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Hopanoids are produced by bacteria and are commonly found in terrestrial and marine
environments. In modern environments, hopanoids mostly occur in the biological 173,218(H)
configuration. Over geological time (10° to 10 years), thermal degradation changes their
stereochemistry to the thermally mature 17a,21B(H) configuration. However, in modern
acidic peat-forming environments, the ‘thermally mature’ Cs; 17a,21B(H)-homohopane
dominates over the biological B stereoisomer, with an increase in the relative abundance of
the ap stereoisomer at lower pH. Based on this pH dependency, hopane isomerisation ratios
have been used to reconstruct pH in ancient peat-forming environments. However, the
environmental controls on hopane isomerisation remain poorly constrained and it is unclear
whether this proxy is also applicable in mineral soils. Here, we analysed hopane distributions
in mineral soils characterised by a wide range of mean annual temperature and pH. We show
that mineral soils are dominated by diploptene, an unsaturated C3p hopanoid synthesised by
a wide range of bacteria. In our soil dataset, there are relatively few thermally mature off
hopanes — even within acidic mineral soils — and there is no relationship between hopane
isomerisation ratios and pH. We propose that mineral protection in these soil environments
selectively protects hopanoids from rapid degradation and subsequent isomerisation in
modern samples. This provides a plausible explanation for the lack of 17a,21B hopanes in
modern acidic mineral soil and suggests that the Cs; hopane BB/(af + BB) index should only
be employed as a quantitative pH proxy in peats. Moving forward, we propose that hopane
isomerisation ratios can help fingerprint the delivery of (acidic) peat into the marine realm
and build upon other biomarker-based proxies developed to trace the input of terrestrial OC
into the marine realm.
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1 Introduction

Hopanoids are a diverse group of pentacyclic triterpenoids
that are abundant in terrestrial and marine environments
(Ourisson and Albrecht, 1992; Ries-Kautt and Albrecht,
1989; Rohmer et al., 1984). They are synthesised by a
wide variety of bacteria (Talbot et al., 2016) and play a
key role in regulating membrane fluidity and permeability
(Saenz et al., 2015). Bacteria synthesise C3o hopanoids
(diploptene or diplopterol) and/or complex Css bacterio-
hopanepolyols (BHPs). The latter exhibit a diverse array
of side-chain modifications that can be used as tracers for
specific bacterial metabolisms (e.g. aerobic methanotrophy,
anaerobic ammonium oxidation; Kusch and Rush, 2022).
Upon cell death, BHPs undergo a variety of diagenetic
transformations, including modification and subsequent
loss of the polyfunctionalised side chain. This leads to
the formation of various geohopanoids, including hopanes,
hopenes, hopanols, and hopanoic acids. With increasing
thermal maturation, the biological isomer (178,218; BB
hereafter) is transformed into the more stable 178,21a
(B hereafter) and then 17a,21f (af hereafter) isomer
(Mackenzie et al., 1980). This process normally occurs
slowly over timescales of 106-108 years but even ~ 200-
million-year-old claystone and limestone deposits can still
contain abundant thermally immature BB hopanes (Robinson
et al., 2017).

Hopane BB/ (of + BB) indices have been used extensively
within the petroleum industry to assess source rock maturity
(Farrimond et al., 1998; Mackenzie et al., 1980). However,
thermally mature hopanes have also been identified in some
contemporary environments that have not undergone ther-
mal maturation. In modern peats, the ‘thermally mature’
Cs1 17a, 21B-homohopane (Cs; af hopane, hereafter) can
dominate over the biological B isomer (Huang et al., 2015;
Inglis et al., 2018; Quirk et al., 1984). The C3; off hopane
has been detected in surficial peat sediments (<2cm),
indicating that this transformation occurs quickly, likely
within decades (Huang et al., 2015; Inglis et al., 2018). This
rapid transformation in peats has been attributed to acid-
catalysed isomerisation of the BB isomer at low pH (Quirk
et al., 1984) and there is a significant positive correlation
between Cs; hopane isomerisation and pH (n =94, r? =0.64,
p<0.001) in a global wetland database (Inglis et al., 2018).
The Cs; hopane BB/(af +BB) index has since been used
to reconstruct pH (qualitatively or quantitatively) within
modern (Schaaff et al., 2024) and ancient (Inglis et al.,
2019; Lauretano et al., 2021; Witkowski et al., 2023) peat-
forming environments. In these studies, hopane-derived
pH estimates are consistent with independently derived
branched GDGT-derived pH estimates. However, there is
an offset in the carbon isotopic composition (8*3C) of Cz; af
and BP isomers in some modern tropical peats. For example,
in Indonesian (Inglis et al., 2019) and Cameroonian peats
(Schaaff et al., 2024) the Cs; BB isomer is *>C-depleted
(up to 10 %o) compared to the af isomer, implying that
off and BP isomers in peats may be synthesised de novo by
different source organisms with unique metabolic strategies
(e.g. heterotrophs vs methanotrophs). If true, this implies

that pH alone is unlikely to explain the dominance of the
‘thermally mature’ C3; af hopane in peat (Schaaff et al.,
2024).

If pH is the main driver of this rapid transformation,
we hypothesise that acidic mineral soils would also be
dominated by af hopanes. To explore whether hopanoids
in acidic mineral soils are characterised by similarly rapid
isomerisation of the BB isomer, we present the first global
analysis of hopane distributions within modern mineral
soils (n=102). Our soil dataset spans a wide range of
mean annual temperatures (~0-26°C) and pH (3 to 9),
allowing us to explore how changes in these environmental
parameters influence hopane isomerisation ratios. We then
compare C3; hopane BB/(af + BR) indices in mineral soils
(i.e. mineral-rich soils with <30 % total organic carbon
content; Brady and Weil, 2008) and peats (i.e. organic-rich
soils developed under anoxic conditions with ~ 30-60 %
total organic carbon content) to re-evaluate the use of
hopanoids as pH proxies in modern and ancient terrestrial
environments.

2 Methods

2.1 Mineral and soil sampling

To generate a database of hopane and hopene distributions
in modern mineral soils, we analysed soil samples (n=102)
from elevation gradients that cover a large temperature
range over a smaller spatial scale including (i) Austria,
Mt. Rauris (n=12; 1050-2050m a.s.l.; De Jonge et al.,
2024); (ii) Bolivia, Mt. Zongo (n=8; 1198-4210m a.s.l.;
De Jonge et al., 2024); (iii) China, Mt. Gongga (n=8;
1915-3788m a.s.l.; De Jonge et al., 2024); (iv) upland
Tanzania, Mt. Kilimanjaro (n=8; 920-3660m a.s.l.; De
Jonge et al., 2024); and sites from lowland Tanzania (n=11;
1100-1700 m a.s.l.; Beverly et al., 2021; Zhang et al., 2021;
Peaple et al., 2022) and various locations across Brazil
(n=41) and Colombia (n=14; 200-1200 m a.s.l.; Haggi
et al., 2023) that encompass a wide range of pH values
(see Table S1 in Inglis, 2025).

The mineral soil database spans a wide range of tempera-
tures (~0-26°C), pH (3 to 9), stable carbon isotope values
(—20.5 to —29.9 %o) and total organic carbon content (0.6—
27.8wt%; see Table S1). In our dataset, most samples
are derived from relatively acidic mineral soils with pH <5
(n=63). However, the data set includes mineral soils that
are moderately acidic to neutral (i.e. pH 5 to 7; n=28),
and alkaline (i.e. pH 7 to 9, n=11). Sites are characterised
by a range of vegetation, including grasslands, shrubland,
savannas, and rainforests. For full details on each site and
sampling strategy, see De Jonge et al. (2024), Peaple et al.
(2022), and Haggi et al. (2023).

2.2 Data compilation for peats

Mineral soil samples are complemented by published
Cs1 hopane BB/(of +BB) indices compiled from a global
database of peat deposits (n =94 sites; Inglis et al., 2018).
We also include unpublished hopane and hopene data from
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various peatlands (Inglis et al., 2018), specifically Pinheiros,
Brazil (n=14 samples from 1 site), Bomfield Swamp,
Australia (n=8 from 1 site), Harz, Germany (n=11 from
1 site), Zalama, Spain (n=8 from 1 site), Sebangau,
Indonesia (n=8 from 1 site) and various sites across the
USA (n=10 samples from 10 sites) and Peru (n=37 from
9 sites; see Table S3). These samples (n=96 samples
from 7 countries and 24 unique sites) include surface
peats (0—2cm) and peat cores spanning the upper 100 cm
(i.e. acrotelm and catotelm). The acrotelm (0-15cm;
Naafs et al., 2017) is assumed to be oxic whereas the
catotelm (15-100cm; Naafs et al., 2017) is permanently
waterlogged and characterised by anoxic conditions (Naafs
et al., 2017). The peat samples cover a broad range
in mean annual temperature (MAAT) from 1 to 26°C
and are characterised by a wide variety of vegetation,
ranging from Sphagnum-dominated ombrotrophic peats
to Cyperaceae-dominated minerotrophic peats. These
peats (n=96) were extracted with an Ethos Ex microwave
extraction system using 15 mL of dichloromethane (DCM)
and methanol (MeOH; 9:1 by volume) at the Organic
Geochemistry Unit in Bristol (Inglis et al., 2018). The TLE
was then separated using silica column chromatography
into hydrocarbon, aromatic and polar fractions using 100 %
hexane, hexane:DCM (3:1 by volume) and DCM:MeOH
(1:2 by volume). For full details on each site and the
experimental protocol, see Inglis et al. (2018) and Naafs
et al. (2017).

2.3 Organic geochemistry

Mineral soil sampled along altitudinal transects in Austria
(n=12), Bolivia (n=8), China (n=8) and Tanzania (n=38)
were prepared for analysis at ETH Zurich as described in
De Jonge et al. (2024). Briefly, soil was freeze dried,
homogenised, and extracted using an energised disper-
sive guided extraction (EDGE) system using a mixture
of dichloromethane (DCM) and methanol (MeOH; 9:1
by volume) at 110°C. Samples were kept at extraction
temperature for 3 minutes, and subsequently flushed twice
with the solvent mixture at 110 °C, resulting in a total of
three extraction rounds. The total lipid extract (TLE) was
subsequently dried under a gentle N> stream and separated
into hydrocarbon (F1), ketone (F2) and polar (F3) fractions
by passing them over an activated Al,O3 column using
hexane:DCM (9:1 by volume), hexane:DCM (1:1 by volume)
and DCM:MeOH (1:1 by volume), respectively. Sediment
from sites across Brazil (n=41), Colombia (n=14) and low-
land Tanzania (n=11) were extracted using an accelerated
solvent extraction system (ASE 350 Accelerated Solvent
Extractor) with a 9:1 mixture (by volume) of DCM:MeOH
and two 15 minute extraction cycles (100°C, 1500 psi
or 10.34 MPa) at University of Southern California. An
aliquot of the total lipid extract (TLE) was then separated
at the University of Southampton into hydrocarbon (F1),
ketone (F2) and polar (F3) fractions using hexane (100 %),
hexane:DCM (3:1 by volume) and DCM:MeOH (1:2 by
volume), respectively.

Hydrocarbon fractions (containing hopanes and hopenes;
n=102) were analysed using a ThermoFisher Trace 1310
Gas Chromatograph coupled to a Thermo TSQ8000
Triple Quadrupole MS (GC/MS-MS) at the University
of Southampton. Separation was achieved with a DB-5
column (80mm x 0.25mm internal diameter, 0.25pm
film thickness). The GC temperature program started at
70°C for 1 minute, increased to 130°C at 20°Cmin71,
followed by 300°C at 4°Cmin~!, which was then held for
20 minutes. MS scanning occurred between mass-to-charge
ratio (m/z) 50 to 650 Daltons, and used an ionisation
energy of 70eV. Hopanes and hopenes were identified
based upon published mass spectra, characteristic mass
fragments and retention times (Moldowan et al., 1991;
Sessions et al., 2013; Sinninghe Damsté et al., 2014).
Hopanes and hopenes in mineral soils (this study) and
peats (Inglis et al., 2018; this study) were integrated using
the m/z 191 mass fragment.

2.4 Biomarker ratios

The hopane isomerisation ratio is calculated as follows:

Cn = BB/ (aB +BpB) (1)

where C, is the carbon chain length (e.g. C31). A lower
contribution of Bf isomers is marked by values closer to
0. The relative abundance of diplotene is expressed as a
fraction of the total hopanoid assemblage:

diploptene
> hopanes + Y hopenes

fdiploptene = (2)
A higher contribution of diploptene is marked by values
closer to 1.

2.5 Statistical analysis

Unconstrained principal component analysis (PCA)
was used to visualise the variance in compositional
data: (i) within different mineral soils (Fig. 1a) and (ii)
between mineral soils and peat (Fig. 2a). Standardised
compositional data is mapped into Euclidean space using
a centred log-ratio (CLR) transformation (Aitchison,
1986). For mineral soils (Fig. 1), we use the standardised
fractional abundances of seven hopanes (17B(H)-
trisnorhopane  (Cy7);  17B,21a(H)-norhopane (Cyo);
17B,21B(H)-norhopane (Cyg); 17a,21B(H)-hopane (Csp);
17B,21B(H)-hopane (Cszp); (22R)-178,21a(H)-homohopane
(Cs1); 178,21B(H)-homohopane (Cs1)) and six hopenes
(22,29,30-Trisnorhop-17(21)-ene (Cy7); hop-17(21)-ene
(C30); neohop-13(18)-ene (Czg); moretene (Csq); hop-
22(29)-ene [diploptene] (Csg); hop-21(22)-ene (Csp)).
As peats have a more diverse hopanoid distribution
than mineral soils, additional compounds are included in
Figure 2 (specifically, an additional unknown Cso hopene,
17B,21a(H)-hopane (Csq), (22S)-178,21a(H)-homohopane
(Cs1), 17,21-epoxyhopane, and 178,21(H)-bishomohopane
(Cz2)).
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Figure 1. (a) PCA based on standardised fractional abundances of hopanes and hopenes (see key) in modern mineral soils
across five different regions (Austria, Brazil, Bolivia, upland Tanzania, China). (b) RDA showing variance of standardised
fractional abundances of hopanes and hopenes (see key) explained by environmental variables (pH, MAT (mean annual air
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Figure 2. (a) PCA based on standardised fractional abundances of hopanes and hopenes in peat and soil datasets.
Compounds (A), (B) and (H) excluded as they are superimposed in the biplot and exhibit relatively low values on PC1 and
PC2. (b) RDA showing variance in standardised fractional abundances of hopanes and hopenes explained by environmental
variables (pH, mean annual air temperature, and matrix type).
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Figure 3. Partial m/z 191 gas chromatogram of the

hydrocarbon fraction from two typical acidic mineral soils in
(a) Amazon rainforest, Brazil (pH 4.4; sample GRU-47A)
and (b) and Mt. Kilimanjaro, upland Tanzania (pH 3.8;
sample K-UF2). Numbers accompanied with Greek letters
signify the carbon number and stereochemistry of hopanes
and hopenes.

Redundancy analysis (RDA; i.e. a constrained ordination
technique) is subsequently used to determine how much
variance can be explained by a set of explanatory (i.e.
environmental) variables. Environmental variables were
obtained from De Jonge et al. (2024), Haggi et al. (2023,
2024) and Naafs et al. (2017). When comparing peat and
soil biomarker distributions, their assignment as peat or soil
is included as an explanatory factor. PCA and RDA analysis
were carried out using RStudio and dplyr (Wickham et al.,
2023), ggplot2 (Slowikowski, 2024), scales (Wickham et al.,
2019), ggforce (Pederson, 2022), vegan (Oksanen et al.,
2001) and compositions (van den Boogaart and Tolosana-
Delgado, 2008) packages. Ridgeline plots were generated
using the ggridges package (Wilke, 2017). Non-parametric
t-tests were used to determine the statistical difference
between datasets.

3 Results

3.1 Hopanoid distributions in mineral soils and peats

In mineral soils, the hydrocarbon fraction contains a
range of Cy7-C3; hopanes and Co7-Cso hopenes (Fig. 3).

a) fdiploptene (%)

Peat I:l Soil I:l

b) Ca1 BB/(aB+BR)

¢) 2 hopane BB/(aB+BR)

T
0.50 0.75 1.00

0.00 0.25
Ratio
Figure 4. Frequency distribution of (a) fdiploptene. (D)

Cs1 hopane BB/(aB +pB) ratios and (c) Co7-Cs; hopane
BB/(ap+BB) in mineral soils (Bolivia, Brazil, Colombia,
upland Tanzania, lowland Tanzania, Austria and China;
this study) and peats (Brazil, Australia, Germany, USA,
Peru, Spain, Indonesia; this study) shown using ridgeline
plots with median (bold line) and lower and upper quartile
(dotted lines) also shown.

Hopanes and/or hopenes were detected in 51 out of
102 samples (see Table S2). The dominant hopanoid in
the hydrocarbon fraction was typically hop-22(29)-ene
(diploptene). In a subset of samples, 22,29,30-Trisnorhop-
17(21)-ene (Cy7 hopene) or 17a,21B(H)-norhopane (Cag
ap hopane) dominated the hopanoid assemblage. A
range of other minor compounds were detected, including:
17B(H)-trisnorhopane  (Cy7),  17B,21B(H)-norhopane
(Co9), 17a,21p(H)-, and 17B,21(H)-hopane (Csp),
(22R)-17B,21a(H)- and -17B,21B(H)-homohopane (Cs;),
neohop-13(18)-ene, and hop-17(21)-ene (Cszp).

Hopanes and hopenes were not detected or below the
detection limit in various sites, including Bolivia (4 out of 8
samples), Austria (2 out of 8 samples), upland Tanzania (1
out of 8 samples), lowland Tanzania (11 out of 11 samples),
Colombia (13 out of 14 samples) and Brazil (20 of 41
samples; Tables 1 and S3). In lowland Tanzania, null results
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Table 1. Summary of surface mineral soil samples collected (n=102) and the number of samples in which hopanoids
(including the C3; af hopane and diploptene) were detected.

Country Surface samples Hopanoids detected Cs; aff hopane detected Diploptene detected
Austria 12 10 0 10
Bolivia 8 4 1 4
Brazil 41 21 0 20
China 8 8 0 8
Colombia 14 1 0 0
Lowland Tanzania 11 0 0 0
Upland Tanzania 8 7 1 7
Total 102 51 2 49

Table 2. Summary of peat samples collected (n=96 from 24 sites) and the number of samples in which hopanoids
(including the C31 ap hopane and diploptene) were detected.

Country Sites Samples Hopanoids detected Cs3; af hopane detected Diploptene detected
Australia 1 8 8 8 8
Brazil 1 14 14 14 12
Indonesia 1 8 8 8 8
Spain 1 8 8 8 8
Germany 1 11 11 11 9
Peru 9 37 37 37 37
USA 10 10 10 10 9
Total 24 96 96 96 91

were found under grasslands with some tree cover in the
Serengeti ecosystem, perhaps due to the alkaline nature of
soils. In Brazil and Colombia, null results were mostly found
in soils under grass dominated Cerrado vegetation types (all
samples), semi-arid Caatinga shrublands (all samples), and
most samples from Llanos riparian forests and Mauritania
swamps.

In peats, hopanes and/or hopenes were detected in all
samples (Table 2). As reported previously (Inglis et al.,
2018), the dominant hopanoid in the hydrocarbon fraction

was typically the (22R)-17a,21p(H)-homohopane (Csy).

However, in some settings 17B(H)-trisnorhopane (Cy7),
hop-22(29)-ene (Csp; diploptene) or two Csg hopenes with
unknown structures dominated the hydrocarbon fraction
Table (S4).

3.2 Hopanoid ratios in mineral soils and peats

The degree of hopane isomerisation was assessed using
BB/ (ap + BP) indices (following Mackenzie et al., 1980). In
mineral soils, the Cz; hopane BB/(aB +pp) index ranges
from 0.64 to 1.00 with an average value of 0.98 (n=51,
6=0.08; Figure 4b; Table S2) whereas Cy7-C3z; hopane
BB/ (ap + BP) indices span a wider range (from 0.28 to 1.00)

with an average value of 0.74 (n=48, 6=0.17; Figure 4c).

In peats, the C3; hopane BB/(ap + BB) indices range from
0.05 to 0.75 with an average value of 0.26 (n=24, 6=0.21;
Figure 4b; Table S4) whereas Co7-C3; hopane BB/ (af + BB)
indices span a wider range (from 0.04 to 0.91) with an
average value of 0.50 (n=24, 6=0.22; Figure 4c).

In mineral soils, diploptene was detected in 49 out of
102 samples. In samples where hopanoids were detected

(n=51), the relative abundance of diploptene (fgiploptene)
is calculated and ranges from 0 to 1 with a mean value
of 0.64 (n=51, 6=0.28; Figure 4a; Table S2). In peats,
diploptene was detected in 91 out of 96 samples. In peat,
the relative abundance of diploptene (fgipioptene) is lower
and ranges from 0.00 to 0.39 with a mean value of 0.11
(n=24, 6=0.11; Figure 4a; Table S4).

3.3 PCA and RDA results

In mineral soils, the first two PCA axes account for a
cumulative 54 % of the variance (Fig. 1a). Moretene and
Coo BB hopane are most strongly associated with PC1,
whereas diploptene, C3; aff hopane and Cs; B hopane
are most strongly aligned with PC2 (Fig. 1a). Mineral
soils from upland Bolivia, China, Tanzania, and Austria are
visually separated from the lowland Brazilian mineral soils.
This separation is driven by (i) the absence of moretene
and hop-21(22)-ene in upland minerals soils in Austria,
Bolivia, China and upland Tanzania and (ii) the absence of
Cag BB hopane, Czg off hopane and neohop-13(18)-ene
in mineral soils from Brazil. In mineral soils, the four
environmental variables (MAT, pH, TOC and §!3C) together
explain ~ 34 % of the total constrained variance (Fig. 1b).
MAT, pH, and TOC are statistically significant (p < 0.005)
whereas 8'3C is not (p>0.05). Approximately 66 % of
variation remains unexplained and highlights the potential
influence of additional environmental or geochemical factors.

Comparing lipid distributions in mineral soils and peats,
the first two PCA axes account for a cumulative 50 % of
the variance (Fig. 2a). Peats predominantly lie on the
left side of the plot (negative values on PC1) whereas
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mineral soils cluster on the right side (positive values on
PC1; Fig. 2a). This is largely driven by differences in
the relative abundance of C3g hopenes and C3; hopanes
(Fig. 2a). Mineral soils are characterised by relatively more
C3o hopenes (e.g. diploptene, moretene, hop-17(21)-ene)
whereas peats are dominated by the Csz; af hopane. In
the combined dataset MAT and pH are the only available
environmental parameters. The RDA analysis shows that
MAT, pH and matrix type (a categorical factor that includes
whether the sample is mineral soil or peat) together account
for ~36 % of the constrained variance (Fig. 2b). MAT
and matrix type are both statistically significant (p < 0.01)
whereas pH is not (p=0.266).

4 Discussion

4.1 Diploptene is the dominant hopanoid in mineral soil
hydrocarbon fractions

Diploptene is biosynthesised by a wide variety of bacteria
(Rohmer et al., 1984), including heterotrophs, methan-
otrophs and autotrophs, and is an essential precursor in
the formation of BHPs (Bradley et al., 2010). Consistent
with this broad range of source organisms, diploptene (or
hop-22(29)-ene) is abundant in grassland and forest mineral
soils (Ries-Kautt and Albrecht, 1989; Shunthirasingham and
Simpson, 2006). However, it is unknown whether this domi-
nance persists across mineral soil types as this assessment is
based upon a small number of samples (n =8) from only two
localities (Canada and France). Our expanded mineral soil
dataset confirms that when hopanoids are detected (n=51
out of 102 samples), diploptene is the dominant hopanoid in
over 90 % of hydrocarbon samples (average f gipioptene Values
0.64 + 0.28), even in acidic mineral soils. When compared
to peats (average fgiploptene Values 0.11+0.11), mineral
soils exhibit relatively high fgipioptene Values (Fig. 4a). In
our RDA (Fig. 1b), MAT and §'3C explain 94 % and 93 %
of the variation in diploptene, respectively suggesting that
diploptene is relatively more abundant in soils with higher
§13C values and lower MAT.

The diversity of biohopanoid degradation products (e.g.
hopanes, hopenes) in mineral soil is similarly poorly con-
strained (Ries-Kautt and Albrecht, 1989; Shunthirasingham
and Simpson, 2006). Here we detect various diploptene
degradation products in our mineral soil samples, includ-
ing hop-21(22)-ene, hop-17(21)-ene, and neohop-13(18)-
ene. The environmental distribution of hop-17(21)-ene
and neohop-13(18)-ene is distinct, with both compounds
enriched in Brazilian soils (Fig. 1a). The diagenetic trans-
formation of hop-22(29)-ene to neohop-13(18)-ene is well
documented (Sinninghe Damsté et al., 2014) and previ-
ous studies suggest that the presence of the clay mineral
montmorillonite (Ensminger, 1977; Moldowan et al., 1991)
and/or strongly acidic conditions (Berti and Bottari, 1968)
enhance this diagenetic process (see section 4.2).

We also detect a suite of other Cy7-Czg hopanes and
hopenes in soil, consistent with previous studies (Shunthi-
rasingham and Simpson, 2006). However, the C3; hopane

is rarely detected in our global set of mineral soils and
when present only comprises ~ 2-3 % of the total hopane
and hopene assemblage. This contrasts with peats, where
the Cs3; hopane is typically the dominant compound and
comprises >30% of the entire hopane and hopene as-
semblage (Inglis et al., 2018). In mineral soils with de-
tectable hopanoids (n =51 out of 102 samples), hopanes and
hopenes typically occur as the biological fp isomer, while the
thermally mature af and Ba isomers are a minor constituent
of the mineral soil hopanoid assemblage (average: ~5 % of
hopanoid assemblage). This is consistent with the few
available studies that detected few ap and pa isomers
compared to BB isomers in mineral soils (Ries-Kautt and
Albrecht, 1989; Shunthirasingham and Simpson, 2006) and
demonstrates that this is a global phenomenon that is
persistent across continents, climate zones, and soil types.

4.2 No relationship between hopane isomerisation and pH
in mineral soils

The dominance of the C3; af hopane in modern peats
has been attributed to acid-catalysed isomerisation of the
BB isomer (Quirk et al., 1984) and there is a significant
positive correlation between C3; hopane isomerisation and
pH (r? =0.64, p < 0.001) in a global wetland database (Inglis
et al., 2018). Here we assess whether a similar relationship
exists between the Cs; hopane BB/(ap +pp) index and pH
in our global dataset of mineral soils.

In mineral soils, there is no statistically significant linear
relationship between the C3; hopane B/(of + BB) index and
pH (r=0.02, p=0.27; Figure S1 in the Supplementary Ma-
terial) and redundancy analysis shows that pH only explains
29 % of the variance in the Cs; aff hopane (Fig. 1b). We
explored whether MAT and TOC content are correlated with
the Cs; hopane BB/(ap +BB) index. However, our results
indicate no significant linear relationship with TOC (r=0.15,
p=0.39) or MAT (r=0.08, p=0.65; Figure S1). As the
C31 off hopane is rarely detected in mineral soils, we per-
formed the same analysis using a variant of the BB/ (af + BpB)
index that incorporates all other chain lengths (i.e. Co7 to
Cs1). This also indicates no significant relationship between
hopane isomerisation and soil pH (r=0.16, p=0.26), TOC
content (r=0.06, p=0.67), or MAT (r=0.09, p=0.51) in
mineral soils (Fig. S1).

When classified into different pH ranges, very acidic
(pH 3 to 5) and moderately acidic (pH 5 to 7) peats
have lower Bf/(ap +BB) ratios when compared to mineral
soils from the same pH range (Fig. 5). For each pH
range, Ca1 BB/(ap + BP) ratios in peat and mineral soil are
statistically different (p <0.001; Mann-Whitney U-test).
The Cz1 hopane is relatively common in acidic mineral
soils when compared to near neutral-to-alkaline minerals
soils (i.e. pH>6). However, acidic mineral soils exhibit
relatively high C3; BB/(af +Bp) ratios compared to acidic
peats. The low abundance of afy hopanes in acidic mineral
soils (Fig. 2 and 5) challenges the long-held assumption
(Inglis et al., 2018; Pancost et al., 2003; Quirk et al.,
1984) that C3; ap hopanes are acid-catalysed degradation
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Figure 5. Comparison of Cs3; hopane 3/(af + BB) index in
mineral soils (Bolivia, Brazil, Colombia, upland Tanzania,
Austria and China; this study) and peats (see Inglis et al.,
2018). Solid line denotes median value. Dashed lines denote
lower and upper quartile.

products that form at low pH and instead, implies that other
mechanisms are important (see section 4.3).

Low pH could promote the diagenetic transformation
of other hopanoids. For example, the diagenetic transfor-
mation of diploptene (hop-22(29)-ene) to neohop-13(18)-
ene appears to be enhanced in controlled experiments at
low pH (Berti and Bottari, 1968). Consistent with this
observation, we only identify neohop-13(18)-ene in mineral
soils where pH < 5. However, not all acidic soils contain
neohop-13(18)-ene (Fig. S2) and as a result, there is a
weak relationship between pH and the ratio between hop-
22(29)-ene to neohop-13(18)-ene in mineral soils (r=10.29;
Figure S2). This implies that additional mechanisms — such
as the presence of clay minerals (Ensminger, 1977; Sin-
ninghe Damsté et al., 2014) — may enhance the diagenetic
transformation of diploptene in mineral soils.

4.3 Peats and mineral soils exhibit distinct hopanoid fin-
gerprints

PCA demonstrates that peat and mineral soils are distinctly
clustered (Fig. 2a) — this clustering is due to differences
in the relative abundance of C3p hopenes (e.g. diploptene,
moretene, hop-17(21)-ene) vs Cs; hopanes (Fig. 2a). The
Cs1 ap hopane has a very strong loading on RDA1 (Fig. 2b)
and is negatively correlated with matrix type (i.e. peat vs
mineral soil), suggesting that biotic or abiotic processes
specific to the depositional environment drive the observed
clustering. De novo synthesis of af-BHPs in peat could
explain differing hopanoid distributions in peat vs mineral
soils. However, only one Na-fixing soil bacterium (Frankia

spp.) is known to synthesise a-BHPs de novo (Rosa-Putra
et al., 2001) and this organism is rarely detected in most
peats (Arveby and Huss-Danell, 1988). De novo synthesis
of af hopanes is also unlikely given that all known BHPs in
peats or mineral soil occur as a single 173,21B(H) isomer
(Talbot et al., 2016). This holds true for early diagenetic
intermediates such as tetrakishomohopane-32,33,34-triol
and trishomohopane-32,33-diol (e.g. Rodier et al., 1999;
Watson and Farrimond, 2000). Rather, isomerisation of the
Cs1 hopane appears to occur during or after decarboxylation
of the C3, hopanoic acid (Inglis et al., 2018; Moldowan et al.,
1991). Collectively, this suggests that af hopanes are not
inherited from an original biological source organism.

Peats and mineral soils are characterised by different mi-
crobial communities (Ausec et al., 2009) and thus, could be
characterised by different BHP distributions. Previous stud-
ies show that most heterotrophs synthesise BHT and various
composite BHPs, with BHT cyclitol ether being the most
commonly occurring structure (Talbot et al., 2016; Talbot
and Farrimond, 2007). In contrast, methanotrophic bacteria
produce non-composite BHPs (i.e. those containing a simple
functional group at the C-35 position), with most Type
| methanotrophs producing aminopentol and aminotetrol
and most Type Il species producing BHT, aminotetrol and
aminotriol (although we note that aminotriol can also have
a non-methanotrophic origin; Talbot et al., 2016). De-
spite differences in BHP diversity between microbial groups,
globally-distributed peats and mineral soils are generally
characterised by a similar suite of BHPs and are dominated
by three tetrafunctionalised BHPs (BHT, BHT-cyclitol
ether, and aminotriol). This suggests that heterotrophic
bacteria are the main hopanoid-producing organisms in
mineral soils and peat (Spencer-Jones et al., 2015; Talbot
et al., 2016). Thus, differences in bacterial community
composition between mineral soils and peat are unlikely to
exert a first order control on BHP distributions and thus,
their degradation products. Mineral soils typically contain
a lower abundance of BHPs than peat deposits (Spencer-
Jones et al., 2015), implying that the concentration of
BHP-degradation products (e.g. hopanes) will be lower in
mineral soils than in peats. This may explain why the Czy
hopane is rarely detected in our mineral soil dataset (Fig. 3).
However, this would not be expected to impact BB/ (af +Bp)
ratios and it does not explain why acidic mineral soils lack
ap hopanes when compared to acidic peats.

Instead, we argue that the relative abundance of differ-
ent organic carbon pools in peat vs mineral soils acts to
selectively protect BHPs from degradation and subsequent
isomerisation. Peat is dominated by particulate organic
carbon (POC) and contains relatively few clay minerals. As
such, bacterial biomass is highly vulnerable to microbial
decomposition in the oxic acrotelm (i.e. the top 15-30cm;
Loisel et al., 2021). In contrast, mineral soils are charac-
terised by a mixture of POC and mineral-associated organic
carbon (MAOC). The latter may comprise up to 70 % of
soil organic carbon (Georgiou et al., 2022) and has been
shown to play a key role in stabilising microbial necromass
(Angst et al., 2021; Gies et al., 2021) over longer timescales
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(decades to millennia). We propose that a large fraction
of BHPs preserved in mineral soils are protected from
degradation, which inhibits the formation of C3, hopanoic
acids and Cz; hopanes. As isomerisation of the C3; hopane
occurs during or after decarboxylation of the Csz, hopanoic
acid, this may explain the low abundance of ap hopanes
in (acidic) mineral soils. Coupled analysis of hopanoids
and mineral surface area in downcore mineral soil profiles
would help to directly test this hypothesis. Beyond mineral
protection, other abiotic (e.g. temperature) and biotic (e.g.
microbial community, total organic carbon content) variables
may be important and require further study.

ratios as

4.4 Using hopane isomerisation paleo-

environmental proxies

In mineral soils, there is no relationship between pH and
hopane isomerisation ratios (see section 4.2) and we do not
recommend using hopane BB/ (af + BB) ratios to infer pH in
ancient soil (paleosol) deposits. In peat, there is an empirical
relationship between pH and the Cs; hopane BB/ (ap +BB)
ratio (Inglis et al., 2018; this study) and this proxy can
be used to reconstruct pH in modern and ancient peat-
forming environments (e.g. Schaaff et al., 2024). Given that
different hopane chain lengths should be similarly affected by
changes in pH, past findings imply that other hopanes (e.g.
Cog or Czq) could also be used to reconstruct past pH varia-
tions. However, recent work has shown opposing variations
in the C3; and Czp BB/(af + BP) ratio in a Holocene-aged
wetland (Schaaff et al., 2024). To explore this further,
we re-examined the empirical relationship between (i) pH
and the < Czqp hopane BB/(af + BB) index and (ii) pH and
the C3; hopane BB/(af +BB) index in our reduced global
peat database (n=24). Intriguingly, we find no significant
relationship between < Czg hopane BB/(of + BB) ratio
and pH (r>=0.10, p=0.24) in modern peats (Fig. S3),
suggesting that only the C3; hopane BB/(af + BB) index can
be used to infer pH in peat-forming environments.

We suggest this is because Czg and C3; hopanes undergo
different diagenetic pathways in peat. Cz; hopanes form
via BHPs that undergo a series of oxidation and decarboxy-
lation reactions (Inglis et al., 2018; Synnott et al., 2021).
Oxidation and decarboxylation reactions will typically favour
the production of more reactive intermediates, such as free
radicals, carbocations or carboanions, which can potentially
promote changes in hopane stereochemistry. < Czg hopanes
can form via side chain cleavage of the C3; hopane but can
also form via reduction of diploptene and/or diplopterol
(Synnott et al., 2021). Reduction reactions typically involve
the addition of electrons or hydrogen atoms, which would
typically stabilise the molecule and reduce the likelihood
of isomerization. Further work is required to explore this,
but differences in diagenetic pathways may explain why
Cs1 and < Czq hopane BB/(aB + BR) ratio have a different
relationship with pH in peat.

Thermally mature hopanes are detectable in a range of
modern environments, including mineral soils and peat. As
these environments have not undergone thermal maturation,
we suggest that future studies describe these compounds

as thermodynamically stable (rather than thermally ma-
ture). Although af hopanes are detectable in soils (see
sections 4.1 and 4.2) they are far less abundant than in
acidic peats (Fig. 1). Thus, we propose that low hopane
isomerisation ratios could help fingerprint the delivery of
(acidic) peat into the marine realm. Indeed, previous studies
have identified low C3; hopane BB/(af + BpB) ratios in recent
(last 400 years) marine sediment cores and suggested this
represents the input of peat organic matter (Smittenberg
et al., 2004). Similarly, in a thermally-immature early
Eocene (ca. 53 to 51 million years old) marine sediment
core from offshore Antarctica, there is an unusually high
abundance of the thermodynamically stable C3; aff hopane
isomer within an otherwise immature hopane assemblage
(Inglis et al., 2022). These sediments exhibit relatively low
Cs1 hopane BB/ (af +Bp) ratios 0.4-0.7; (Inglis et al., 2022)
and imply input of peat organic matter into the marine
realm. The additional presence of Sphagnum moss spores
in these sediments (Contreras et al., 2013) supports the
input and incorporation of peat-derived organic matter into
the marine environment. We suggest this approach could
build upon other biomarker-based proxies developed to trace
the input of soil-derived OC into the marine realm (e.g. the
BIT index; C/N ratios; Hopmans et al., 2004; Weijers et al.,
2009). This approach has the advantage of being able
to differentiate between peat vs soil organic carbon. The
approach is also particularly powerful given that Sphagnum
spores (used to infer peat input) are relatively rare or absent
in marine sediments due to taphonomic processes (see Inglis
et al., 2015 and references therein) and not all peatlands
are dominated by Sphagnum. Changes in the abundance of
Csz1 af hopane in marine sediments could reveal changes in
wetland extent over geological time, but only if marine
sediments have undergone minimal thermal maturation.
However, a full characterisation of hopanoid distributions in
modern marine environments is required to determine the
feasibility of this approach.

5 Conclusion

Hopane isomerisation ratios are used to reconstruct pH in
ancient peat-forming environments. However, it is unclear
whether this approach is transferable to mineral soils. To
explore this further, we analysed hopane distributions in
a wide range of modern mineral soils and evaluated the
relationship between hopane distribution and isomerisation
ratios with different environmental variables. We demon-
strate that peats and mineral soils are characterised by
distinct hopane distributions. As heterotrophic bacteria are
the primary hopanoid-producing organisms in both environ-
ments, changes in the bacterial community are unlikely to
explain this difference. Instead, we propose that the high
abundance of (clay) minerals in mineral soils (compared to
peat) may protect BHPs from degradation and subsequent
isomerisation. Unlike peats, there is no relationship between
hopane isomerisation and pH in soil. This implies that
hopane isomerisation ratios are not applicable as quanti-
tative pH proxies in mineral soil environments. However,
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we suggest that diagnostic hopanes (specifically the C31 af
hopane) could provide insights into the mobilisation and
delivery of peat organic matter into the marine realm and
may have the potential to reveal changes in peatland extent
in the geological record but requires further proxy validation.
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