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Abstract

Hopanoids are pentacyclic triterpenoids produced by a wide range of bacteria. Within
modern settings, hopanoids mostly occur in the biological 17,2138(H) configuration.
However, in some modern peatlands, the Cs1 hopane is present as the 'thermally-
mature' 17a,21B(H) stereoisomer. This has traditionally been ascribed to
isomerisation at the C-17 position catalysed by the acidic environment. However,
recent work has argued that temperature and/or hydrology also exert a control upon
hopane isomerisation. Such findings complicate the application of geohopanoids as
palaeoenvironmental proxies. However, due to the small number of peats that have
been studied, as well as the lack of peatland diversity sampled, the environmental
controls regulating geohopanoid isomerisation remain poorly constrained. Here, we
undertake a global approach to investigate the occurrence, distribution and
diagenesis of geohopanoids within peat, combining previously published and newly
generated data (n = 395) from peatlands with a wide temperature (-1 to 27°C) and
pH (3 to 8) range. Our results indicate that peats are characterised by a wide range
of geohopanoids. However, the Csz1 hopane and Cs2 hopanoic acid (and occasionally
the Cs2 hopanol) typically dominate. Cs2 hopanoic acids occur as af3- and -
stereoisomers, with the Bp-isomer typically dominating. In contrast, Cs1 hopanes
occur predominantly as the af3-stereocisomer. These two observations collectively
suggest that isomerisation is not inherited from an original biological precursor (i.e.
biohopanoids). Using geohopanoid Bp/(aB+pp) indices, we demonstrate that the
abundance of ap-hopanoids is strongly influenced by the acidic environment, and we
observe a significant positive correlation between Cs1 hopane isomerisation and pH
(n =94, r> =0.64, p < 0.001). Crucially, there is no correlation between Cs1 hopane
isomerisation and temperature. We therefore conclude that within peats, af3-

hopanoids are acid-catalysed diagenetic products and their occurrence at shallow
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depths indicates that this isomerisation is rapid. This shows that geohopanoid

BR/(apB+BpR) indices can be used to reconstruct pH within modern and ancient peat-

forming environments. However, we only recommend using BB/(aB+BB) indices to

interrogate large amplitude (> 1 pH unit) and longer-term (> 1 kyr) variation. Overall,

our findings demonstrate the potential of geohopanoids to provide unique new

insights into understanding depositional environments and interpreting terrestrial

organic matter sources in the geological record.

Highlights:

Peats are characterised by a wide range of geohopanoids

Cs2 hopanoic acids and Cs1 hopanes usually dominate the geohopanoid
assemblage

Diagenesis and isomerisation of geohopanoids occurs rapidly

Hopane stereochemistry is strongly influenced by the acidic environment

Geohopanoids may be a useful proxy for assessing relative changes in pH

Keywords: bacteria, hopanoids, peat, lignite, diagenesis, isomerisation



77 1 Introduction

78 Biohopanoids are pentacyclic triterpenoids produced by a wide range of bacteria

79  (Pearson et al., 2007; Rohmer et al., 1984) and appear to perform a regulating and

80 rigidifying function similar to sterols in eukaryotes (Kannenberg and Poralla, 1999;

81 Saenzetal., 2015). These compounds can be subdivided into two groups: simple

82  hopanoids with a Csoring system (e.g. diploptene/diplopterol) and complex

83  hopanoids with an additional polyfunctionalised side chain (i.e.

84  bacteriohopanepolyols (BHPs)). The latter can be unique markers for specific

85 bacteria (Talbot and Farrimond, 2007) or certain environmental conditions (Bradley

86 etal., 2010) and have been used to profile the bacterial community in terrestrial

87  settings (Hofle et al., 2015; Talbot et al., 2016b). However, due to their

88  polyfunctionalised side chain, BHPs are typically only preserved over relatively

89 recent timescales (e.g. <5 million years; Ma) (Handley et al., 2010; Scheful} et al.,

90 2016; Talbot et al., 2014; Talbot et al., 2016b; Spencer-Jones et al., 2014; 2017) and

91 their occurrence in much older sediments (e.g. the Paleocene-Eocene Thermal

92  Maximum; 56 Ma) remains ambiguous (Talbot et al., 2016a).

93 Instead, reconstructions of the ancient bacterial community are more commonly

94  based upon the abundance (Pancost et al., 2003), distribution (Birgel et al., 2006)

95 and/or stable carbon isotopic composition (Inglis et al., 2015; Pancost et al., 2007) of

96 their degradation products (i.e. geohopanoids). In sediments, with increasing

97 diagenesis, geohopanoids undergo stereochemical transformations and the

98 biologically-derived 1783,21B(H)-hopanoid is transformed into the more thermally

99 stable 17B3,21a(H) and 17a,21B3(H)-stereocisomers (Mackenzie et al., 1980; Peters
100 and Moldowan, 1991). With increasing maturation, extended hopanoids (>C3o) also
101 undergo isomerisation at the C-22 position. Such changes have been widely used to

102 reconstruct the thermal history of sediments (Farrimond et al., 1998; Mackenzie et
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al., 1980; Peters and Moldowan, 1991, Seifert and Moldowan, 1980), where
decreasing BP/(aB+pP) indices and increasing 22S/(22R+22S) values indicate
increasing thermal maturity.

However, whilst geohopanoids in modern sediments typically occur in the
biological 17B,21B(H) configuration, in some modern peatlands the ‘thermally
mature’ Cs117a,213(H)-homohopane (Cs1 aff hopane, hereafter) dominates over the
biological 17B,21B(H) isomer (Dehmer, 1993; Pancost et al., 2003; Quirk et al., 1984;
Rohmer et al., 1984; Zhang et al., 2009). The predominance of the Cs1 a3 hopane in
recent peat deposits which have not undergone thermal maturation could result from
the direct input of a hopanoids by indigenous bacteria (Rosa-Putra et al., 2001).
Alternatively, it could derive from oxidation and decarboxylation reactions of BHPs
followed by isomerization at the C-17 position catalysed by the acidic environment
(Pancost et al., 2003; Ries-Kautt and Albrecht, 1989). More recently, Huang et al.
(2015) have argued that temperature and hydrology exert a control upon the
formation of the Csz1 af hopane and it remains unclear why the Cs1 a8 hopane is so
abundant in some peatlands. Such findings also complicate the application of
geohopanoids as palaeoenvironmental proxies (see Pancost et al., 2003; McClymont
et al., 2008; Inglis et al., 2015; Huang et al., 2015).

However, due to the small number of peats that have been studied as well as
the lack of peatland diversity sampled, the environmental controls regulating
geohopanoid distributions in peats remain poorly constrained. Here, we present the
first global study of the occurrence, distribution and diagenesis of geohopanoids
within peat using samples (n = 395) obtained from new and previously published
datasets spanning a wide temperature (-1 to 27°C) and pH (3 to 8) range. Based
upon this, we explore how the environment regulates hopanoid isomerisation in

modern peatlands by comparing hopanoic acid and hopane Bp/(a+Bp) ratios to
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both temperature and pH estimates. We then explore the utility of geohopanoids as

palaeoenvironmental indicators in natural archives.

2. Methods
2.1. Data compilation

Previously published Cs1 hopane Bp/(ap+BB) indices were obtained from the
Dajiuhu, Zoige, Hani, and Shiwangutian peatlands in China (Huang et al., 2015) (Fig.
1). These are surface samples collected from 0 to 2 cm depth (n = 63). For full
details on each site, see Huang et al. (2015). Previously published Cs1 hopane
BR/(aB+BR) indices were also obtained from the Butterburn Flow (UK) peat
(McClymont et al., 2008). The samples were collected between 50 and 90cm depth

(n = 26). For full details on this site, see McClymont et al. (2008).

We also present unpublished Cs1 hopane BB/(aB+pB) indices from Butterburn
Flow (n = 34; UK; Pancost et al., 2011), Bissendorfer Moor (n = 50; Germany;
Pancost et al., 2011), Ballyduff Bog (n = 50; Ireland; Pancost et al., 2011),
Kontolanrahka Bog (n = 45; Finland; Pancost et al., 2011) and Hongyuan (n = 26;
Tibet; Zheng et al., 2014). For each site (excluding Butterburn Flow) samples were
obtained between 0 and 100cm depth. At Butterburn Flow, samples were collected
between 0 and 50cm depth, and complement the dataset from McClymont et al.
(2008). The full experimental procedure for each site is described within the

supplementary information.

2.2. Sampling

To generate a global database of geohopanoid distributions, we analysed additional

samples (n = 111) from 23 wetlands in 9 different countries (Peru, Indonesia, Brazil,
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USA, Argentina, Spain, Australia, Germany and Sweden; Fig. 1). Samples were
obtained from peat cores spanning the upper 100 cm. The samples cover a broad
range in mean annual temperature (MAAT) from -1 to 26°C. The peats are
characterized by a wide variety of vegetation, ranging from Sphagnum-dominated

ombrotrophic peats to Cyperaceae-dominated minerotrophic peats

2.3. Organic Geochemistry

2.3.1. Extraction and separation

Peats (n = 111) were extracted with an Ethos Ex microwave extraction system using
15 ml of dichloromethane (DCM) and methanol (MeOH) (9:1, v/v, respectively) at the
Organic Geochemistry Unit in Bristol. The microwave program consisted of a 10min
ramp to 70°C (1000 W), 10 min hold at 70°C (1000 W), and 20 min cool down.
Samples were centrifuged at 1700 rounds per minute for 3-5 min, and the
supernatant was removed and collected. A further 10 ml of DCM:MeOH (9:1, v/v)
was added to the remaining peat material and centrifuged again, after which the
supernatant was removed and combined with the previously obtained supernatant.
This process was repeated 3-6 times, depending on the volume of sample, to ensure
that all extractable lipids were retrieved. The TLE was initially separated over silica
into apolar and polar fractions using hexane:dichloromethane (9:1, v/v) and
dichloromethane:methanol (1:2, v/v), respectively. Due to an abundance of aromatic
compounds within some apolar fractions, the apolar fractions were subsequently
fractionated over silica into saturated hydrocarbon and aliphatic fractions using
hexane (100%) and hexane:dichloromethane (3:1, v/v) respectively. Note that
slightly different methodologies were used by Zheng et al. (2014) and Pancost et al.
(2011), as well as for published data from Huang et al. (2015) and McClymont et al.

(2008) (see Supplementary Information).
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2.3.2. Methylation and silylation

For a subset of samples (35 out of 111), the polar fraction was methylated by adding
100ul of BFs/MeOH and heating at 60°C for 30 minutes. The sample was cooled
down to room temperature before c. 1ml of DCM-extracted double distilled water was
added. This was followed by the addition of~ 2ml of DCM. The fatty acid methyl
esters were subsequently extracted from the bottom layer, added to a 7ml vial, and
the process was repeated twice. The sample was dried, redissolved in DCM and
eluted through an anhydrous sodium sulphate column to extract any residual water.
The column was washed through with DCM three times and the sample dried under
N2 at 40°C. Prior to analysis, samples were silylated by adding 25ul of N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 25l of pyridine, and heated for one
hour at 70°C. Samples were then allowed to cool and dried down under Nz. Silylated

samples were analysed by GC-MS within 24 h.

2.3.3. GC-MS analysis

Samples were analysed using a Thermo Scientific ISQ Single Quadrupole gas
chromatography-mass spectrometer (GC-MS). Using helium as the carrier gas, 1ul
of sample (dissolved in ethyl acetate) was injected at 70°C using an on-column
injector. The temperature program included four stages: 70°C hold for 1 min, 70-
130°C at 20°C/min rate; 130-300°C at 4°C/min; and temperature hold for 20 min at
300°C. The electron ionisation source was set at 70 eV. Scanning occurred between
m/z ranges of 50 to 650 Daltons. The GC was fitted with a fused silica capillary
column (50 m x 0.32 mm i.d.) coated with a ZB1 stationary phase

(dimethylpolysiloxane equivalent, 0.12 um film thickness). Geohopanoids (see Fig.
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Al) were identified based upon published spectra, characteristic mass fragments
and retention times (e.g. Rohmer et al., 1984; Sessions et al., 2013; Uemura and

Ishiwatari, 1995; Van Dorsselaer et al., 1974).

2.3.4. GC-C-IRMS analysis

GC-MS analysis revealed the occurrence of two unknown Cso hopenes (see section
3.1, 4.1 and supplementary information). To assess their potential origin, 15
hydrocarbon fractions from Bissendorfer Moor (Germany) were selected for
compound specific stable carbon isotope (513C) analysis. These samples span the
upper 100 cm and capture both the oxic acrotelm and anoxic catotelm. Gas
chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) was
performed using an Isoprime 100 GC-combustion-isotope ratio mass spectrometer
system. Samples were measured in duplicate and 33C values were converted to
VPDB by bracketing with an in-house gas (CO2) of known 3*3C value. Instrument
stability was monitored by regular analysis of an in-house standard. Injection volume
was 1l onto to a Zebron-I nonpolar column (50 m x 0.32 mm i.d., 0.10 pm film
thickness). GC conditions were the same as described above for GC-MS analysis

(see section 2.3.3.)

2.4. Environmental parameters

For each site, mean annual air temperature (MAAT) was calculated using the simple
bioclimatic model PeatStash, which computes MAAT globally with a 0.5 degree
spatial resolution (Gallego-Sala and Prentice, 2013; Naafs et al., 2017). PeatStash is
preferred over (short-term) data from local weather stations as the spatial and
temporal coverage of weather stations varies greatly across the globe. Published pH

data were used as reported (see Charman et al, 2007, Zheng et al., 2014 and Huang
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et al., 2015). For new sites, pH data were obtained from the literature or during

sampling (Naafs et al., 2017).

2.5. Statistical analysis

To assess the role of environmental change upon hopanoid isomerisation ratios, we
calculated Deming regressions using the R software package (http://www.R-
project.org/). Deming regressions differ from simple linear regressions as they take
into account the error on both the x- (e.g., proxy) and y-axis (e.g., environmental
variable) (Adcock, 1878). Here, we assume that the error associated with proxy
measurements and environmental parameters is independent and normally
distributed. To calculate a Deming regression, we must define the standard deviation
(o) for both the x- and y-axis. For MAAT, the standard deviation is defined as 1.5°C
(see Naafs et al., 2017). For pH, the standard deviation is defined as 0.5 pH units (see
Naafs et al., 2017). For the Cs2 hopanoic acid and Cs1 hopane BB/(ap+Bp) indices, the
standard deviation and ratio of variance must also be defined (see Supplementary
Information). Residuals were calculated for the full dataset using the following

equation:

ReSldualy = Yobserved — Ypredicted

The root mean square error (RMSE) for y, was calculated using the following

equation:

RSME. = ;cl=1(yx,observed - yx,predicted)2 n
Y n af

Where df stands for degrees of freedom, which in this case is n-1.
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To assess the interdependence of temperature and pH upon hopane isomerisation
ratios, we also constructed x-y plots of temperature and pH and plotted Ca1

BR/(apB+Bp) ratios as a third continuous variable (Fig. A2).

3. Results
3.1. Geohopanoid distributions

In our global dataset, most samples come from strongly acidic peats with pH <5 (n =
278 samples from 22 settings); however, the data set includes peats from
moderately acidic (pH 5 to 7) and neutral-to-slightly alkaline (pH > 7) peatlands (78
samples from 13 settings and 22 samples from 4 settings, respectively). Within the
global dataset, the hydrocarbon fraction contained a range of C27 to Cs2 hopanes and
C27 to Cso hopenes (Fig. 2a). Hopanes and/or hopenes were detected in 378 out of
395 samples. The dominant hopanoid in the hydrocarbon fraction was typically the
(22R)-170a,21B(H)-homohopane (Csi1) (Fig. 2a). However, in some settings 17(H)-
trisnorhopane (Cz7), hop-22(29)-ene (Cso; diploptene) or two Cso hopenes with
unknown structures dominated the hydrocarbon fraction. The latter are characterised
by a molecular ion of m/z 410 with a base peak of m/z 191, major ions at m/z 69, 81,
95, 189 and minor ions at m/z 395 (Fig. A3). The hydrocarbon fraction was also
characterized by a range of minor compounds, including: 17,21-epoxyhopane,
17a(H)- and 17B(H)-trisnorhopane (Cz7), 17a,21B8(H)- and 178,21B(H)-norhopane
(C29), 170,21B(H)-, 17 B,21a(H)- and 178,21B(H)-hopane (Cso), (22S)-17a,213(H)-,
(22R)-17B,21a(H)- and -1783,21B(H)-homohopane (Cs1), 178,21B(H)-bishomohopane
(Cs2), 22,29,30-Trisnorhop-17(21)-ene (Cz7), Hop-17(21)-ene (C3o) and 2-methylhop-

17(21)-ene (Cs1) (See Fig. 2a and Fig. Al).
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Within the polar fractions, the dominant compound in most settings was
1783,21B(H)-bishomohopanoic acid (Csz) (Fig. 2b). 17a,21B(H)-bishomohopanoic
acid (Cs2) was also relatively abundant. In addition to these major compounds, the
polar fraction was characterized by a range of other hopanoids, including: hopan-29-
ol (Cso; diplopterol), 173,21B(H)-homohopanoic acid (Cs1), 173,21a(H)-
bishomohopanoic acid (Csz), 178,21B3(H)-bishomohopanol (Csz2), 1783,21a(H)-

trishomohopanoic acid (Cs3) and 173,21 (H)-trishomohopanoic acid (Cs3) (Fig. 2b).

3.2. Geohopanoid isomerisation ratios

The degree of geohopanoid isomerisation was assessed using Bp/(ap+pp) and
22S/(22S+22R) indices (MacKenzie et al., 1980). The global average Cs1 hopane
BR/(aB+BR) is relatively low with an average value of 0.23 (n = 378, o = 0.26; Fig.
A4). In contrast, Cs2 hopanoic acid BR/(aB+pp) values were relatively high with an
average value of 0.75 (n = 35, 0 = 0.19; Fig. A5). In the majority of Sphagnum (Fig.
3) and non-Sphagnum dominated peatlands (Fig. 4), downcore Cs1 hopane
BR/(aB+BR) indices remain stable or slightly decrease with depth. Within a sub-set of
our dataset, we also obtained Cs1 22S/(22S+22R) indices. As values were low and
stable throughout (average = 0.04, n = 106, o = 0.06), we did not revisit older

studies.

3.3. Geohopanoid 3*3C values

O'3C values were determined for 15 samples within Bissendorfer Moor, Germany,
where two unknown Cso hopenes comprise 30-40% of the hopane/hopene
assemblage. The earlier eluting Czo hopene 33C value ranges from -24.9 to -29.9%o
(average: -27.5%0), whereas that of the later eluting Cso hopene is more depleted and

ranges from -26.5 to -34.7%. (average: -29.7%o). Both values are 13C-depleted (ca. 3-
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6%o lower) compared to the Cs1 a3 hopane (average: -24.6 £1.0%o) and Cs1 B
hopane (average: -23.2 £1.7%o) for a given sample. For comparison, 5*3C values
from higher plant- (C29 to Cs3 n-alkanes) and eukaryote- (5a-Cholestane) biomarkers

in these samples are -33.9 + 0.3 %o and -25.7 + 0.1 %o, respectively.

4. Discussion
4.1. Geohopanoid distributions in modern peats

Previous studies indicate that peatlands contain a diverse range of geohopanoids
(Quirk et al., 1984; Pancost et al., 2003; Zhang et al., 2009; Huang et al., 2015).
However, our global dataset indicates that geohopanoid distributions are typically
dominated by the Cs2 BB hopanoic acid (Fig. 2.b) and Cs1 a3 hopane (Fig. 2.a). This
is consistent with previous studies (e.g. Quirk et al., 1984; Ries-Kautt and Albrecht,
1989; Dehmer, 1993; Pancost et al., 2003; Huang et al., 2015; Chaves-Torres and
Pancost, 2016). Also in agreement with previous observations (e.g. Dehmer, 1993;
Pancost et al., 2003; Quirk et al., 1984), the Cs1 aff hopane dominates the hopane
distribution within acidic (pH < 6), ombrotrophic and Sphagnum-dominated peats. In
other settings, diploptene is the dominant compound. However, it is found across a
wide pH (ca. 3 to 8) and temperature range (-1 to 26°C), suggesting it is not
restricted in its occurrence (c.f. Cs1 af hopane). This is consistent with the fact that
diploptene is synthesised by a wide variety of aerobic (Rohmer et al., 1984) and also
anaerobic bacteria (Hartner et al., 2005; Sinninghe Damsté et al., 2004).

We also report the occurrence of two unknown C3zo hopenes within six
Sphagnum-dominated bogs (see Supplementary Information and Fig. A3). To
explore the source of these compounds further, we determined the carbon isotopic
composition of these compounds within Bissendorfer Moor (Germany). The Cso

hopenes are 13C-depleted (ca. 3-6%o) relative to C31 hopanes at Bissendorfer Moor
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and likely derive from bacterial sources consuming a diverse suite of carbon
substrates (see Pancost et al., 2003; Inglis et al., 2015). This includes '*C-enriched
carbohydrates but also more 3C-depleted organic matter or even methane-derived
COo2. This is consistent with the BHP distribution in Bissendorfer Moor which is
dominated by bacteriohopanetetrol, bacteriohopanetetrol cyclitol ether and 35-
aminobacteriohopane-32,33,34-triol (i.e. saturated tetrafunctionalised BHPs; Talbot
et al., 2016; van Winden et al., 2012a; van Winden et al., 2012b; Kim et al., 2011),
suggesting a largely heterotrophic bacterial community with only some evidence for

aerobic methanotrophy (Talbot et al., 2016b).

4.2. Diagenesis of geohopanoids in peats

Our results indicate that peatlands are dominated by a range of geohopanoids
including hopanoic acids, hopanols, hopanes and hopenes. These compounds can
be directly biosynthesised (i.e. diploptene) or derived from BHPs. Although we have
not analysed BHPs here, based on previous work (Talbot et al., 2016b) it is likely
that they are also widespread. However, the diagenesis of bio- and geohopanoids
remains poorly constrained. Whilst most BHPs can be preserved to significant depth
(>400 cm) within peatlands, there can be a significant decrease in the concentration
of unsaturated BHPs (e.g. unsaturated BHT-pentose) and “soil-marker BHPs” (e.g.
adenosylhopane) below the upper surface layer of a Sphagnum-dominated bog. This
is likely related to diagenesis under highly acidic conditions (e.g. Talbot et al., 2016).
BHPs also undergo oxidative degradation to form a range of degradation
products, including hopanoic acids and hopanols (Adam et al., 2016; Bisseret and
Rohmer, 1995; Farrimond et al., 2003; Innes et al., 1997; Quirk et al., 1984). Within
peat-forming environments, tetrafunctionalised BHPs are associated with the

presence of Cs2 hopanoic acids (Innes et al., 1997; Ries-Kautt and Albrecht, 1989).
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This suggests that diagenesis is analogous to periodic acid/sodium borohydride
treatment (i.e. 1,2-diol cleavage), whereby oxidative cleavage of vicinal diols (1)
gives access to an intermediate Cs2 hopanoid aldehyde (9) before undergoing
oxidation to form the Cs2 hopanoic acid (10) (Bisseret and Rohmer, 1995; Peiseler
and Rohmer, 1991; Zundel and Rohmer, 1985). This model is also consistent with
the low abundance of penta- and hexafunctionalised BHPs and Cs1 and Cso
hopanoic acids in peat (Talbot et al., 2016b; this paper). Here, we show for the first
time that the dominance of Cs2 hopanoic acids in peat is global, suggesting that
tetrafunctionalised BHPs dominate within a range of diverse peat-forming
environments. It also suggests that similar diagenetic processes are occurring on a
global scale.

Previous studies proposed that decarboxylation of the Cs2 hopanoic and/or
dehydration of the Cs2 hopanol then yields the Cs1 hopane (Barton et al., 1980;
Bennett and Abbott, 1999). Based upon the high abundance of Cs2 hopanoic acids in
peat, we suggest that decarboxylation of the Cs2 hopanoic acid (10-11) (rather than
dehydration of the Cs2 hopanol) is the primary source of the Cs1 hopane (16-17) in
peat (Fig. 5). This is consistent with Huang et al (2015) who have shown a
statistically significant correlation (p < 0.01) between Cs2 hopanoic acid and Cs1
hopane concentrations within a Chinese peatland.

Crucially, we show that bio- and geohopanoid diagenesis occurs rapidly in
peatlands and geohopanoids are detected within the upper 0-5 cm of many peats.
Geohopanoid concentrations usually remain low within the upper oxic layer (< 20 cm;
Fig. 6), although there are some exceptions (e.g. Kontolanrahka Bog, Finland).
Geohopanoid concentrations are substantively higher at the oxic/anoxic boundary
(ca. 20-40 cm in our peats; Fig. 6). As hopanoids are predominantly, although not

exclusively, derived from aerobic bacteria, this increase is attributed to microbial
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decomposition and/or transformation of BHPs (Innes et al., 1998; Torres and
Pancost, 2016). Below the oxic/anoxic boundary, geohopanoid concentrations are
rather variable (Fig. 6), suggesting that additional diagenesis may occur at depth
(see also Chaves-Torres, 2015).

Our results also indicate that Cs2 hopanoic acids and Cs2 hopanols occur as
afB- and BB-stereoisomers in peat, with the BB-isomer typically dominating (Fig. 2b).
In contrast, the C31 hopane occurs predominantly as the ap-stereoisomer (Fig. 2a).
An offset between hopanoic acid and hopane isomerisation ratios has been
observed in Mesozoic sediments (Schaeffer et al. 1993; Bennett and Abbott, 1999;
Farrimond et al. 2002), where isomerisation is suppressed for increasingly
functionalised compounds (e.g. hopanoic acids and hopanols). Indeed, this may
explain the lack of aB-BHPs in modern peats (Talbot et al., 2016b). We also show
that isomerisation occurs rapidly, and a3 hopanes often dominate within the top 5 cm
of peatlands (Fig. 3-4). This suggests that Bp/(aB+pp) ratios in peat are likely set
during early diagenesis. However, there can be a subtle decrease in BB/(aB+BB)
ratios with depth (Fig. 3-4), suggesting further isomerisation of geohopanoids may

occur below the acrotelm/catotelm boundary (see also 4.3)

4.3. Environmental controls on geohopanoid isomerization in peat

Our results indicate that Cs2 hopanoic acids and Cs1 hopanes occur in the af3-
configuration, with a particularly high abundance of the latter. However, it remains
unclear why ap-isomers are so abundant in modern peat. Previous studies have
suggested af geohopanoids could derive from the direct input of 17a,21B(H)-
hopanoids by indigenous bacteria (e.g. Huang et al., 2015). Indeed, Rosa-Putra et
al. (2001) reported the presence of 17a,213(H)- and 173,21a(H)-biohopanoids

alongside the more common B isomer in some Frankia spp. (Actinobacteria; n.b.
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the relative abundance of these compounds is unknown). Although Actinobacteria
are an important phyla within the peat microbiome (e.g. Dedysh et al., 2006), all
biohopanoids observed in modern peatlands occur as a single 178,213(H)- isomer
(Kim et al., 2011; Talbot et al., 2016b; van Winden et al., 2012). This is true even for
early diagenetic intermediate hopanepolyols derived from the degradation of BHPs
including: tetrakishomohopane-32,33,34-triol and trishomohopane-32,33-diol (e.g.
Rodier et al., 1999; Watson and Farrimond, 2000). The fact that hopanes exhibit a
greater degree of isomerisation than functionalised bio- and geohopanoids, their
putative precursors, suggests that isomerisation is not inherited from original
biological sources. As such, we argue that biosynthesis of a-hopanoids is unlikely
to directly account for the majority of af geohopanoids in peat.

Instead, the occurrence of the Cs1 aff hopane has been ascribed to acid-
catalysed isomerisation (Ries-Kautt and Albrecht, 1989). To explore this further, we
compared hopanoic acid and hopane BB/(aB+pB) indices to pH within our global
dataset. For sites with only a single pH measurement, we report the average
BR/(apB+BpR) value (Fig. 7). Both C32 hopanoic acid and Cs1 hopane BB/(af+BR) ratios
exhibit a linear positive correlation with pH. The correlation between the Cs1 hopane
BB/(aB+BR) index and pH is statistically significant (r>= 0.64, p < 0.001; n = 94; Fig.
7a), indicating that pH exerts a first-order control upon hopane isomerisation in
peats. In contrast, the correlation between Cs2 hopanoic acid Bp/(a+pp) indices and
pH is not statistically significant (r? = 0.13; n = 20; p = 0.11 Fig. 7b) and ratios are
higher and less variable across the sample set. These features could arise from
sedimentary diagenetic constraints. For example, the weak ionic adsorption of
functionalised compounds to mineral surfaces could inhibit isomerisation (Farrimond
et al., 2002). Farrimond et al. (2002) have also shown that decarboxylation can

promote isomerisation through bond cleavage and may explain why the Cs1 hopane
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isomerisation ratio exhibits a stronger relationship with pH; thus, it might be the
decarboxylation step that is crucial to the signal preserved in hopanes.

More recently, Huang et al. (2015) argued that temperature exerts a control
upon hopane isomerisation, with enhanced formation of a-geohopanoids in warmer
settings. However, this conclusion was based upon a single site with a relatively
complex evolution history. To explore this further, we compared hopanoic acid and
hopane Bp/(aB+pR) indices to MAAT within our global dataset. Here, we report the
average Bp/(aB+pP) value for a given site (Fig 8; see Supplementary Information).
Our results reveal no correlation between Cs1 hopane BB/(ap+Bp) indices and MAAT
(r?=0.01, p = 0.55; n = 35; Fig. 8b). X-Y plots of temperature and pH with Caz
BR/(apB+PP) ratios as a third continuous variable support this observation (Fig. A3).
Our results also indicate no correlation between Cs2 hopanoic acid BR/(aB+BB)
indices and temperature (r> = 0.09, p = 0.19, n = 20, Fig. 8a). We attribute this
discrepancy to the fact that Huang et al. (2015) utilise a downcore paleo-temperature
record, where temperature variations are inferred rather than directly measured.

Huang et al. (2015) also argue that hydrological conditions impact geohopanoid
isomerisation, with enhanced formation of a hopanoids under drier conditions.
However, hydrology and pH can be closely linked within peat-forming environments
(e.g, Zhong et al., 2017) and extensive rainfall can result in dilution, decreased
acidity and a reduction in the formation of a-hopanoids (e.g. Pancost et al., 2003).
To characterise the impact of hydrology upon hopanoid distributions, future studies
should utilise a setting with minor variations in temperature and pH, but large
changes in moisture content (c.f. Dang et al. 2016).

There may also be other factors which influence hopanoid isomerisation ratios.
For example, Quirk et al. (1984) have argued that vegetation type promotes the

formation of af hopane. This is based upon an increase in the relative abundance of
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the Cz1ap hopane in a series of Sphagnum decay experiments (Quirk, 1978). While
this is possible, it does not explain why af-hopanoids are rapidly formed in non-
Sphagnum settings and high acidity seems to be necessary. Likewise, Huang et al.
(2015) have suggested that total organic carbon (TOC) content could be important,
with enhanced production of a-hopanoids in high TOC settings (e.g. Gong et al.,
2015; Huang et al., 2015). However, this does not explain why BB-hopanoids

dominate in some high TOC settings. Again, high acidity seems to be required.

4.4. Geohopanoids as palaeoenvironmental proxies

Our results support the original hypothesis of Quirk et al. (1984), which suggests that
the formation of the a hopanoids in peats is strongly dependent on pH. Crucially,
isomerisation appears to be fixed during early diagenesis, suggesting that
geohopanoid BR/(ap+pR) indices could be a useful proxy for understanding pH over
a range of timescales. Here, we utilise the C31 hopane BR/(ap+BB) index to construct

a peat-specific hopane-based pH proxy:

pH = 5.22 * (Cs1 hopane BR/ap+BR) + 3.11 (n=94, r> = 0.64, RMSE = 1.4)

The coefficient of correlation is stronger than obtained from other peat-specific pH
proxies (e.g. the cyclisation of branched glycerol dialkyl glycerol tetraethers
(brGDGTSs); r? = 0.58, Naafs et al., 2017); however, the RMSE is larger than
previously found for brGDGTs (see Naafs et al., 2017). Hopane-derived pH
estimates were also compared to brGDGT-derived pH estimates (CBTpeat; Naafs et
al., 2017) from the same sample set (Fig. A6). Although the correlation deviates from
the 1:1 line - indicating that Cs1 BR/a+pp ratios give lower pH estimates compared

to those obtained using brGDGTs for a given sample - there is a statistically
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significant correlation between CBTpeat and Cz1 Bp/aB+pR-based pH values (p <
0.01; r? = 0.43; Fig. A6).

To explore the utility of B/(ap+BB) indices in natural archives, we calculated
downcore pH profiles for each site in our global dataset. All sites exhibit relatively
constant pH values within the upper 100cm and are consistent with relatively stable
climate conditions over the last millennium (Crowley, 2000). The only exception is
Bissendorfer Moor (Germany), which exhibits a significant decrease in pH (ca. 4 pH
units) within the upper 30cm. However, as the hydrology of this site has been
strongly affected by artificial drainage, the surface microbial community may have
been affected by human activity (see Talbot et al., 2016).

It is also possible to calculate pH estimates from previously published
datasets. For example, Pancost et al. (2003) observed a subtle increase in
BR/(apB+Bp) ratios within the Bargerveen peat core during the Sub-Boreal/Sub-
Atlantic transition (ca. 2800 years ago; Pancost et al., 2003). This was originally
attributed to decreasing acidity (due to enhanced precipitation) and is consistent with
our results which indicate a clear pH control on the degree of C31 hopane
isomerisation. Hopane-derived pH estimates are also relatively low (ca. 3.5)
throughout the peat core and consistent with the abundance of Sphagnum moss in
the peat (Pancost et al., 2003). However, the magnitude of pH change across the
Sub-Boreal/Sub-Atlantic transition is relatively minor (0.2 pH units) and within the
error of this proxy. Therefore, we only recommend using BB/(ap+BB) indices to
interrogate large amplitude and more long-term pH variation (see below). It is also
important to note that the composition of the bacterial community will likely vary
between environments (e.g. Dedysh et al., 2006; Bragina et al., 2012; Serkebaeva et

al., 2013; Lin et al. 2012). Such changes are likely to impact hopanoid distributions
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and perhaps isomerisation ratios; however, this is hard to deconvolve and requires
further investigation.

The Cz1 BB/(aB+BR) index could also be applied to immature coal deposits
(i.e. lignites) to understand environmental change during past greenhouse periods
and across hyperthermal events. To explore this, we assessed the geohopanoid
distribution within a thermally immature, early Paleogene (~56 Ma) lignite deposit
(Schoéningen, Germany). Within this setting, the Cs1 a3 isomer dominates the hopane
assemblage, suggesting an acidic (pH <6), ombrotrophic peatland (Fig. 9). This is
consistent with the occurrence of Sphagnum-type spores and biomarkers within this
lignite seam (Inglis et al., 2015; Inglis et al., 2017). Intriguingly, hopane-derived pH
values (ca. 4.9) are similar to the average value of 5.0 derived from branched
GDGTs (CBTypeat; Naafs et al., 2017). Both proxies also exhibit similar temporal
trends, although the magnitude of the variations exhibited by the former are larger
(Fig. 9).

We have previously suggested that low C3s1 B/(af+BB) indices could also be
a useful proxy to trace the input of acidic peat (or eroded lignite) to marine or fjord
sediments (Inglis et al., 2015; Smittenberg et al., 2004). While our results generally
support this hypothesis, some acidic peats exhibit relatively high Cs1 BR/(aB+pB)
indices (e.g. Brazil), dictating caution in this approach — in particular, an absence of
substantive ap-hopane inputs should not be interpreted as evidence for an absence
of peat inputs. As such, additional lines of evidence should be utilised to trace the
input of acidic peat into marine and/or lake sediments (e.g. Sphagnum biomarkers
and/or Sphagnum macrofossils (McClymont et al., 2011; Nichols and Huang, 2007;
Nott et al., 2000).

Finally, the Bp/(ap+BR) index could also provide insights into pH within other

environmental settings. For example, there is a significant correlation between Cs2
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hopanoic acid Bp/(ap+pp) ratios and pH in a suite of geothermal sinters (pH: from
2.5 10 9.0; r? = 0.85) (Pancost et al., 2006). However, interpretation of such ratios in
older sinters will be more problematic as both temperature and pH, as well as extent

of exposure to each of these, will have to be considered.

5. Conclusions

Using >350 samples spanning a wide temperature (-1 to 27°C) and pH (3 to 8)
range, we have assessed the environmental controls regulating geohopanoid
distributions in peats. Our results indicate that peats are characterised by a range of
geohopanoids; however, Cs2 hopanoic acids and Cs1 hopanes typically dominate.
Cs2 hopanoic acids and Cs1 hopanes both occur in the aB-configuration and can form
almost instantaneously in peatlands (i.e. within the upper 5 cm). This process
appears to be strongly regulated by the acidic environment. In particular, the Ca1
hopane isomerisation ratio exhibits a statistically significant correlation with pH.
Crucially, there is no correlation between Cs1 hopane isomerisation and temperature.
Therefore, our study supports the hypothesis that within peatlands, ap-hopanoids
are acid-catalysed degradation products. This finding suggests that geohopanoid
BR/(apB+BPR) indices could be used to reconstruct pH within modern and ancient peat-
forming environments. Furthermore, we envisage that geohopanoids can provide
important new insights into understanding depositional environments and interpreting

terrestrial organic matter sources in the geological record.
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7. Figure captions

Figure 1: Map with the location of all peats used in this study. New and unpublished
data shown in red. Previously published data is shown in orange (for interpretation of
the references to colour in this figure legend, the reader is referred to the web

version of this article).

Figure 2: Partial m/z 191 gas chromatogram of a typical (a) hydrocarbon and (b)
polar fraction. Numbers accompanied with Greek letters signify the carbon number

and stereochemistry of hopanoids.
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Figure 3: Downcore Cs1 hopane Bp/ap+Bp profiles for Sphagnum-dominated
peatlands. a) Germany (Bissendorfer Moor), b) Ireland (Ballyduff Bog), c) Finland
(Kontolanrahka Bog), d) UK (Butternburn Flow), e) Germany (Odersprung Bog), f)

Argentina (Tierra del Fuego)

Figure 4: Downcore Cs1 hopane Bp/ap+Bp profiles for non-Sphagnum peatlands. a)
Indonesia (Sebangau), b) Brazil (Pinhieros), c) Spain (Zalama),d) Tibet (Hongyuan),

e) Australia (Bomfield Swamp)

Figure 5: Proposed steps in the diagenesis of bio- and geohopanoids in peat. The
structures in red were identified in modern peats. The structure in blue corresponds
to a postulated intermediate. For interpretation of the references to hopanoids in this
figure, the reader is referred to the supplementary information. (for interpretation of
the references to colour in this figure legend, the reader is referred to the web

version of this article).

Figure 6: Geohopanoid abundance with depth. a) Ballyduff Bog (Ireland), b)
Butterburn Flow (Great Britain), c) Kontolanrahka Bog (Finland) and d) Bissendorfer
Moor (Germany). Anoxic catotelm denoted in dark grey. n.b. the polar fraction was
not methylated; as such, hopanoic acids were not GC-amenable under standard

conditions and only hopanols were analysed here.

Figure 7: Impact of pH upon geohopanoid isomerisation. a) Cs1 hopane BR/aB+BB

index vs pH, b) Cs2 hopanoic acid BB/aB+pp index vs pH
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Figure 8: Impact of temperature upon geohopanoid isomerisation. a) Cs1 hopane

BR/aB+pP index vs MAAT, b) Cs2 hopanoic acid Bp/ap+Bp index vs MAAT

Figure 9: pH and vegetation change within Seam 1, Schéningen during the latest
Paleocene and/or earliest Eocene. a) the Cs1 hopane BB/aB+pp index, b) Cs1 hopane
BR/aB+pp-derived pH estimates, ¢) CBTpear-derived pH estimates (Naafs et al.,
2017), d) C23/Cs1 n-alkane ratio (i.e. proxy for input of Sphagnum moss; Inglis et al.,
2015), e) the relative abundance (total palynomorphs) of Sphagnum-type spores
(Inglis et al., 2015). Zero depth marks the top of seam 1 and the base of the
overlying marine interbed 2 (for interpretation of the rFeferences to colour in this

figure legend, the reader is referred to the web version of this article).
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