years before present (after the shift to a C4 dominated landscape). These
samples were extracted and then the TLEs put into tin capsules and
weighted to measure 613CTLE. The younger AB3 sample yielded a 613CTLE
value of —26.9 %o and the older AB3 sample a 5'3Cr1 value of —28.3 %o
(Fig. 9). Thus, these samples follow the expected trend given the known
vegetation shift on the landscape although the difference in values is
fairly small.

Overall, less TLE was recovered per gram of dry plant for the C4 and
CAM plants (6-18 mg g~1) compared to Cs plants (8-76 mg g~ 1). The
three soil samples had no obvious differences and TLEs ranged from 1.3
to 1.7 mg g '. Although there is no obvious distinction in dominant
plant wax chain lengths among C3 and C4 plant types from near Anjo-
hibe, there is an offset in their bulk §'3C due to their different methods of
CO,, fixation (O’Leary, 1988). The average 513Cri of all Cs plants is
-33.6 £ 1.17 %o while the average 613CTLE of the C4 grasses is —16.8 +
0.17 %o. Comparing the modern Madagascar plant 5'3Cyyx values to both
the AB3 and AB4 Stalagmite 5'3Crig values, the stalagmite values fall
between the modern Anjohibe C3 and C4 plant 5'3Cri values (Fig. 9)
and close to the average for Cs plant matter (—28 %o) reported in
(O’Leary, 1988). All bulk organic carbon (TLE) isotope data is listed in
Supplementary Table 8.

Previous work (O’Leary, 1988) and the C4 samples collected near
Anjohibe, suggest that the younger AB3 sample should have a §'3Crr
value in the range of —14 %o to —17 %o (Fig. 9).

We attribute the lack of §!3C offset between the younger and older
samples to the large difference in concentrations of plant waxes pro-
duced by the different plant types. The Cg plants near Anjohibe produced
three times more Cy;-C49 n-alkanes (median concentration 210 pg g_l)
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than the C4 and CAM plants (median concentration 81 pg g 1). A global
compilation of n-alkane data (Bush and McInerney, 2013) shows that C3
plants generally produce less total n-alkanes (median concentration 107
png g~ 1) than C4/CAM plants (median concentration 458 pg g~ *). How-
ever, the range of n-alkane concentrations for C3 plants is much larger
than C4/CAM with a higher maximum concentration of 3607 pg g
compared to 1377 pg g~ for C4/CAM plants. It is therefore plausible
that although the ecosystem around Anjohibe shifted from Cg to C4
dominated plants, the expected isotopic shift in soil and speleothem Cyyg
is greatly attenuated in this region by the relatively low concentrations
of n-alkanes in the grasses.

Based on field observations in the area around Anjohibe today,
grasses cover 80-90 % of the landscape. In addition, a survey of the
vegetation of Madagascar by the United Kingdom: Royal Botanic Gar-
dens found that at least 65 % of all uncultivated land in Madagascar is
covered by grasses (Moat and Smith, 2007). The concentrations of n-
alkanes from our modern plant samples (total 1880 pg g ! dry plant) can
be used to estimate what proportion of n-alkanes comes from C4 plants
(291 pg g! dry plant). Based on this approximation, C4 plants
contribute ~ 15 % of the total n-alkanes delivered to the sediment re-
cord, despite being the dominant plant type in the region today. We
suggest that 5'°C values either from bulk organic carbon or specific
compounds extracted from stalagmites should be interpreted with
caution as the proportion of plant matter on the landscape, and pre-
served in stalagmites, does not necessarily equate to the proportion of
organic molecules produced by those plants.

Assuming the TLE derives entirely from higher plants, a simple two-
end member mixing model, using values —34 %o for Cs plants and —17 %o
for C4 plants (the mean modern plant 5'3Crr5 values from Fig. 9), can be
used to estimate possible '3Cryg values of a hypothetical stalagmite
based on what proportion of the landscape is either C3 or Cj.

3 Cotar_ir = [Fe, (513Cc3)] + [Fe, (513Cc4)]
Fe, +F¢, =1

If we estimate that 80 % of the organic carbon in the stalagmite TLE is
from C4 plants, then our hypothetical stalagmite 5'3Cr1 5 value would be
—20 %o. This is higher than the 8'3Cyyg value measured in the AB3
sample dated to 240 years ago (5'3Cyyg value of —27 %o) at which point
C4 plants dominate. It’s possible that our observed 5'3Crr value is more
negative than expected due to, as discussed above, less overall C4 plant
waxes delivered to the soil. Another possibility is that soil microbial
contributions could influence 613CTLE values and obscure the vegetation
change. Therefore, it is important when interpreting 8'3C records from
organic carbon, whether compound specific or bulk, to consider not only
the relative proportion of plant type on the landscape, but also how
different plant types produce different amounts of organic carbon
including diagnostic molecules like plant waxes and how they get into
the stalagmite. A similar consideration must be made when interpreting
813Cca,b as it has been found that cave CO; is mostly derived from CO4
respired from plants with the deepest roots. These tend to be C3 plants
and their signal can dominate even if they sparsely cover the landscape
(Breecker et al., 2012). In addition, microbes in the soil and vadose zone
along the flow path to a stalagmite, contribute OM (allochthonous) and
alter transported OM (e.g. plant waxes) on the way to the stalagmite
surface where in situ microbial communities contribute their own OM
(autochthonous). These various OM sources all contribute to the 613CTLE
value and are largely controlled by water-rock residence times and flow
rates through the karst system (Blyth et al., 2016). For example, bio-
markers such as leaf waxes and PAHs could reside for hundreds to
thousands of years in a well-developed soil before being transported to
the surface of a speleothem resulting in a lag between the organic carbon
produced on the surface and that carbon being incorporated into a sta-
lagmite. Alternatively, fast flow of organic molecules via groundwater
infiltrating cracks in the karst could happen on seasonal to annual
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timescales.
4. Conclusions

The goal of this study was to test existing organic geochemistry
techniques commonly used in paleoclimate studies of sediments on
stalagmites from northwestern Madagascar where a change in vegeta-
tion and fire history occurred ~ 1 ka (Burns et al., 2016; Godfrey et al.,
2019; Scroxton et al., 2017). Our methods were based on previous work
(Argiriadis et al., 2019; Blyth et al., 2016; Wang et al., 2019) and
although we attempted to limit variables by testing these techniques on
relatively young stalagmites with well-understood paleoclimate and fire
history, we still encountered challenges that need to be considered in
future studies of OM contained in speleothems. First and foremost, it is
very difficult to subsample speleothems and isolate the organic com-
pounds contained within them without introducing contamination. This
difficulty is exacerbated due to the very low content of primary OM in
speleothems. For our samples, we found more than 10 g of carbonate
was often necessary to yield enough extracted compounds for CSIA,
though other studies on cave material from more biologically productive
regions might require less. Prior to attempting organic geochemistry on
speleothems, we recommend exploratory sample work to determine OM
concentrations. For example, previous studies confirmed that TOC is
quite low in stalagmites from 0.01-0.11 %o, based on measurements of
non-purgeable OM in stalagmites (Blyth et al., 2013a; Hartland et al.,
2014). Similar techniques to measure TOC could be used to screen po-
tential stalagmite samples for organic geochemistry. In addition, ques-
tions remain as to the best ways to remove surface contamination while
minimizing loss of sample.

Also, while plant waxes were recovered reliably with several
methods (Argiriadis et al., 2019; Blyth et al., 2006), their ability to
differentiate plant types of interest in the region around the cave should
be considered to determine if the work is worthwhile. For example,
longer chain length Cy7, Ca9, C31 n-alkanes and descriptive ratios such as
ACL and C31/(C3; + Ca9) do not reliably differentiate grasses and woody
plants (Bush and McInerney, 2013) and did not show any change across
the C3/C4 ecosystem transition at Anjohibe (Fig. 6; Supplementary
Table 1). Similarly, we did not see any large change in 8!3Cryg across this
transition despite a ~ 10 %o increase in the 5'3Cearp (Burns et al., 2016;
Scroxton et al., 2017). This lack of signal in the organics is likely due to a
lower amount of both total extractable lipids (median TLE 9.7 mg/g)
and n-alkanes (median value 73.4 mg/g) produced by Cj4 grasses as
compared to C3 vegetation (23.5 mg/g and 210.3 mg/g respectively).
Although we cannot know for certain how much of the original plant
lipid pool is preserved in the geologic record, unequal contribution of
OM to the sedimentary record might also explain why the younger AB2
sample which likely grew when C4 plants dominated, produced an order
of magnitude fewer n-alkanes than the samples from the older AB4,
which formed when Cs plants dominated (Fig. 5). Therefore, comparing
modern local plant and soil samples to stalagmite results is essential
when attempting organic geochemistry techniques on a new cave re-
cord. Another possible explanation for the discrepancy between the
large negative 813Ccarb and small §'3Cryg signals before and after the C3
to C4 transition, could be different turnover rates in the initial carbon
sources. The 8'3Cayp, signal is determined by the DIC in the overlying soil
and bedrock, which likely responds rapidly to a change in overlying
vegetation. In contrast, the 8!3Cryg signal is determined by the OM
produced by plants, which could reside for much longer in the soil
before being transported to the surface of the stalagmite.

Our stalagmite samples contained very low concentrations of LMW
PAHs, while HMW PAHs were an order of magnitude lower than
detected in our soils (Fig. 7). These differences and the absence of any
PAHs in sample AB2, which grew during a known time of human
burning of the landscape, suggest that there is still much to learn
regarding the transport mechanisms of PAHs to stalagmites and the
residence time of PAHs in the soil near Anjohibe. Recovery of PAHs in
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marble standards from this study (Fig. 7) and Argiriadis et al. (2019)
suggests contamination. This highlights the importance of careful sam-
ple preparation and caution when interpreting results where sample
PAH yields are as high as the marble contamination. Future work on
young cave deposits and surrounding soils with historically documented
fire history could help answer remaining questions around the transport
processes and reservoir effect of PAHs in stalagmites and could help us
tease apart possible sources of PAHs from the environment or contam-
ination. In summary, while the potential for organic geochemistry
proxies on well dated speleothems is exciting, more work is necessary to
determine whether a given cave setting is likely to yield organic
geochemical records that add information about local plant commu-
nities and fire frequency.
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