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a b s t r a c t

Relative distributions as well as compound-specific carbon and hydrogen isotope ratios of long-chain C25

to C33 n-alkanes in sediments provide important paleoclimate and paleoenvironmental information.
These compounds in aquatic sediments are generally attributed to leaf waxes produced by higher plants.
However, whether microbes, such as fungi and bacteria, can make a significant contribution to sedimen-
tary long-chain n-alkanes is uncertain, with only scattered reports in the early 1960s to 1970s that
microbes can produce long-chain n-alkanes. Given the rapidly expanding importance of leaf waxes in
paleoclimate and paleoenvironmental studies, the impact of microbial contribution to long-chain n-
alkanes in sediments must be fully addressed. In this study, we performed laboratory incubation of peat-
land soils under both anaerobic and aerobic conditions in the absence of light with deuterium-enriched
water over 1.5 years and analyzed compound-specific hydrogen isotopic ratios of n-alkanes. Under aer-
obic conditions, we find n-alkanes of different chain length display variable degrees of hydrogen isotopic
enrichments, with short-chain (C18–C21) n-alkanes showing the greatest enrichment, followed by long-
chain ‘‘leaf wax” (C27–C31) n-alkanes, and minimal or no enrichment for mid-chain (C22–C25) n-alkanes.
In contrast, only the shorter chain (C18 and C19) n-alkanes display appreciable isotopic enrichment under
anaerobic conditions. The degrees of isotopic enrichment for individual n-alkanes allow for a quantitative
assessment of microbial contributions to n-alkanes. Overall our results show the microbial contribution
to long-chain n-alkanes can reach up to 0.1% per year in aerobic conditions. For shorter chain n-alkanes,
up to 2.5% per year could be produced by microbes in aerobic and anaerobic conditions respectively. Our
results indicate that prolonged exposure to aerobic conditions can lead to substantial accumulation of
microbially derived long-chain n-alkanes in sediments while original n-alkanes of leaf wax origin are
degraded; hence caution must be exercised when interpreting sedimentary records of long-chain n-
alkanes, including chain length distributions and isotopic ratios.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Long-chain (C25–C33) n-alkanes are important biomarkers for
terrestrial plants in aquatic sediments, providing important infor-
mation for paleo-environment and paleo-climate reconstructions
(Eglinton and Hamilton, 1967; Huang et al., 2001; Castañeda and
Schouten, 2011; Schefuß et al., 2011; Sachse et al., 2012; Bush
and McInerney, 2013; Konecky et al., 2014; Rach et al., 2014;
Wang et al., 2016). For example, compound-specific carbon iso-
topic compositions have been used to understand past vegetation
assemblages (C3 vs C4 plants) (Huang et al., 1999, 2007; Eglinton
and Eglinton, 2008; Tipple et al., 2011; Russell et al., 2014).
Hydrogen-isotopic ratios of individual waxes have been used to
understand hydrological changes over different geological time
scales (Huang et al., 2004; Pagani et al., 2006; Hou et al., 2008;
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Tierney et al., 2008; Polissar et al., 2009; Konecky et al., 2011;
Sachse et al., 2012; Thomas et al., 2016).

Accurate paleoclimate and paleoenvironmental interpretation
of leaf wax n-alkanes relies on the assumption that these
biomarkers are exclusively derived from higher plants
(Lichtfouse et al., 1995; Huang et al., 2002; Pancost et al.,
2002; Meyers, 2003; Schefuß et al., 2005; Huang et al., 2007;
Tipple and Pagani, 2010; Tipple et al., 2011). However, there
have been scattered reports in the 1960–1970s that microbes,
e.g., fungi and bacteria can also produce long-chain n-alkanes.
For instance, Orò et al. (1966) reported the chlamydospores of
Ustilago maydis, U. nuda, and Sphacelotheca reiliana, collected
from surrounding exterior surfaces of higher plant tissues, con-
tain n-alkanes ranging from C14 to C37, with principal hydrocar-
bons n-C27, n-C29 and n-C31 showing an odd numbers of carbon
atoms predominance (Orò et al., 1966). However, there are
significant uncertainties whether the reported long-chain
n-alkanes are actually produced by these fungi or acquired from
plants or perhaps even accidentally during sampling process
(Weete, 1972). In addition, Jones (1969) reported pure cultures
of some fungal species including Penicillium sp., Aspergillus sp.,
and Trichoderma viride, grown in a basal succinate medium and
tryptone soya broth respectively, contain n-alkanes chain length
from C15 to C36 with major components ranging from n-C27 to
n-C30 (Jones, 1969). Interestingly, CPI values are between 0.54–
1.12, much smaller than observed in higher plants (CPI > 5)
(Bush and McInerney, 2013). Jones (1969) also reported some
aerobic bacteria, such as Micrococcus sp., Corynebacterium sp.,
Bacillus sp., and Mycobacterium sp., can produce C14–C36

n-alkanes with major components ranging from n-C27 to n-C29,
and similarly with low CPI values in the range 0.60–1.34. How-
ever, the paper did not examine if the growth medium contained
any n-alkanes.

Although direct analysis of individual microbes is useful for
understanding their n-alkane production, the results may bear sig-
nificant uncertainties since leaf waxes are ubiquitous in nature and
microbes can attain long-chain n-alkanes via contact or ingestion.
Additionally, because most of the microbes in the natural environ-
ment can’t be, or have not been, cultured successfully, it is difficult
to determine microbial contributions of long-chain n-alkanes in
the natural environment through pure culture experiments. The
best approach to assess microbial production of long-chain n-
alkanes is thus to detect their productions in soils in situ (Tu
et al., 2011; Zech et al., 2011, 2013). For example, a recent study
by Zech et al. (2011), based on changes in dD values of long-
chain n-alkanes in a 27-month leaf litter degradation experiment,
suggested that the contribution of microbially synthesized long-
chain n-alkanes increased over time and they proposed can reach
as much as 30%. However, the assessment was made using rela-
tively small source water dD differences (10–20‰ VSMOW), hence
the error for quantifying microbial production of long-chain
n-alkanes can be substantial, given the relatively high analytical
error for individual n-alkane dD values and potential sample inho-
mogeneity (Zech et al., 2011).

To clarify the uncertainties from previous studies, we
designed an isotope labeling experiment to: (1) incubate soils
in the absence of light (to prohibit photosynthesis), so that all
n-alkanes produced are from microbial sources with no ambigu-
ity; (2) add 1.5% of heavy water to the incubation (the resulting
water has a dD value of 95,195‰ VSMOW), so that even minute
amount of microbial production is detectable; (3) based on
isotope enrichment over a known period of time, accurately
quantify the microbial contribution rate of long-chain n-alkanes
in natural soils where input and degradation of long-chain
n-alkanes exist simultaneously.
2. Material and methods

2.1. Soil sampling and microbial incubation

2.1.1. Sampling site and soil collection
We collected peaty soil samples from surface layer of a wetland

located in Glocester (Rhode Island, USA; 41�5201200N, 71�4100800W)
on June 21, 2014. Peaty soil was selected for this study due to its
high organic content, which allowed us to maximize the produc-
tion of heterotrophic microbes during subsequent laboratory incu-
bation. Approximately 1 L surface 10 cm peaty soil was taken using
a 2 L glass bottle with 10 cm diameter. In this area, average eleva-
tion is around 139 m above sea level, and the dominant vegetation
is Sphagnum spp., and accompanied by Chamaedaphne calyculata,
Vaccinium macrocarpon, Vaccinium corymbosum and Acer rubrum.
The mean annual precipitation is around 2600 mm (online meteo-
rological data), with dD value about �51‰ (from online isotope
precipitation calculator: http://wateriso.utah.edu/wateriso-
topes/pages/data_access/form.html).

2.1.2. Microbial incubation
Soil samples were brought to Brown University. On the same

day, in a glove box with nitrogen gas, about 80 mL of peaty soil
was transferred into a 200 mL beaker, followed by mixing and
homogenizing with an additional 50 mL of O2-free distilled de-
ionized water (boiled for 30 min and purged with the N2 bubble
for 30 min). After homogenizing, approximately 20 mL of the soil
and slurry was transferred into a 40 mL glass vial, tightly capped
under an atmosphere of nitrogen (nitrogen gas was blown into
the overhead space prior to capping), serving as the control sample
of the overall incubation experiment. Subsequently, 1.2 mL O2-free
(N2 bubbled for 30 min) 99.8% D2O (Sigma-Aldrich, ISOTEC Inc.,
Miamisburg, OH, USA) was added into the remaining slurry of
the 200 mL beaker and mixed thoroughly, and a 1 mL slurry water
was taken for stable hydrogen isotope ratio analysis. Two experi-
mental subsamples were transferred into two 40 mL vials, each
with 20 mL slurry (i.e., the slurry with deuterium water). One 40
mL vial was capped tightly in the glove box and stood upside down
outside the glove box to maintain anaerobic condition during the
whole process of microbial incubation: there was approximately
1 cm of water over the top of the soil (Supplementary Fig. S1).
The other 40 mL vial, designated as aerobic incubation, was opened
and shaken up and down multiple times daily to make sure the
space air was fully re-saturated with ambient level of oxygen.
Afterwards, the aerobic vial was recapped to avoid water evapora-
tion, which can result in changes in water hydrogen isotope ratios.
During the whole course of laboratory incubation, all 3 vials were
fully covered by aluminium foil (i.e., to keep the incubation with no
light hence no photosynthesis) and under room temperature (�20
�C). We conducted our experiments in the dark to avoid any poten-
tial growth of photosynthetic vascular plants that are known to
make long-chain leaf wax n-alkanes. Therefore, our experimental
results should be interpreted to only include heterotrophic and
chemoautotrophic microorganisms (i.e., photosynthetic organisms
were excluded). The whole incubation experiment lasted 540 days.

2.2. Hydrogen isotope analysis for deuterium-enriched water

The water dDmeasurement was carried out using the same pro-
cedure as described in Gao et al. (2012). Specifically, the measure-
ment was conducted in a model L1102-I isotopic liquid water and
water vapor analyzer (Picarro, Sunnyvale, CA, USA). To ensure the
removal of organic matter, 4 mg of activated charcoal was added
into the tube with deuterium-enriched slurry water, the water
hand-shaken for 1 min and centrifuged at 5000 rpm for 1 min;
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Fig. 1. Concentration and chain length distribution of n-alkanes in three incubated
peaty soil samples.
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the supernatant liquor was filtered (0.22 lm PTEE filters) prior to
isotopic measurement. The deuterium-enriched water was diluted
with deionized water with known dD value (�43‰ VSMOW) by
about 1000 times, so that measured value was close to the range
of the isotopic standards. The dD value of original deuterium-
enriched water was determined as 95,195‰ VSMOW (i.e., 1.5%
D2O), base on a hydrogen isotope mass balance function (Gao
et al., 2012).

2.3. Lipids extraction, purification and analysis

At the end of incubation experiment, three samples (control,
aerobic and anaerobic incubation) were freeze-dried. The freeze-
dried peat samples (5–6 g of total sample in the vials) were
extracted using an accelerated solvent extractor (ASE200, Dionex)
with dichloromethane/methanol mixture (9:1, v:v) at 120 �C and
1200 psi. The total lipids were then separated into neutral and acid
fractions using solid-phase extraction column packed with amino-
propylsilyl (i.e., silica gel with amine groups) with dichloro-
methane:isopropanol (2:1, v:v) and 4% AcOH in Et2O as the
respective eluents. To isolate the hydrocarbons, the neutral frac-
tions were further separated over pre-cleaned silica gel columns
and eluted with hexane (Gao et al., 2012).

Concentrations of individual compounds of hydrocarbons were
determined using gas chromatography (6890 gas chromatograph;
Agilent Technologies, Santa Clara, CA, USA) with split/split-less
injection and flame ionization detection (FID). A 30 m capillary col-
umn (HP-1MS, 0.32 mm i.d., 0.25 lm film thickness; Agilent) and
an auto-sampler (HP7683) were used. The carrier gas (hydrogen)
flow was 1.7 mL/min. The temperature was set as follows: 60 �C
(1 min) to 220 �C at 20 �C/min then to 315 �C (held 15 min) at 6
�C/min. Compounds of each fraction were quantified based on
internal standard (hexamethylbenzene) added into each sample
vial prior to GC-FID analyses, and the compounds were identified
by comparison with retention times and mass spectra from GC–
MS analyses (Agilent 5973N quadrupole mass spectrometer inter-
faced to an Agilent 6890N GC) based on previous methods (Gao
et al., 2011, 2012). Average chain length (ACL) and carbon prefer-
ence index (CPI) were calculated using the following equations:

ACL ¼ RðCn � nÞ=RðCnÞ ð1Þ

CPI ¼ ½RoddðC21�29Þ þ RoddðC23�31Þ�=ð2RevenC22�30Þ ð2Þ
where Cn is the concentration of each n-alkane with n carbon atoms.

The hydrogen isotope ratios of n-alkanes were measured using
HP 6890 GC (Agilent Technologies) interfaced to a Finnigan MAT
Delta+ XL isotope ratio mass spectrometry (IRMR) through a high
temperature pyrolysis reactor. The H3

+ factor was determined every
other day prior to sample runs. The precision of standard triplicate
analyses was within ± 3‰. To ensure no isotopic drift, external
standards with known dD values (mixture of C25, C27, C29 and C31

n-alkanes) were injected 3� prior to sample analysis after every
three sample injections. Because the dD values of individual com-
pounds in our samples presumably encompass a wide range, a pos-
sible isotopic memory effect should be considered during
hydrogen isotope ratio measurement (Wang and Sessions, 2008).
Wang and Sessions (2008) reported that when two compounds
elute closely on GC–IRMS (e.g., when they differ by one carbon
number in an n-alkane series) hydrogen isotopic value of a preced-
ing compound can affect a later eluting compound by 2–4% of the
isotopic difference. In our case of C18 and C19 n-alkanes, the iso-
topic difference is �1400‰. Hence the maximal memory effect
on C19 n-alkane would be 56‰. These highly enriched dD values
do not affect the isotopic values of long-chain n-alkanes since
our C22 and C23 n-alkanes display very low dD values (Table 2,
Fig. 2). Therefore, the potential minor isotopic memory effect
during GC–IRMS analysis reported by Wang and Sessions (2008)
does not significantly affect the interpretation of our results.
3. Results

3.1. Abundances of n-alkanes in peat samples

Distributions and abundances of n-alkanes are shown in Fig. 1
and Table 1. n-Alkanes display a typical odd over even predomi-
nance (Fig. 1), with maximal carbon numbers at n-C29. The concen-
trations of short-chain (C18–C21) n-alkanes are 0.05–0.1 lg/g dry
weight (lg/gdw), followed by medium- and long-chain n-alkanes
(C22–C28; 0.1–0.6 lg/gdw). The concentrations of the dominant
long-chain n-alkanes (C29 and C31) are 0.8–1.8 lg/gdw.

The differences of homolog distributions, including concentra-
tions, carbon preference index (CPI) and average chain length
(ACL) among the three samples are not evident, with ACL 27.0
and CPI 5.9 for the control sample, ACL 27.3 and CPI 6.5 for the
anaerobic incubated sample, and ACL 26.9 and CPI 5.5 for the aer-
obic incubated sample (Table 1).

3.2. D/H ratios of n-alkanes

The average dD values and standard deviations from three
duplicated measurements of individual compounds for the three
samples are shown in Table 2. The dD values of n-alkanes for the
control sample (i.e., the sample not incubated in D-enriched water)
are �201‰ to �140‰ for short-chain length (C18–C21) n-alkanes,
and �224‰ to �125‰ for medium-chain (C22–C25), �121‰ to
�96‰ for long-chain (C26–C31), except for C27 n-alkane whose
the unusually high dD value of n-C27 (�57‰) is likely caused by
an unknown co-eluting compound. Compared with the control
sample, under aerobic conditions, n-alkanes of different chain
length display variable degrees of hydrogen isotopic enrichments,
with short-chain (C18, C19, C20 and C21) n-alkanes showing the
greatest enrichment, i.e. 3732‰, 2344‰, 466‰ and 363‰ enrich-
ment, respectively, followed by long-chain ‘‘leaf wax” (C26, C27, C29

and C31) n-alkanes with 9‰, 49‰, 97‰, 140‰ and 11‰ enrich-
ment respectively, and minimal or no enrichment for mid-chain



Table 1
Abundance of n-alkanes.

Carbon number Control Anaerobic incubation Aerobic incubation

n-alkanes (lg/gdw)
18 0.08 0.05 0.04
19 0.12 0.06 0.07
20 0.09 0.07 0.07
21 0.36 0.39 0.26
22 0.15 0.12 0.11
23 0.32 0.39 0.27
24 0.14 0.16 0.13
25 0.51 0.68 0.45
26 0.14 0.18 0.12
27 0.49 0.66 0.41
28 0.16 0.22 0.14
29 1.35 1.75 1.06
30 0.00 0.00 0.00
31 1.29 1.51 0.85

ACL and CPI
ACL 27.0 27.3 26.9
CPI 5.9 6.5 5.5
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(C22, C23, C24 and C25) (Table 2, Fig. 2). In contrast, under anaerobic
condition, only the chain lengths C18, C19, C25 and C27 n-alkanes
display appreciable isotopic enrichment, with 906‰, 102‰, 14‰
and 25‰ increases, respectively (Table 2, Fig. 2).

4. Discussion

4.1. n-Alkane abundance, deuterium enrichment and estimation for
chemical hydrogen exchange rate

The abundance and distributions of n-alkanes in control, anaer-
obic and aerobic samples show negligible differences (Fig. 1). The
small differences between the samples are most likely due to
intrinsic sample inhomogeneity and/or measurement errors. Even
for compounds that have maximal microbial productions (like
short-chain n-alkanes as discussed below), we did not observe sys-
tematic differences in concentrations and distributions. Therefore,
it is unreliable to use abundances and relative distributions to esti-
mate the microbial production of n-alkanes.

One important question for the D-enrichment of n-alkanes is
whether or not the observed isotopic change is solely due to chem-
ical isotopic exchange between organic hydrogen and deuterium-
ion in the water over the course of 1.5 years. Based on the design
Table 2
Hydrogen isotopic composition of individual compounds.

Carbon chain length of n-alkanes No D2O

Control

dDa (‰) rb (‰)

18 �140 N.D.c

19 �178 N.D.
20 �140 N.D.
21 �201 2.2
22 �125 5.4
23 �182 2.3
24 �224 46.5
25 �177 0.9
26 �96 17.8
27 �57 3.3
28 N.D. N.D.
29 �107 0.9
30 N.D. N.D.
31 �121 21.2

a dD values are expressed in ‰ relative to VSMOW.
b r = standard derivation of three replicate measurements.
c N.D. = not determined.
and results of our incubation experiment, we conclude that direct
chemical hydrogen exchange between n-alkanes and water is neg-
ligible due to the following two reasons: (1) If hydrogen exchange
is evident in n-alkanes, it should have a similar effect on all n-
alkanes with different carbon lengths, and as well as for anaerobic
and aerobic incubations. However, unlike their shorter and longer
chain n-alkane homologues, C22, C23, C24 and C25 n-alkanes do not
display evidence of D-enrichment. There are also major differences
in the pattern of D-enrichment for n-alkanes in aerobic and anaer-
obic incubations; (2) As described below, chemical hydrogen
exchange rate between hydrogens of n-alkanes and surrounding
water, estimated using published data (Sessions et al., 2003), are
extremely low.

Since alkyl H atoms in n-alkanes are covalently linked to carbon
atoms, a high activation energy is required for exchange
(Schimmelmann et al., 1999; Fuller and Huang, 2003; Sessions
et al., 2003; Reeves et al., 2012). Sessions et al. (2003) estimated
the exchange rates of icosane at different temperature, through
incubation on clean montmorillonite or microcrystalline silica.
They concluded that the reaction half-times (t1/2) for hydrogen
exchange in icosane is about 1 � 104–1 � 105 years at 20 �C. For
the H/D exchange reaction of n-alkanes, RHa + D2O? RDa + HDO,
can be characterized by a pseudo first-order rate law equation
(Wedeking and Hayes, 1983; Fuller and Huang, 2003).

Kt ¼ ln½ðFi � FeÞ=ðFt � FeÞ� ð3Þ
K ¼ ln 2=t1=2 ð4Þ

where K is the rate constant for hydrogen, t is time (which equals to
1.5 years at the end of our incubation experiment). Fi is the initial
fractional abundance of deuterium [D/(D + H)] in the corresponding
compound, which can be obtained from dD values of compounds in
the control sample. Ft is the final fractional abundance of deuterium
at time t. Fe is the fractional abundance of deuterium of n-alkanes
when it reaches equilibrium, which can be assumed to be the con-
centration of the heavy water in our incubation system (i.e., 1.5%).
t1/2 is between 1 � 104–1 � 105 years (Sessions et al., 2003). Using
the Eqs. (3) and (4), we obtain the maximum possible increase in
dD value due to chemical hydrogen exchange at room temperature
is between 1–10‰ over the whole incubation period (i.e., 1.5 years).
This value is much smaller than those observed in our heavy water
incubated samples (Table 2, Fig. 2). We therefore conclude that
1.5% D2O

Anaerobic incubation Aerobic incubation

dD (‰) r (‰) dD (‰) r (‰)

766 1.3 3592 82.0
�76 47.5 2166 67.4
N.D. N.D. 326 3.2
�320 16.8 162 75.7
�207 48.1 �219 12.5
�226 5.3 �171 3.2
�202 13.2 �194 3.7
�163 6.7 �168 1.8
�100 10.9 �47 6.8
�32 15.8 40 2.9
N.D. N.D. N.D. N.D.
�111 1.5 33 2.3
N.D. N.D. N.D. N.D.
�132 4.0 �110 2.8



Fig. 2. Hydrogen isotopic enrichment degrees of individual n-alkanes in two aerobic and anaerobic deuterium-incubated peaty soil samples.
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direct chemical D/H exchange between n-alkanes and water can be
neglected in our incubation experiment.

4.2. Microbial production rates of individual n-alkanes

The microbial production rates of individual n-alkanes are
calculated based on a binary isotope mass balance model as
described in Gao et al. (2012). The hydrogen isotope fractionation
factors between individual n-alkanes and environmental water
(en-alkane-water) were evaluated using the dDn-alkane values of
compounds in the control sample and dDprecipitation (i.e. �51‰;
average precipitation dD value):

en-alkane-water ¼ ðdDn-alkane þ 1Þ=ðdDprecipitation þ 1Þ � 1 ð5Þ
The biological fractionation factors between individual lipids

and environmental water for microbes in soil are complex
(Zhang et al., 2009; Osburn et al., 2011; Sachse et al., 2012) and
can be highly variable (Sessions et al., 2002). For simplicity, we
assume the fractionation factor is a constant and equals the frac-
tionation of the C18 n-alkane, because n-C18 is the most dramati-
cally D labeled compound in our experiment, and generally not
produced by higher plants. The en-alkane-water value is determined
as �94‰, by using the measured dD value of C18 n-alkane in the
control sample (�140‰) and the average precipitation dD value
of our sampling site (�51‰). Note that the small variation in the
absolute values of microbial fractionation factor has little influence
on the outcome of production rates (Gao et al., 2012), because of
the very high dD value of labeled water.

Based on the fractionation factor (en-alkane-water), the dD value of
newly produced n-alkanes (dDnew) can be calculated from the dD
value of the deuterium-enriched water (dDwater) inside the incuba-
tion bottles (+95,195‰) using the following equation:

dDnew ¼ ðen-alkane-water þ 1Þ � ðdDwater þ 1Þ � 1 ð6Þ
From the beginning to the end of the incubation experiment, we

have dD values of newly produced n-alkanes (dDnew), dD values of
existing n-alkanes in the control sample (dD0), and dD values of the
original plus newly produced n-alkanes at the end point (dDend).
We can then calculate the relative fractions (f) of newly generated
n-alkanes and their production rates (r) during this period of time
using the following two equations:

dD0 � ð1� f Þ þ dDnew � f ¼ dDend ð7Þ

r ¼ f=t ð8Þ
where dD0 can be obtained from the control sample, and dDend be
obtained from two incubated samples, t = 1.5 years. The production
rates of microbial n-alkanes are illustrated in Fig. 3.
The pattern of microbial production rates of different n-alkanes
corresponds to the degrees of isotopic enrichment. Under aerobic
conditions, the production rates of short-chain n-alkanes (C18 to
C21) are up to 2.5%/yr, followed by long-chain (C26–C31)
n-alkanes, 0.025%/yr for n-C26, 0.05%/yr for n-C27 and 0.1%/yr for
n-C29 respectively, and minimal or no new production for
mid-chain (C22–C25) n-alkanes (Fig. 3). In contrast, only the
short-chain (C18 and C19) n-alkanes display appreciable microbial
production under anaerobic conditions, with 0.5%/yr and 0.1%/yr
new production. These results display different pattern from the
previous research in Zech et al. (2011), where authors claimed that
both mid-chain and long-chain n-alkanes are produced by
microbes in significant quantities. This difference is probably
attributed to different microbial communities in the two
environmental systems (i.e., peaty soil incubation system in
laboratory and foliage litterbag in the field): there could be
major differences in synthesis of n-alkanes by different microbes
(Ladygina et al., 2006).
4.3. Implication of microbial production of long-chain n-alkanes in
paleoclimate study

In previous studies, long-chain n-alkanes (e.g. C29, C31) in sedi-
ments are often thought of as exclusively of leaf-wax origin and
widely used to reconstruct paleoclimatic history. Indeed, our incu-
bation results and discussion show that microbial generation of
long-chain n-alkanes under anaerobic conditions is negligible, sug-
gesting leaf-wax d13C and dD are credible paleo-climate or paleo-
environment proxies in lacustrine, marine and peatland sediments,
as long as leaf wax n-alkanes are rapidly buried and experience
mostly anaerobic conditions. However, our results also show that
the microbial community can produce substantial amount of n-
C29 n-alkanes under aerobic conditions, with a generation rate of
0.1%/yr on average. Therefore, the fidelity of using isotopic ratios
of long-chain n-alkanes as a paleoclimate proxy may strongly
depend on the extent of aerobic exposure. For example, leaf wax
n-alkanes may stay in aerobic soils for a long time before being
transported into lacustrine or marine sediment (Douglas et al.,
2014). Additionally, the surface of aquatic sediments could stay
in relatively aerobic conditions due to the combined effect of low
sedimentation rate and extensive activity of benthic community
(Supplementary Fig. S2).

Peatlands are usually simplified as two layers: an upper aerobic
layer (the acrotelm) and the underlying anaerobic layer (the cato-
telm). We could evaluate the potential microbial contribution in
total C29 n-alkanes (microbial + leaf wax) under aerobic conditions
using the equation below:



Fig. 3. Assessment of microbial production rates for various compounds of n-alkanes in aerobic and anaerobic environments respectively.
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where P is percentage of microbial n-alkanes in total n-alkanes, Mt

is the mass of terrestrial n-alkanes input in the whole year of num-
ber t, t = 1, 2, 3 . . . n. When Mt is constant, Eq. (9) becomes Eq. (10):

P ¼ ðt þ 1Þ=ðt þ 2001Þ ð10Þ
The potential microbial contribution to long-chain n-alkanes in

soil, lake sediments, or peatland, modeled using Eq. (10), is shown
in Fig. 4. If leaf wax n-alkanes stay in the aerobic environment for a
long time, for example 1000 years, the modeled microbial C29

n-alkane could account for �1/3 of total C29 n-alkanes (Fig. 4).
The microbial contribution can reach up to 80% if leaf wax
n-alkanes stay in aerobic conditions for 10,000 years (probably
an unlikely scenario in most sedimentary environments). These
values may actually represent a minimum estimation since the
original leaf wax n-alkanes are simultaneously degraded over time
when microbes contribute new n-alkanes. When degradation of
original leaf wax n-alkanes is taken into consideration, the percent-
age of microbial input of long-chain n-alkanes to sediments would
be even higher.

A surprising finding from our data is that the C31 n-alkane had a
much smaller microbial production rate than the C29 n-alkane. We
do not know if this is universally applicable or it is only specific to
our environmental setting and experimental conditions. If this
indeed represents a common scenario, the C31 n-alkane may be a
better choice over C29 n-alkane in sediment for paleoclimate recon-
Fig. 4. Modeled microbial contribution of C29 n-alkanes in aerobic layers of soil,
lake sediment or peatland environments over timescales of 10–10,000 years.
struction. In the sedimentary environments susceptible to pro-
longed aerobic exposure, we recommend dating the boundary of
the aerobic layer to help evaluate the potential aerobic microbial
contributions.

Our results also show relatively high production of even carbon,
C26 n-alkane under aerobic conditions, indicating microbial n-
alkanes likely have much smaller odd over even predominance as
observed in plants. CPI values of long-chain n-alkanes in ancient
sediments are often much lower than those from modern plants
(Kuhn et al., 2010), which is often interpreted as originating from
microbiological or thermal degradation in sediments (Grimalt
et al., 1988; Kuhn et al., 2010). However, based on our data, micro-
bial production of even chain length n-alkanes under aerobic con-
ditions can also lead to a reduction in CPI values.

5. Conclusions

Our incubation experiment demonstrates that distributions and
abundances of n-alkanes remain virtually unchanged over 1.5
years, consistent with relatively small amounts of microbial n-
alkane production. Thus, measurements of distributions and abun-
dances for n-alkanes do not offer sufficient sensitivity for quantify-
ing the microbial production rates of individual n-alkanes.

In contrast, deuterium isotope labeling experiment is an excel-
lent approach to quantify in situ microbial production of n-alkanes.
The large contrast between the dD values of enrichment water and
natural environmental water means even minute amount of micro-
bial production can be assessed with a high degree of accuracy.
Under aerobic conditions, the microbial contributions display vari-
able rates for n-alkanes with different chain length, which can
reach up to 2.5%/yr for short-chain (C18–C21) n-alkanes, and up to
0.1%/yr for long-chain (C27–C31) n-alkanes, and negligible produc-
tion for mid-chain (C22–C25) n-alkanes. However, under anaerobic
conditions, only short-chain (C18 and C19) n-alkanes have a marked
microbial contribution, with up to 0.5% per year production rates.

The absence of microbial generation of long-chain n-alkanes in
anaerobic condition adds credibility to leaf-wax d13C and dD as
paleo-climate or paleo-environment proxies in lacustrine, marine
and peatland sediments, as long as leaf wax derived n-alkanes
are rapidly buried and experience mostly anaerobic conditions.
However, in cases where prolonged aerobic exposure occurs (e.g.,
leaf waxes having long residence time in aerobic soils), substantial
microbial contribution to long-chain n-alkanes can occur, with a
rate up to 30% over 1000 years. Our preliminary results also show
C29 n-alkane may be produced in greater quantity than C30

n-alkane by aerobic microbes.
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