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ARTICLE INFO ABSTRACT

Associate editor: Cindy de Jonge Glycerol dialkyl glycerol tetraether (GDGT) membrane lipids of archaea and bacteria are commonly used to

reconstruct past environmental conditions, mainly temperature and pH, based on their relative abundances. In

Keywords: contrast, the stable hydrogen isotope composition (5°H) of GDGTs has received comparatively little attention,
GDGT ) although it may hold additional paleoenvironmental information. Established methods for the analysis of 5?H
?}}::iomg:rll}izt;ies require chemical degradation into the constituent alkyl chains via cleavage of the ether bonds of GDGTs and
Nitrososphaeria reduction of the halogenated alkyl chains. Two of these GDGT cleavage and reduction methods have been widely
Ether cleavage used but never been compared: 1) boron tribromide (BBr3) and lithium triethylborohydride (SH), and 2)
Hydrogenation hydroiodic acid (HI) and platinum oxide (PtO3) combined with Hy. Here, we compare combinations of these

cleavage and reduction methods in terms of yield, recovery, reproducibility, and hydrogen isotopic fractionation
to provide improved protocols. Based on our experiments, for archaeal GDGTs we recommend ether cleavage
with non-stabilized HI for 4 h at 120 °C followed by hydrogenation with SH for 2 h at 60 °C for optimal efficiency
and minimized hydrogen isotopic fractionation. For bacterial GDGTSs, we recommend the same cleavage protocol
but hydrogenation with PtO, and Hp, as it was not possible to implement a reliable SH isotope fractionation
correction for these biomarkers. The improvement of these ether cleavage and hydrogenation protocols repre-
sents an important step in the development of §2H of GDGTs as a possible paleoenvironmental proxy and will
improve the comparability of future paleorecords using 5°H derived from GDGTs.

1. Introduction

The glycerol dialkyl glycerol tetraether (GDGT) membrane lipids of
archaea and bacteria are commonly used for paleoenvironmental re-
constructions (Schouten et al., 2013). Their application has been pri-
marily limited to reconstructions of temperature and pH from ocean and
lake sediments, soils, and other systems. Such reconstructions typically
rely on the quantification of the relative abundances of GDGTs. How-
ever, GDGTs may also contain paleoenvironmental information encoded

in their isotopic compositions.

The carbon isotopic composition (613C) of archaeal (isoprenoid)
GDGTs has been routinely studied to yield insights into the sources of
GDGTs in modern systems and in paleoenvironments (Hoefs et al., 1997;
Summons et al., 1998; Kuypers et al., 2001; Pearson et al., 2016; Hurley
et al., 2019; Blewett et al., 2022). The §'3C of archaeal GDGTs found in
marine sediments reflects the composition of the dissolved inorganic
carbon from the water column due to the autotrophic metabolism of
their dominant producers, planktonic Thaumarchaeota (Hoefs et al.,

* Corresponding authors at: Leibniz-Laboratory for Radiometric Dating and Isotope Research, Christian-Albrecht University of Kiel, Postfach 50, Max-Eyth-Str. 11-

13, 24118 Kiel, Germany.

E-mail addresses: crosendahl@leibniz.uni-kiel.de (C.D. Rosendahl), felling@leibniz.uni-kiel.de (F.J. Elling).

https://doi.org/10.1016/j.orggeochem.2026.105139

Received 23 October 2025; Received in revised form 21 January 2026; Accepted 25 January 2026

Available online 5 February 2026

0146-6380/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0002-3928-5990
https://orcid.org/0009-0002-3928-5990
https://orcid.org/0000-0003-3079-6073
https://orcid.org/0000-0003-3079-6073
https://orcid.org/0000-0002-8185-8185
https://orcid.org/0000-0002-8185-8185
https://orcid.org/0000-0001-6915-5455
https://orcid.org/0000-0001-6915-5455
https://orcid.org/0000-0002-1307-9841
https://orcid.org/0000-0002-1307-9841
https://orcid.org/0000-0003-1203-725X
https://orcid.org/0000-0003-1203-725X
https://orcid.org/0000-0003-3863-0975
https://orcid.org/0000-0003-3863-0975
https://orcid.org/0000-0002-2044-0201
https://orcid.org/0000-0002-2044-0201
https://orcid.org/0000-0003-0405-4033
https://orcid.org/0000-0003-0405-4033
mailto:crosendahl@leibniz.uni-kiel.de
mailto:felling@leibniz.uni-kiel.de
www.sciencedirect.com/science/journal/01466380
https://www.elsevier.com/locate/orggeochem
https://doi.org/10.1016/j.orggeochem.2026.105139
https://doi.org/10.1016/j.orggeochem.2026.105139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2026.105139&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.D. Rosendahl et al.

1997; Konneke et al., 2012; Pearson et al., 2016), now the class Nitro-
sosphaeria in the phylum Thermoproteota (Oren and Garrity, 2021).
Further, it has been suggested that the carbon isotopic fractionation in
GDGTs of Nitrososphaeria depends on growth rate and dissolved CO,
concentration, suggesting a potential application as a pCO, paleobar-
ometer (Hurley et al., 2019; Pearson et al., 2019; He et al., 2022).
Carbon isotopic compositions of GDGTs have also been used to constrain
their sources (Zhang et al., 2011; Pearson et al., 2016; Polik et al., 2018;
Keller et al., 2025a), which improves the interpretability of other GDGT-
based proxies such as the TEXgg paleothermometer. Similarly, the 5'3C
of bacterial branched GDGTs has been used to constrain the sources of
GDGTs used in the MBT/CBT proxies for past continental or lake tem-
peratures (Weijers et al., 2010; Colcord et al., 2017; Weber et al., 2018;
Elling et al., 2023).

In contrast to 8'3C, the stable hydrogen isotopic composition (§2H) of
GDGTs has only recently been studied in detail. These studies suggest
that the 52H of archaeal isoprenoid GDGTs may serve as a paleohydro-
logical proxy (e.g. Leavitt et al., 2023; Harris et al., 2025; Keller et al.,
2025b). Specifically, Nitrososphaeria incorporate H primarily from water
due to their autotrophic metabolism (Leavitt et al., 2023). Further, the
8%H of GDGTs from archaea shows minimal sensitivity to growth rate, in
contrast to bacteria and eukaryotes (Leavitt et al., 2023). Even outside of
Nitrososphaeria, 5°H of lipids of heterotrophic and autotrophic archaea is
primarily dependent on the §?H of growth water and shows a limited
range of variability compared to bacteria and eukaryotes (Dirghangi and
Pagani, 2013; Rhim et al., 2023; Harris et al., 2025). Therefore, GDGTs
derived from Nitrososphaeria and potentially other archaea should pri-
marily reflect the composition of their growth water, enabling their use
as a paleohydrological proxy.

The 52H analyses of GDGTs are currently mostly performed using gas
chromatography coupled to pyrolysis isotope ratio mass spectrometry
(GC-P-IRMS) after chemical degradation (Kaneko et al., 2011), although
a method for the analysis of §2H of intact GDGTs using a customized
high-temperature GC-P-IRMS system has been recently been established
(Lengger et al., 2021). In order to make GDGTs amenable to conven-
tional GC-P-IRMS analysis, these large molecules (Cgg) must be con-
verted into their constitutive alkyl or biphytanyl chains (Csp) by
cleavage of the ether bonds. There are three established GDGT cleavage
and reduction methods: 1) using boron tribromide (BBr3) for ether
cleavage and lithium triethylborohydride (Superhydride, SH) for
reduction of the alkyl bromides resulting from ether cleavage (Summons
et al., 1998; Jahn et al., 2004), 2) using hydroiodic acid (HI) for ether
cleavage and platinum oxide combined with hydrogen (PtO; + Hy) for
reduction of the alkyl iodides resulting from cleavage (Kaneko et al.,
2011), and 3) also using HI for ether cleavage but lithium aluminium
hydride (LiAlH,) for reduction (Hoefs et al., 1997). This method, using
HI and LiAlH4, had been used regularly in the 2000s and early 2010s
(Pancost et al., 2000; Pearson et al., 2004; Weijers et al., 2010). The
reduction of the alkyl iodides is achieved by the preferential exchange
(Kaneko et al., 2011) of the alkyl bromide or iodide with hydrogen,
subsequently also referred to as hydrogenation. Comparison of PtOy +
H, and LiAlH4 by Lengger et al. (2014) showed up to 2.8-times higher
yields (avg. 1.9-times) using PtOy + Hj, probably caused by the two
required column separations after the LiAlH, treatment. Therefore, we
excluded this method from our study. The other two methods (BBrs &
SH, HI & PtO, + Hy) have been modified and also used widely since their
initial publication (e.g. Liu et al., 2016; Leavitt et al., 2023; Zhu et al.,
2024; Harris et al., 2025), but they have never been compared in terms
of yield, recovery or reproducibility. Further, the BBr3 and SH method
has not been tested for isotopic fractionation effects, in this case
hydrogen isotopic fractionation.

In order to determine the optimal procedure for the routine prepa-
ration of GDGTs for §2H analysis, existing protocols have to be evaluated
and improved in terms of yield, efficiency, and hydrogen isotope frac-
tionation. Therefore, we compared the two currently used cleavage and
reduction protocols and tested multiple reaction conditions and
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combinations to find the optimal procedure for the cleavage and
reduction of GDGTs for hydrogen isotope analysis.

2. Material & methods

In order to identify the optimal cleavage and reduction procedure for
subsequent hydrogen isotope analysis, 4 major experiments (Fig. 1)
were conducted: 1) Optimization of HI ether cleavage efficiency, 2)
Recovery comparison of HI vs. BBrs and SH vs. PtO; + Hj, 3) Optimi-
zation of SH hydrogenation, 4) Comparison of the hydrogen isotope
fractionation during hydrogenation with SH and PtO».

Additionally, we compared the recovery after cleavage with stabi-
lized versus non-stabilized HI, both fresh and 4 months after first
opening the reagent in order to evaluate the long-term usability of
laboratory stocks of HI.

Since we did not compare different brands of the used reagents, we
provide a list of reagents used for our experiments (Supplementary in-
formation: Table S1).

2.1. Optimization of HI ether cleavage efficiency

In 2022, the efficiency of HI ether cleavage depending on tempera-
ture, time, sample quantity and type of HI was tested at University of
Colorado Boulder. This marked the starting point (Fig. 1) of our research
to optimize the GDGT cleavage and reduction protocol. To assess HI ether
cleavage efficiency, 24 glass vials (2 mL with PTFE-Si-PTFE septa caps)
containing 1:1 hexadecyl ether (C;60C;¢) standard and squalane stan-
dard (10 ug and 50 pg each) were split into two 12-sample batches
(Table 1) and cleaved with non-stabilized HI (57% w/w aq. solution) or in
the other case with stabilized HI (57% w/w aq. solution stabilized with
1.5% hypophosphorus acid; Supplementary information: Table S1). First,
500 pL of the respective HI was added to each sample and both the cap and
the vial headspace were purged with N, before closing the caps tightly.
The closed vials of both batches were kept in pre-heated heating blocks at
either 70 °C for 16 h, 120 °C for 4 h or 120 °C for 12 h (Table 1). After-
wards, the samples were extracted by liquid-liquid extraction with hex-
ane (See Supplementary Information: HI-SH protocol) and subsequently
the iodinated C;¢ and C;40C;4 were quantified using Gas Chromatog-
raphy coupled to Flame Ionization Detection (GC-FID; See section 2.6.1).

In accordance with the results of the recovery comparison of HI/BBr3
and SH/PtO; (See section 3.2, Fig. 3) that showed about twice the re-
covery using HI compared to BBrs, we decided not to conduct any
similar optimization attempts for BBrs.

2.2. Recovery comparison of HI vs. BBrz and SH vs. PtO2

This test compared the GDGT recovery of the two established GDGT
cleavage and reduction methods: 1) modified from Summons et al.
(1998) with BBr3 and SH, and 2) modified from Kaneko et al. (2011)
with HI and PtO; + Hpy. Therefore, 12 samples, each containing 5%
hydrolysed total lipid extract (TLE) obtained from ~30 mg homogenised
Sulfolobus acidocaldarius biomass (See Supplementary information for
cultivation and acid hydrolysis procedures) and 50 ug squalane standard
were treated with HI or BBrs and SH or PtO; + H; in different combi-
nations (Table 2). We decided to use S. acidocaldarius biomass as it is
easier to grow in large amounts than Nitrososphaeria and its lipid
composition (predominantly GDGT-1 through -4) is more similar to the
biomass of Nitrososphaeria than available commercial standards, e.g.,
C160C16, and thus should provide more realistic information on the ef-
ficiency of these methods regarding archaeal GDGTs.

Samples that were cleaved with HI were kept at 120 °C for 4 h in
accordance with the results of the HI optimization test, whereas the BBrg
samples were kept at 60 °C for 2 h (Summons et al., 1998). The cleaved
samples were reduced with either SH at 60 °C for 2 h or with PtO; in
hexane and H, bubbling for 90 min. Afterwards, the SH samples were
extracted by liquid-liquid extraction with hexane and the PtO, samples
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Fig. 1. Schematic overview of the development of the improved procedure for cleavage and reduction of GDGTs for hydrogen isotope analysis. The HI assays
displayed in green mark the starting point of this research, performed at University of Colorado Boulder, in order to optimize the sample recovery of the HI cleavage
procedure (See section 2.1). The experiments displayed in blue and the additional HI long-term efficiency test (grey) were conducted at University of Kiel and
investigate the sample recovery (See sections 2.2; 2.3; 2.4). The isotope fractionation investigation following the recovery experiments is displayed in red and was
performed as a joint project at University of Kiel and University of Colorado Boulder (See section 2.5). Dark colour shading marks the favoured cleavage/hydro-
genation procedures/conditions compared to the other tested parameters (light colour shading). The dashed line in the “cleavage and reduction” section represents

combinations of the two existing cleavage and reduction protocols by Summons et al. (1998) and Kaneko et al. (2011). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

stabilized HI,
4 months

Table 1
Overview of the reaction conditions of the HI ether cleavage efficiency test.

Type of HI Temperature & Time C160C16 [ngl Replicates Total samples

non-stabilized 70°C,16 h 10; 50 2 4
120°C,4h 10; 50 2 4
120°C,12h 10; 50 2 4

stabilized 70°C,16 h 10; 50 2 4
120°C,4h 10; 50 2 4
120°C,12h 10; 50 2 4

Table 2 and SH/PtO; (Section 3.2), we decided to further optimize only the HI-

Overview of the reaction conditions of the comparison of HI vs. BBrs and SH vs.
PtO, + Hy,

Method Cleavage Reduction / Hydrogenation Replicates
HI + SH HI: 120°C, 4 h SH: 60 °C, 2 h 3
HI + PtO, HI: 120°C, 4 h PtO; + Hp: 90 min 3
BBr3; + SH BBrs: 60 °C, 2 h SH: 60 °C, 2 h 3
BBr3 + PtO, BBr3: 60 °C, 2 h PtO; + Hjy: 90 min 3

were filtered using Pasteur pipettes filled with combusted glass wool.
The obtained biphytanes (BP) were quantified using GC-FID. The
detailed protocols can be found in the SI.

2.3. Recovery optimization of SH hydrogenation

In accordance with the results of the recovery comparison of HI/BBr3

SH method, as it showed the best recovery by a large margin and has
benefits in handling and safety compared to working with BBrs and Hy
(See section 3.2). In order to optimize the hydrogenation with SH, 18
samples, each containing 2.5% hydrolysed TLE of ~15 mg homogenised
S. acidocaldarius biomass and 50 pg squalane standard, were cleaved
with HI at 120 °C for 4 h and subsequently hydrogenated with SH at 6
different temperature-time combinations as triplicates. Since in many
previous research papers SH hydrogenation was performed at 60 °C or
70°Cfor 2h (Jahn et al., 2004; Liu et al., 2012, 2016; Guan et al., 2016),
we tested the following temperature/time combinations: 50 °C, 60 °C,
70 °C and 80 °C for 2 h and 60 °C for 4 h and overnight (19 h). The
samples were again extracted by liquid-liquid extraction with hexane
(See Supplementary information: HI-SH protocol) and the obtained
biphytanes were quantified using GC-FID (See section 2.6.1).
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2.4. Comparison of stabilized vs. non-stabilized HI

In terms of long-term usability of laboratory stocks of HI, which may
degrade in contact with O and light (Husa and Shattuck, 1932), we
decided to investigate the ether cleavage efficiency of non-stabilized HI
compared to stabilized HI. First, we compared the recovery using freshly
opened non-stabilized HI versus freshly opened stabilized HI
(Supplementary information: Table S1) versus 5-months-old non-stabi-
lized HI. After each use of the HI, the headspace of the reagent bottles is
flushed with Nj before sealing. After 4 months we repeated the test with
the now aged non-stabilized and stabilized HI. All tests were performed
in triplicate and the reagents were stored at 4 °C in the dark. Each
replicate sample contained 2.5% of hydrolysed TLE of ~15 mg homo-
genised S. acidocaldarius biomass and 50 ug squalane standard. In
accordance with the results of experiments 3.1 and 3.3, the GDGTs were
cleaved with the respective HI at 120 °C for 4 h, hydrogenated with SH
at 60 °C for 2 h and the obtained biphytanes were subsequently
measured using GC-FID (see section 2.6.1).

2.5. Comparison of the hydrogen isotope fraction during hydrogenation
with SH and PtO,

In the case of hydrogen isotope analysis of GDGTs, it is important
that the processing of the samples introduces minimal isotopic frac-
tionation or at least a consistent and highly reproducible fractionation
which can be corrected for. We chose the two GDGT cleavage and
reduction methods with the highest recovery rates, HI-SH and HI-PtOs,
to investigate their isotopic fractionation. Therefore, after cleavage of
the biomass of S. acidocaldarius and Solibacter usitatus with HI for 4 h at
120 °C (See Supplementary Information), SH and PtOy hydrogenation
tests were conducted, with each 4 replicates spiked with squalane and
several measurements (Supplementary information data table), in order
to investigate hydrogen isotope fractionation effects on branched GDGTs
and isoprenoid GDGTs. As these tests showed different isotope frac-
tionation for the hydrogenation with SH, the SH and PtO, test was
repeated with squalane, octadecyl ether (C;g0C;g) and an n-alkane
standard mix containing Cg to C4o (Supelco, 40147-U), whereby 22 al-
kanes (Cy9 to C49) were interpreted. Additional SH hydrogenation tests
were conducted in order to investigate possible aging effects of SH.
Therefore, 8 replicate samples, each containing 10 ug of iodinated Cig
(Cygi), iodinated C34 (Cs34i), and squalane, were hydrogenated with
either freshly opened SH or 4-month-old SH.

In accordance with the protocols of the HI/BBr3 and SH/PtO, recov-
ery tests (Supplementary information) and the results of the SH optimi-
zation test (see sections 3.2 and 3.3), the hydrogenation with SH was
performed at 60 °C for 2 h, whereas the hydrogenation with PtO, in
hexane and H; bubbling was carried out for 90 min. After liquid-liquid
extraction of the SH samples and filtration of the PtO, samples, respec-
tively, the hydrogen isotopic composition of the samples was measured
GC-P-IRMS (See section 2.6.2). As part of these tests, a hydrogen isotope
fractionation correction for the hydrogenation step with SH was devel-
oped (see section 2.6.2) — similar to the Hy correction which was estab-
lished for the PtO; hydrogenation by Leavitt et al. (2023).

2.6. Analysis and data processing

2.6.1. GC-FID analyses

The GC-FID analysis of experiment 2.1 was performed using a Trace
1310 gas chromatograph coupled to a flame ionization detector (FID;
ThermoFisher Scientific) and equipped with a split-splitless injector
(analyses performed in splitless mode) and an Agilent DB5-HT column
(30 m x 250 pym inner diameter (ID), 0.1 pm film thickness). All samples
were dissolved in hexane. The carrier gas Helium (He) was set to a
constant flow rate of 1.2 mL/min. The injection volume was 1 uL. The
initial oven temperature of 40 °C was held for 2 min and subsequently
increased at a rate of 20 °C/min to 120 °C, followed by a second ramp of
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15 °C/min until reaching 345 °C with a holding time of 7 min. The peak
areas of iodinated C14 and C160C1¢6 (See section 2.1) were normalized to
the peak area of squalane for each sample and the relative proportion of
the squalane normalized peak areas of iodinated Cig and C160C;6 in
relation to the initial, squalane normalized peak area of C;60C;¢ of the
untreated sample was determined. The relative proportions of each
duplicate set for each tested parameter were averaged and the standard
deviation was determined using Gaussian error propagation.

The GC-FID analysis of experiment 2.2 was performed using a Ther-
moFisher Scientific Focus GC-FID equipped with a Restek RXI-5 ms
capillary column (60 m x 320 um (ID) x 0.25 um film thickness). All
samples were dissolved in hexane. Nitrogen (N3) was used as the carrier
gas at a constant pressure of 200 kPa. The initial oven temperature was set
to 70 °C. Following the injection of 2 pL. sample volume, the initial tem-
perature of 70 °C was hold for 2 min. After holding, a first ramp of 25 °C/
min was applied until reaching 250 °C, followed by a second ramping
with 3 °C/min until reaching 310 °C, which was held for 35 min.

In terms of the experiment 2.3 the GC-FID analysis was performed
using an Agilent 6890 GC-FID equipped with a Restek RTX-200 capillary
column (30.0 m x 320 pm (ID) x 0.25 pm film thickness). All samples
were dissolved in hexane. The carrier gas Hy was set to a constant
pressure of 44.0 kPa, a flow rate of 2.7 mL/min, and an average linear
velocity of 50 cm/sec and the initial oven temperature was set to 50 °C.
Following the injection of 1 pL sample volume, the temperature was
increased at a rate of 10 °C/min to 150 °C, where the temperature was
held for 5 min. A second ramp of 5 °C/min was applied until reaching
330 °C, which was held for 20 min.

The GC-FID analysis of experiment 2.4 was performed using a Ther-
moFisher Scientific Trace 1610 GC-FID equipped with a Restek RXI-5 ms
capillary column (30 m x 250 um (ID) x 0.25 um film thickness). All
samples were dissolved in hexane. The carrier gas (He) was set to a
constant flow rate of 1.2 mL/min. Following the injection of 1 uL sample
volume, the initial oven temperature of 60 °C was held for 1 min and
subsequently increased at a rate of 10 °C/min to 150 °C. A second ramp of
4 °C/min was applied until reaching 310 °C with a holding time of 20 min.

All analyses were performed in splitless mode. Since the squalane-
spiked samples showed a large variability in their peak area, an external
standard curve with sample matching standard concentrations was
measured repeatedly to ensure stable measurements and a high precision.

The peak areas of the biphytanes (experiments 2.2, 2.3 and 2.4) were
normalized to the peak area of squalane for each sample. The peak areas
of each triplicate set for each tested parameter were averaged and the
standard deviations determined. For each experiment, the averaged
peak areas were compared with each other and displayed as the relative
proportion of the tested parameter with the highest peak area. The
standard deviation was determined using Gaussian error propagation. In
terms of quality control of the data, the BPO/BP1 ratio and BP1/BP2
ratio were calculated and were constant throughout each type of
experiment. Outliers were identified using a Q-test with 90% confidence
interval and removed from subsequent analyses.

2.6.2. GC-P-IRMS analysis

The hydrogen isotope analysis with GC-P-IRMS (see section 2.5) was
performed using a GC IsoLink II IRMS System (ThermoFisher Scientific)
and was followed by extensive data processing. The GC IsoLink II IRMS
System consisted of a Trace 1310 GC with a programmable temperature
vaporization (PTV) injector and an Agilent DB5-HT column (30 m X
0.25 mm and 10 um film thickness), delivering the sample to the Isolink
11, followed by a ConFlo IV interface to the 253 Plus mass spectrometer
(Thermo Fisher Scientific) at the Department of Geological Sciences,
University of Colorado, Boulder. The reactor temperature was 1420 °C.
Following the injection of 3-8 uL sample volume (equalling 100-150 ng
biphytane per injection), the sample was transferred to the GC column
using a fast ramp of 12 °C/min from 40 °C to 450 °C, which was held for
6 min, and a constant carrier flow rate of 1.2 mL/min Helium. After an
initial hold of the GC oven at 40 °C for 1 min, the temperature was



C.D. Rosendahl et al.

increased to 120 °C at a rate of 20 °C/min and further ramped with 15
°C/min to 345 °C, and subsequently held for 5 min.

The data was calibrated and corrected following the approach
described in Keller et al. (2025) and detailed hereafter: The hydrogen
isotopic composition is displayed using the delta notation (8; in %o)
relative to the international seawater standard on the VSMOW-SLAP
(Vienna Standard Mean Ocean Water, Standard Light Antarctic Precip-
itation) scale and all 2H/1H fractionation factors are reported in epsilon
notation (82H; in %o):

(T_Z)sample - (f_g)xtandard . 1000 (1)

2
(1_5) standard

e2H = (f%dmgm—red*moo

, - 1> -1000 @
& Haiat + 1000

The §2H was initially determined relative to the H, laboratory
reference gas (6%Hyay), and subsequently calibrated externally. There-
fore, a standard n-alkane mixture (A7; nC;4-nC3o; Arndt Schimmelmann,
Indiana University; values updated September 2024) combined with a
C3 n-alkane standard (nCsg; —259.2 £ 1.3%0 vs. VSMOW; Arndt
Schimmelmann, Indiana University) were analysed repeatedly at regu-
lar intervals among the samples. The calibration was carried out in the R
statistical environment using 6211 compound-specific measurements
from 475 analyses of the combined standard and comprises correction of
the data for background, scale compression and peak-size effects (Eq.
(3.

Apeak

6){ = . (6H2 + 6peak/Hz + SHZ : 6peak/Hz)

A —

peak Abgrd (3)
_ Apeak .5

Apeak - Abgrd bard

Peak areas are reported in volt-seconds (Vs), represent time-
integrated peak amplitudes after baseline subtraction, are H3 factor
corrected and range from 3.0 to 50.0 Vs (Fig. S2). The H3 factor was
determined daily using the default method. The analyte peaks were in-
tegrated in the Isodat software (v 3.0, Thermo Scientific), with a mixture
of automatic processing and manual correction of the peak boundaries
and integration. Each chromatogram was manually checked for mis-
injections, any contaminates introduced during sample preparation,
retention time outliers, peak interference due to co-elution and back-
ground correction before and after the eluting analyte peak. Analysis by
Leavitt et al. (2023) suggested integration errors to be negligible. The
reference gas (8y2) value was derived from the standard measurements
and estimated based on the approach of Polissar and D’Andrea, (2014).
Two different hydrogen tanks have been used throughout the analyses:
i) tank 1 (2023 — 2024) had a 8y of 310.2 4 2.1%o and ii) tank 2 (2025)
had a 8y of 260.0 + 3.4. The uncertainty estimates for individual an-
alyte 52H values were defined conservatively by selecting the largest of
the following three metrics: i) the propagated calibration uncertainty
(1.0%o to 2.5%o), ii) the bias-corrected pooled standard deviation of the
samples (1.0%o to 5.0%o) or iii) the bias-corrected standard deviation of
the nCsg standard (4.3%o). The bias-correction and standard deviation
pooling was conducted following the approach of Polissar and D’ Andrea
(2014).

Additionally, analyte 52H values were corrected for the addition of H
during the alkyl iodide hydrogenation. The applied hydrogenation
correction depended on the hydrogenation method as the SH hydroge-
nation treatment caused unexpected isotopic fractionation effects.
Samples treated with PtO, and H; gassing were corrected as described in
Leavitt et al. (2023) using a long-term estimated 5°H (based on internal
measurements at CU Boulder) of —676 £ 134%c for the added H. The
details, differences and as the result modifications of the hydrogenation
correction protocol for SH treated samples are discussed in more detail
in the results (See section 3.5).
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3. Results and discussion
3.1. Optimization of HI ether cleavage efficiency

The efficiency of HI for ether cleavage (examined using C160C¢) was
tested as a factor of temperature, time, sample quantity and type of HI.
The results (Fig. 2) show varying efficiency and thus the importance of
choosing the optimal reaction parameters. The highest degree of ether
cleavage, calculated as the relative proportion of iodinated Cjg
compared to the sum of iodinated Cj¢ and residual C;40C1¢ both
normalized to the starting Cj;e-Squalane ratio, was achieved at 120 °C
with an efficiency of more than 80% for 13 of 16 assays. Cleavage at 70
°C was not sufficient despite the longer experiment time (16 h), with
proportions between 15.4% and 65.2%, but mainly below 50%. A re-
action time of 4 h or 12 h at 120 °C yielded an efficiency of 69.5% to
100% respectively, for both 10 ug and 50 ug samples. However, the 10
ug samples with 12 h reaction time show a greater average loss of ma-
terial of 20.3% compared to 0.9% at 4 h reaction time. The material loss
was calculated as the percental difference of the sum of iodinated Ci¢
and residual C160C¢ to the initial amount of C;60C14, normalized to the
starting C;¢-Squalane ratio. In order to minimize the risk of material loss
and in terms of economy of time and improved workflow with regard to
the subsequent steps, we recommend 4 h of HI treatment. If the sample
volume is very small, it is possible to use longer reaction times in order
to obtain as much cleaved biomass as possible, but possible material loss
due to evaporation and leaking of the sample vials may need to be
considered. Future attempts to improve the workflow might include
testing for even shorter HI reaction times, however, higher temperatures
are not applicable as the boiling point of HI (usually commercially
available with 57% w/w) is reached at 127 °C.

The comparison of non-stabilized versus stabilized HI indicates a
small advantage of using non-stabilized HI, but further tests with more
replicates may be needed. When used in excess, HI does not seem to have
a significant influence on ether cleavage efficiency (See section 3.4).
Nevertheless, it is important to note that different brands of HI were
used for these two sets of tests.

3.2. Recovery comparison of HI vs. BBrs and SH vs. PtO2

The results of the recovery test of the HI-SH, BBr3-SH, HI-PtO and
BBr3-PtO; cleavage and hydrogenation protocol combinations (exam-
ined using S. acidocaldarius biomass) are displayed as the relative
amount of recovered material in percent compared to the assay with the
highest amount of recovered material (Fig. 3). The data show that all
biphytanes (BP), regardless of the number of incorporated cyclopentane
rings (indicated by the number, i.e., BPO = 0 rings, BP1 = 1 ring, etc.),
are recovered similarly within one protocol. However, the recoveries of
BPs differ depending on cleavage and hydrogenation methods, with the
HI-SH protocol resulting in the highest recovery compared to HI-PtO,
(ca. 67%), BBr3-SH (ca. 49%) and BBr3-PtO5 (ca. 6%). The HI-SH pro-
tocol has further advantages as the handling of these reagents eliminates
some safety concerns such as the high toxicity of BBrs and the risk of
forming explosive gas mixtures with continuous flow of Hs. Addition-
ally, hydrogenation with SH causes less scattering regarding the isotopic
fractionation than hydrogenation with PtO, and Hy (Section 3.5). Since
the recovery rate of both BBr3 assays was less than 50% of the HI assays
and because of the safety disadvantages, we decided to not further test
and optimize the BBr3 cleavage protocol.

The relative recovery compared to the starting material cannot be
determined as the different GDGTs, due to their chemical structure with
varying cyclopentane ring combinations, contribute differently to mul-
tiple types of biphytanes. This cannot be predicted and corrected for
without prior chromatographic isolation of individual GDGTs. If such
information is desired, future studies could isolate individual GDGTs
using preparative high performance liquid chromatography followed by
ether cleavage and hydrogenation. Moreover, the abundance of GDGTs
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Fig. 2. Relative proportion [%] of iodinated C;¢ (green) after the ether cleavage of C160Cy¢ With non-stabilized HI or stabilized HI at various reaction conditions
(Column 1: 70 °C for 16 h; Column 2: 120 °C for 4 h, Column 3: 120 °C for 12 h) — compared to the remaining C;0C;¢ (red) The data are normalized to the starting
Cy6-Squalane ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Relative recovery [%] of BP0, BP1, BP2 and total BP for different ether cleavage and hydrogenation method combinations (HI-SH, HI-PtO,, BBr3-SH, BBr3-
PtO,) tested on S. acidocaldarius lipid extracts. The relative recovery describes the amount of recovered material in percent relative to the assay with the highest
amount of recovered material. Similarly coloured dots display the measured data points of the triplicates of the respective assay and the coloured bar displays the
average recovery of the respective replicates. The error bars show the standard deviation of the average recovery and were determined using Gaussian error
propagation. “BP total” are calculated values from the averaged recoveries of BPO, BP1 and BP2. All data were normalized to squalane.

relative to other lipids and the GDGT distribution can differ between
archaeal species (Oger and Cario, 2013; Schouten et al., 2013).

3.3. Recovery optimization of SH hydrogenation

The results of the SH hydrogenation optimization experiments
(Fig. 4; examined using S. acidocaldarius biomass) show similar recovery
rates despite different reaction conditions. The recovery is displayed as
the relative amount of recovered material in percent compared to the
assay with the highest amount of recovered material, in this case SH
hydrogenation at 60 °C for 19 h, i.e., overnight. However, all assays

were in the range of the most efficient assay, with SH hydrogenation at
50 °C (92%) and 80 °C (93%) as the least efficient ones. Since the hy-
drogenation for 2 h at 60 °C matches the recovery of the 70 °C/2 h
condition, the 60 °C/4 h and the 60 °C/19 h assay within uncertainties
and since it has been used in several previous studies (Summons et al.,
1998; Bradley et al., 2009; Konneke et al., 2012), we recommend to
continue using this protocol (60 °C for 2 h) in terms of reproducibility,
comparability, sample throughput, and workflow. It may be possible
that using even shorter time than 2 h or shorter time with higher tem-
perature provides sufficient yields, which could further increase sample
throughput.
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3.4. Comparison of stabilized vs. non-stabilized HI 5-month-old non-stabilized HI (Fig. 5 A); ii) using 4-months-old HI from
the same, formerly freshly opened, batches (Fig. 5 B). It is important to

We further investigated the sample recovery during ether cleavage: i) note that the headspace of the HI bottles should be immediately purged
using freshly opened stabilized HI, freshly opened non-stabilized HI, and with Ny after each use, the bottles are sealed properly and stored at 4 °C

=
(B)

120 - ‘ @ non-stabilized HI (5 months)
: : O non-stabilized HI (new)
r ' ' O stabilized HI (new)
110 | | | ‘
g L : :
> 100 | \ \ ; %
> ‘ ! ‘
<] L | | | +
(8] ' ' \
o ‘ ‘
o 90 : ; ‘
> ‘ ; ‘
'n ' ' ‘
o : : ‘
e~ | | |
| | | (A)
o |
120 - ' ' O non-stabilized HI (4 months)
L 3 | @ stabilized HI (4 months)
10 | | 1 1
S ; 1 1
> 3 | 3
5 100 | -f- 3 1 | %
2 : : !
S L : : ;
o ' ' '
[ ' ' '
1™ i 1 i
Q 90 ' H !
> ! ! :
=] : ! !
o | | :
[ : : '
] : 1 :

0 |

BPO BP1 BP2 BP total

Fig. 5. Relative recovery [%] of BPO, BP1, BP2 and total BP after cleavage and hydrogenation of S. acidocaldarius lipid extracts using different types of HI (non-
stabilized vs stabilized) and HI of different age. Panel (A) compares freshly opened stabilized HI, freshly opened non-stabilized HI, and 5-month-old non-stabilized HI.
Panel (B) compares stabilized HI and non-stabilized HI 4 months after being opened (formerly “freshly opened” HI in panel (A)). The relative recovery describes the
amount of recovered material in percent relative to the assay with the highest amount of recovered material. Dots with same colour display the measured data points
of the triplicates of the respective assay and the coloured bar displays the average recovery of the respective replicates. The error bars show the standard deviation of
the average recovery and were determined using Gaussian error propagation. “BP total” are calculated values from the averaged recoveries of BPO, BP1 and BP2. All
data were normalized to squalane.
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until the next use. The reaction efficiency of different types and ages of
HI was examined using S. acidocaldarius biomass. The results are dis-
played as the relative amount of recovered material in percent compared
to the assay with the highest amount of recovered material. Both ex-
periments show similar recovery rates for their assays within their un-
certainties. This suggests that the type of HI does not have a significant
influence on ether cleavage efficiency, which may be due to the use of HI
in excess, which also minimizes the risk of loss of cleavage efficiency due
to degradation of the HI, whether it is stabilized or not. However, the
stabilization additives for HI could be brand-specific and we have not
tested and compared different brands. Nevertheless, we would still
recommend using freshly opened HI to minimize any risks of material
loss. Although we did not compare absolute yields, the fact that fresh HI
has the same relative yield as old HI suggests that the age of HI (within
the tested 5-month range) does not impact absolute yields, when used in
excess and stored under conditions as inert as possible. The effect of
longer storage time or different storage conditions for HI could be
addressed in future studies.

3.5. Comparison of the hydrogen isotope fraction during hydrogenation
with SH and PtO,

The results of the SH-PtO, comparison with S. acidocaldarius and
S. usitatus after calibration and hydrogenation correction following the
approach of Keller et al. (2025) shows that the ether cleavage with HI
and subsequent hydrogenation with SH results in initially slightly
enriched 82H—values (up to +20%o) compared to cleavage and hydro-
genation with HI and PtO,. However, we were able to correct this
fractionation effect for iso-BPs (biphytanes derived from isoprenoid
GDGTs - from S. acidocaldarius) resulting in a higher precision of the SH
results with an average double standard deviation (2SD) of 3.5%o
compared to PtO, with 5.3%o for iso-BP (6.3%o vs. 9.3%o for br-C3y and
5.0%o vs. 6.9%o for br-Csz;) after all correction steps. The correction of
this hydrogen isotope fractionation effect, in the following referred to as
Hydrogenation Shift, is explained in detail hereinafter.

The Hydrogenation Shift (HS) for compound class x describes the H-
isotope fractionation (ayus) that occurs from exposure to the hydroge-
nation agent:

4

Oepss = Rx.after _ 62I'IJ(.after +1 . |:R o 2H:|

Rx,before N 62Hx.before + 1 N 7_1
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We measured this shift for different readily available compound
classes including squalane, alkanes, and our ether-cleavage test com-
pound C;g0C;g by exposing them to the hydrogenation agents.

The hydrogen isotope fractionation caused by SH treatment seems to
differ depending on the type of compound. This non-uniform isotope
fractionation effect was supported by the results of the compound
comparison using C180C;g, nCi9, phytane, squalane and the Cg-Cygo-
alkane standard (Fig. 6). After performing the hydrogenation correction
according to Leavitt et al. (2023), the results show that hydrogenation
with PtO, causes similar fractionation for C130Cig, nCq9, phytane and
squalane, while hydrogenation with SH leads to varying, compound-
dependent isotope fractionation, e.g. for squalane up to 10%o. In terms
of the biphytanes, the hydrogen isotope fractionation after the hydrogen
correction after Leavitt et al. (2023) approximately amounts to +10%o
for iso-BPs (from S. acidocaldarius) and +20%. for br-C3y and br-Cs;
(derived from branched GDGTs - from S. usitatus; Fig. 8). However, by
correcting this hydrogen isotope fractionation, i.e. the Hydrogenation
Shift (Eq. (4)), based on the assumption that the isotopic fractionation of
the spiked squalane standard follows the same pathway as the frac-
tionation of the sample, the average hydrogen isotopic composition of
iso-BPs hydrogenated with SH equals the composition of the iso-BPs
hydrogenated with PtO5 (Fig. 8). The isotopic fractionation induced to
br-C3p and br-C3; cannot be resolved entirely by this correction
approach, probably due to bigger differences in their chemical structure
compared to the squalane standard.

To evaluate the isotopic composition of the added H (62Hadded)
during hydrogenation of alkyl iodides, we measure the original test
compound (C;30C;g) before ether cleavage and hydrogenation and af-
terwards and use mass balance and the shift fractionation measured
above to estimate the hydrogenation added H:

n-Hx,after : Rx.after = QyxHs * {(on.after - n-Hadded) . Rx.befare + nHadded - Radded]

n-Hx,af[er . 62Hx.,after +1
nHadded O HS

— 8°Haddea = {

5)
nHX.

- (W:ﬁ: - 1) . (asz,before + 1) -1

The inferred isotopic composition of the added H (8%Haqded) is listed

below. The errors are relatively large because small errors are amplified

from estimating the mean value of the isotopic composition of a single H

PtO, + H,

SH

-
o

ﬂo
-
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Fig. 6. Hydrogenation Shift, displayed as sthydmgemted /initial i %o, depending on the type of compound and the hydrogenation method, including two data points
(circular) from Kaneko et al. (2011). Hydrogenation with PtO, + H, is displayed in red and hydrogenation with SH in blue. The triangular data points display single
replicates of the respective compound. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Estimated isotopic composition 8?H of the added H (alias 6?Haggeq) during the hydrogenation of the alkyl iodides depending on the hydrogenation method,
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circular data points display single replicates of the respective compound. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

out of 38 in the C130C;g derived ether-cleavage and hydrogenation
product (C;g alkane).

The isotopic composition of the analytes (e.g. biphytanes) can be
calculated from the same mass balance (see Eq. (6)) with the measured
isotopic composition, the §%Haddeq (Table 4, Fig. 7), and the appropriate
shift fractionation (ayg = 1 if there is no shift, Table 3, Fig. 6):

2
62 H e = n-Hanal_yte . 5 Hanalyte‘measured +1
analyte =
n-Hanalyte - n-Hadded Qanalyte,HS ( 6)
NHaddea

2
- NHanatyre — NHadded + (FHagaed +1) | ~1
Since the hydrogen isotope fractionation caused by SH is very
consistent for the respective compound, also with aged SH
(Supplementary information: Fig. S1), of at least up to 5 months, we
recommend using SH for the hydrogenation of iso-BPs, as a significantly
higher sample recovery can be achieved (Section 3.3). Due to the low

Table 3
Overview of the Hydrogenation Shift, displayed as €2thdrogenated/inma1, alias
¢2H, of different compounds depending on the hydrogenation method.

hydrogenation sample replicates  analyses mean e2H
type e’H uncertainty
[%o] [%o]
Pt/Hy C180Cy3 5 36 —0.74 2.10
Pt/H> squalane 15 71 0.13 2.26
SH squalane 14 63 10.91 2.91
SH C180Cyg 1 10 10.56 3.31
SH Alkanes 1 69 3.33 4.17
(22)
SH phytane 1 7 4.90 4.09
Table 4

abundance of isoprenoid GDGTs in many natural samples and technical
restrictions in the hydrogen isotope analysis of iso-BPs an optimal
sample recovery is essential to make hydrogen isotope composition
analyses of GDGTs feasible as a paleoenvironmental proxy. With current
GC-P-IRMS methods, a minimal sample amount of ca. 150 ng per
biphytane is necessary in order to ensure reliable measurements of the
hydrogen isotopic composition. Furthermore, the advantages in the
handling of SH in contrast to the PtO; hydrogenation minimizes the risk
of divergences of the reaction times and eliminates the risk of forming
explosive gas mixtures with continuous flow of Hp.

In contrast, isotopic fractionation by PtO5 hydrogenation appears to
be slightly less consistent (Fig. 8) as the replicates show lower precision
resulting in higher 2SD - in terms of iso-BP 5.2%. compared to SH with
3.5%o after calibration and 5.3%o compared to 3.5%o after all correction
steps. This could be caused probably by varying §°H of different Hy
batches for hydrogenation and analyses over time, varying PtO, particle
sizes and surface areas with different batches and varying drying times
of the samples in the course of the Hy bubbling. The consistency of the
drying times during Hy bubbling could probably be improved by
developing an experimental setup with pressure distribution control
units and different sample vial and cap sizes and types, but that does not
eliminate the problem of varying Hy batches and the absent control of
the PtO, properties as well as the handling risks of Ho. However, in terms
of biomarkers other than isoprenoid GDGTs, e.g., branched GDGTs, we
recommend ether cleavage with HI at 120 °C for 4 h but with subsequent
hydrogenation with PtO, and H, gassing, as it was not possible to
implement a reliable SH correction for these biomarkers. We therefore
recommend accepting the loss of sample material (See section 3.3) and
slightly higher isotopic composition uncertainties (Fig. 8) in exchange
for a correct §2H until the SH method and the correction protocol are
further improved.

Estimated isotopic composition of added H (alias 82 Hadded) during hydrogenation of alkyl iodides.

study hydrogenation shift correction replicates analyses 82H,ddea mean [%o] uncertainty [%o]
this study Pt/H, no 5 36 —676.43 134.33
this study SH no 8 50 —586.77 108.79
this study SH with 8 50 —681.21 108.57
Kaneko et al. Pt/H, no 4 14 —741.50 176.54
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and (III) calibrated, hydrogenation corrected and Hydrogenation Shift (HS) corrected in terms of the SH data (“hydrogenation corrected + HS corrected”). Hy-
drogenation with PtO, + H, is displayed in red and hydrogenation with SH in blue. The circular data points display single replicates of the respective compound. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

Based on optimal efficiency and minimized hydrogen isotopic frac-
tionation, we recommend for archaeal GDGTs ether cleavage with HI at
120 °C for 4 h followed by hydrogenation with SH at 60 °C for 2 h. Using
this method, a high sample recovery can be achieved, with low, but
consistent and reliably correctable, hydrogen isotopic fractionation
while ensuring the comparability to previous studies using SH. An
optimal sample recovery is important due to the low abundance of
isoprenoid GDGTs in many natural samples and, to this date, a minimal
sample amount of ca. 150 ng per biphytane in order to ensure reliable
analysis of the hydrogen isotopic composition.

In terms of other biomarkers e.g., branched GDGTs, we also recom-
mend ether cleavage with HI at 120 °C for 4 h but with subsequent
hydrogenation with PtO; and Hj gassing. This combination has a lower
sample recovery (See section 3.3) and slightly higher isotopic un-
certainties, but it was not yet possible to implement a reliable SH
correction for these compounds due to the lack of a suitable standard. In
exchange for a correct hydrogen isotopic composition, we recommend
hydrogenation with PtO, and H; gassing for these biomarkers until the
SH method and the correction protocol are further improved.

The HI comparison test (See section 3.4) emphasizes that the excess
usage of HI can avoid possible loss of cleavage efficiency due to degra-
dation of HI with age. Although the test did not show significant dif-
ferences between stabilized or non-stabilized and freshly opened and

10

aged HI, we recommend using freshly opened HI to minimize any risks.
The SH assay (See section 3.3) shows that small improvements of the
recovery might be possible by using a higher reaction temperature, if
necessary, but higher reaction temperatures might increase the risk of
material loss and increase handling risks in case of leakages as the SH
liquid and resulting vapour are highly inflammable. More testing at
higher temperatures, with shorter reaction times and different glass vial
and cap combinations to improve the sealing and minimize material loss
would be required. Deviating hydrogenation conditions might require a
revision of the SH Hydrogenation Shift correction, which was developed
for hydrogenation with SH at 60 °C for 2 h. Similarly, different reaction
times and potentially lower temperatures could be tested for the PtO, +
Hy method, while temperatures higher than room temperature are not
advisable due to safety issues concerning Hy. Additionally, it is impor-
tant to note that environmental samples may have a more complex
molecular composition than the cultures and standards used in this
study, which could affect cleavage and hydrogenation efficiencies due to
matrix effects. These potential matrix effects should be addressed in
future studies.

The improvement of these ether cleavage and hydrogenation pro-
tocols represents an important step in the further development of
hydrogen isotope composition analyses of GDGTs as a possible paleo-
environmental proxy and will improve the comparability of potential
paleorecords of §2H of GDGTs in this research field.
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