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Abstract—A 40 cm deepSphagnum-dominated peat monolith from Bolton Fell Moss in Northern England
was systematically investigated by lipid molecular stratigraphy and compound-s@éd@iandsD analysis

using gas chromatography (GC), GC-mass spectrometry (GC-MS), GC-combustion-isotope ratio-MS (GC-
C-IRMS) and GC-thermal conversion-IRMS (GC-TC-IRMS) techniq#é®b dating showed the monolith
accumulated during the last ca. 220 yr, a period encompassing the second part of Little Ice Age. While the
distributions of lipids, includingn-alkan-1-ols,n-alkan-2-ones, wax esters, steratsalkanoic acidso,o-
alkandioic acids and-hydroxy acids, display relatively minor changes with depth, the cooler climate event
was recorded in the concentrationsmsélkanes and organic carbon, CPI valuesi@fikanes anah-alkanoic

acids, and the ratio of B-alkylresorcinols/sterols. Superimposed on the fossil fuel effect, the relatively cooler
climate event was also recorded BY°C values of individual hydrocarbons, especially thg, 6-alkane, a

major compound in certaifphagnum spp. ThedD values of the G, and G;; n-alkanes correlated mainly with

plant composition and were relatively insensitive to climatic change. In contrastthe-&kane displayed
variation that correlated strongly with recorded temperature for the period represented by the monolith,
agreeing with previously reported deuterium records in tree ring cellulose spanning the same period in
Scotland, Germany and the USA, with more negative values occurring during the second part of Little Ice
Age. These biomarker characteristics, including the compound-spétiticand 8D records, provide a new

set of proxies of climatic change, potentially independent of preserved macrofossils which will be of value in
deeper sections of the bog where the documentary records of climate are unavailable and humification is well
advanced. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION between sitesBarber et al., 1998; Mauquoy and Barber, 1999;
. . . . Hendon et al., 2001with the records being cyclic, with peri-
The_ preservation qua"t'es of pegt bog_s make them unique in o icjtieg reflecting links with oceanic cycle€ifapman and
retaining plant fossils. The stratigraphic records that these Shackleton, 2000and solar variability lflauquoy et al., 2002

fOSS'ISCphrOduce ,Co?lta'n \]/:aluable |nform?t|ok;1 abo.ut. pasl,qt cli- hand references therein). Successful applications include the use
mate. Changes in the surface wetness of a bog arising throughy¢ 513 \q1yes of isolated macrofossils from peat bogs to

differences in precipitation and evaporation can influence spe- reconstruct past atmospheric CencentrationsWhite et al.,

cries of plant_ thrév_inghthere. Therebfore, tk(;e plant fOSSifl reclc_)rds 1994; Figge and White, 1995Variations indD values of bulk
that are retained in the peat can be used as a proxy for ¢ Imatepeat and isolated peat cellulose have been shown to correlate

(Barber, 198 Ombrotrophic mires, whose only water Source i, njant community compositions, as judged from macrofos-
is from direct precipitation, have been shown to be particularly sil analyses and, hence, climatBciegl, 1972; Dupont and

responsive to climatic chang8drber et al., 1994 The high Mook, 1987; van Geel and Middeldorp, 1988
accumulation rate characteristic of ombrotrophic mires and ’ ' '
their preservation qualities allow exceptional high resolution
records of past climates to be retained.

Techniques used for paleoclimate reconstruction from peat
deposits have included macrofossil analydtarper, 1994
humification indices Blackford and Chambers, 1993stable
isotopic recordsWhite et al., 1994; Figge and White, 1995
testate amoebaeéléndon et al., 20Qland*“C (Mauquoy et al.,
2002. Recent research has significantly improved our under-
standing of the climate signals reflected in the above proxies.
For example, they have been shown to be replicable within and

Just as peat bogs are exceptional environments for preserv-
ing fossil organisms the potential also exists for them to pre-
serve the original biochemical components of those organisms.
In common with marineBrassell et al., 1986; Prahl and Wake-
ham, 1987 and lacustrineHuang et al., 1999sediments, lipid
biomarkers preserved in peat may provide additional molecular
and/or stable isotopic stratigraphic records of past climate.
Previous work has shown that lipids do indeed survive in peats
in appreciable concentrations. For example, an investigation of
lipid subfractions ofShagnum and Carex peats of various
degrees of humification identified long-chain acyclic methyl
ketones lehtonen and Ketola, 199@vhich may derive from
«Author to whom correspondence should be addressed peat-forming mosses anq sedges, or via bactgrial oxidation of
(r.p.evershed@bristol.ac.uk). n-alkanes and/oB-oxidation and decarboxylation af-fatty

T Present address: Faculty of Earth Science, China University of Geo-  @cids. In a further studyLéhtonen and Ketola, 1993he
sciences, Wuhan 430074, China. diagenetic changes to peat lipids in 4 different peat types,
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Sphagnum, Carex, Bryales and Carex/Bryales was explored;
hydrocarbon, ketone, alcohol, sterol and acidic fractions were
investigated. Although no specific humification effects were
detectable in the n-alkanol distributions of Sphagnum and Bry-
ales peats, the sterol fraction was found to consist of 4 major
components i.e., B-sitosterol, stigmasterol, campesterol and
stigmastanol, together with lower abundances of stanols that
were most likely to be products of microbial reduction of the
corresponding sterols. The acidic lipid fraction comprised n-
alkanoic acids and w-hydroxy acids, with the longer chain
homologues (>C,,) of the former increasing in abundance with
increased humification. In common with the n-alkanoic acids
the longer chain hydroxy acids (>C,,) increased in relative
abundance with increased humification. Overall, the peat lipid
components were attributed to moss and higher plant source
with changes in akyl lipid distributions becoming more exag-
gerated with increased humification and ascribed as amicrobial
diagenetic effect.

Studies of lipids from peat deposits other than raised bogs
have included the comparison of peats from tropical, subtrop-
ical, temperate and cool temperate climates (Dehmer, 1995). It
was suggested that the odd numbered n-alkanes (C,5, C,, and
C,,) derived from higher plant waxes and that those with chain
lengths less than C,; may be due to bacterial activity. The
presence of hopanoids [178, 21B(H)-22R-homohopane the
main componentin peats was attributed to microbial activity.
Several nonhopanoid aromatic triterpenoids were identified in
peats from subtropical regions, including 1,2,9- and 2,2,9-
trimethyl-1,2,3,4-tetrahydropicene, the formation of which was
attributed to bacterially mediated aromatization of o- and
B-amyrin.

One of the few attempts to relate the lipid composition of
peat to changing plant contribution during the accumulation of
a peat bed was that of Farrimond and Flanagan (1996). In this
study the n-alkane, n-alcohoal, sterol and hopanoid contents of
18 samples from a 93 cm thick continuous section of peat were
determined and the lipid distributions compared with pollen
assemblages. Overdl, it was found that although lipid and
pollen data show comparable trends in plant input, they did not
correlate well in detail and this was attributed to the lipids
being derived from allochthonous plant debris and pollen,
transported in from surrounding areas.

A more recent investigation of lipids in peat employed a
compound specific §*3C approach to derive arecord of climatic
changes over the last 2000 yr (Ficken et al., 1998). §*3C values
of n-alkanes were compared with lipid and macrofossil stratig-
raphies, in an effort to provide information about atmospheric
CO, concentration and the changing plant inputs. The lipid
distributions of subsamples of a section of peat (54 cm profile)
and 12 identified plant species growing on the bog, were
determined and compared to establish the origin of the peat
lipids. It was discovered that apart from the §*C values of
n-alkanes in the top 6 cm there was very little variation down
the core and the depletion of *3C seen in the topmost samples
(average 8*3C for C,g., 51, —31.5 to —30.7%o) was attributed to
burning of fossil fuels lowering the atmospheric *3C content.
83C values of n-alkanes from deeper peat samples (average
8'3C for Cog, 51, —30.1 to —29.7%0) however, did not reveal
variations that would be readily exploitable for paleoclimate
reconstruction. Overall, the study appeared to be hampered by
alack of biomarkers specific to the peat inputs.

We report herein the results of an investigation aimed at
building on the studies outlined above, with our overall objec-
tive being to establish a firmer basis for the use of peat based
lipid biomarker and isotope records of climate change. To
achieve this we have focussed on ombrotrophic mires since
these peat deposits: (i) are known to be highly responsive to
climate change due to nutrient and water inputs that are entirely
of atmospheric origin. Macrofossil analyses have demonstrated
that peat-forming plant communities respond more or less
synchronously to shifts to wetter and/or cooler climates (Aaby,
1976; Barber, 1981; Svensson, 1988; Barber et a., 2000;
Hughes et al., 2000); (ii) display high accumulation rates and
thus can provide high resolution records (decadal timescales),
and (iii) alochthonous organic inputs are minimal. In addition,
we have attempted to identify biomarkers that can be more
precisely used to track inputs from specific peat-forming plants,
e.g., sedges and mosses. We target initially an upper section of
peat close to the bog surface representing accumulation during
the recent past, a period for which an accurate dating model
based on #'°Pb could be established, and documentary meteo-
rological records exist for the region over the past 300 yr
(Manley, 1974; Parker et al., 1992; Jones and Hulme, 1997,
Jones et al., 1997; Barber et a., 2000). The latter provide the
basis for comparison with lipid and stable isotopic stratigraphic
and macrofossil records as an essential step in the development
of biomarker based climate proxies from peat.

2. EXPERIMENTAL
2.1. Site and Sampling

Bolton Fell Moss, situated in Cumbria (National Grid Reference NY
495695), was alarge ombrotrophic mire covering an area of around 400
ha in northern England and at present is dominated by Sphagnum
mosses with an area of some 30 ha. Previous detailed analyses of the
macrofossil assemblages have demonstrated the peat-forming plant
communities at Bolton Fell respond more or less synchronously to
shifts to wetter and/or cooler climates and that these wet shifts correlate
with climatic changes known from independent proxy and documen-
tary records (Barber et a., 1994, 1998). A 40 cm peat monolith was
taken from the centre of Bolton Fell Moss using a monolith tin and
stored in afreezer (—20°C) in the dark until required for analysis. After
discarding the outer peat to avoid introduction of contaminants the
monolith was subsampled by dlicing into 1 cm sections. Macrofossil
analyses in an adjacent core were performed according to the methods
of Barber et al. (1994).

2.2. Dating

The top 30 cm of the monolith was dated by #*°Pb (Fig. 1).%°Pb
(half-life = 22.3 yr) isanaturally occurring radionuclide that has been
extensively used in the dating of recent sediments. Dating is based on
determination of the vertical distribution of 2*°Pb derived from atmo-
spheric fallout (termed unsupported 2*°Pb, or #'°Pb,.), and the
known decay rate of 2°Pb (Appleby and Oldfield, 1992). 2°Pb activity
was determined by a proxy method through alpha spectrometric mea-
surement of its granddaughter nuclide 2'°Po. The method employed is
based on Flynn (1968), using double acid leaching of the sediment with
209pp @s an isotopic tracer followed by autodeposition of the Po
isotopes in the leachate on to silver discs. Discs were counted for a
minimum of 100,000 s, and detection limits are 0.1 Bq kg™*. The
210Ph, s aCtivity was estimated by subtraction of the value of #°Pb
activity in deeper samples (0.001 Bq g%, 28—29 cm).

2.3. Lipid Extraction and Fractionation

The freeze-dried peat was ground to pass through a 0.5 mm sieve.
Small aliquots of powdered peat were submitted to elemental analyses
for total organic carbon determinations. About 0.5 g peat was Soxhlet-



Molecular and stable isotope stratigraphy in peat 2851

"'Po (Bq g")

0 0 0.05 0.1 0.15 0.2 0.25 0.3
E
2
=2
=5
'
a

Age (years)
00 20 40 60 80 100 120 140 160 180 200
"I + + +
5+ !
i
~ 10 -
gl -
H e
2 201 —a—
—a—
25 —a—
 ——

Fig. 1. ?2°Pb activity as determined from measurement of the grand-
daughter nuclide 2'°Po (top) and the calculated ages (bottom) for the
top 30 cm in the peat monoalith.

extracted with dichloromethane/acetone (9:1, v/v) for 24 h after adding
a mixture of standards. The total lipid extracts were separated into
neutral and acid fractions by solid phase extraction using aminopropyl
Bond Elut cartridges (Varian Chromatography) by sequential elution
with dichloromethane/isopropanol (2:1, v/v) and 2% acetic acid in
diethylether. The neutra fraction was further separated into hydrocar-
bon, aromatic, ketone/wax ester, alcohol/sterol and polar fractions
using column chromatography (silicagel 60) by sequential elution with
hexane, hexane/dichloromethane (9:1, v/v), dichloromethane, dichlo-
romethane/methanol (1:1, v/v) and methanol. The alcohol/sterol frac-
tion was adducted with saturated urea in methanol solution to separate
n-akanols from cyclic compounds.

24. Instrumental Analysis

Before GC and GC-MS analysis, the acid fraction was first methyl-
ated with BFz/methanol. The methylated acid fraction, acohol/sterol
fraction and ketone/wax ester fraction were heated (70°C, 1.5 h) with
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) to yield the corre-
sponding trimethylsilyl ester/ether derivatives. GC analyses of hydro-
carbons, alcohols, sterols and acids (1 wL sample injection) were
undertaken using a Hewlett Packard 5890 series |1 gas chromatograph
equipped with an on-column injection port and a flame ionization
detector (FID). Separation of compounds was achieved using a fused
silica CPSIl-5CB capillary column (50 m X 0.32 mm i.d.; film thick-
ness 0.12 um). Hydrogen was used as the carrier gas and the GC oven
temperature was programmed as follows: 40°C (1 min), 40—200°C at
10°C min~%, 200-300°C a 3°C min~%, 300°C (20 min). GC-MS
analysis of the fractions were performed on a Carlo Erba 5160 Mega
gas chromatograph (on-column injection) interfaced directly with a
Finnigan MAT 4500 quadrupole mass spectrometer (El, 70 eV). The
GC column and oven temperature program were identical to those used
for GC analyses. Helium was used as the carrier gas. |dentification and
quantification of ketones and wax esters was performed by HT-GC and
HT-GC/MS using capillary columns coated with a thin film of high
temperature-stable stationary phase (DB-1, 15 m X 0.32 m; 0.12 um
film thickness). The GC temperature program was 50°C (1 min),
50-350°C at 10°C min™?%, 350°C (20 min).

Stable carbon-isotope compositions of the hydrocarbon fractions
were determined using a Varian 3400 GC attached to a Finnigan MAT
Delta-S isotope ratio mass spectrometer via a combustion interface

consisting of an alumina reactor (0.5 mm i.d.) containing copper and
platinum wires (0.1 mm o.d.). The column, carrier gas and temperature
program were the same as for the GC and GC-MS analyses. Repro-
ducibility of 8*3C values of specific compounds is better than +0.5%o
based on triplicate analyses and an internal laboratory standard. Results
are reported in the standard delta notation relative to the Pee Dee
Belemnite (PDB) standard.

Determination of 8D vaues in individual n-alkanes was achieved
using a Hewlett Packard GC attached to a Finnigan MAT Delta-plus
IRMS via athermal conversion system. The high temperature conver-
sion system (up to 1500°C) based on the GC combustion Il system
from Finnigan MAT could quantitatively converts the hydrogen bound
in organic compounds after GC separation into H, gas before analysis
in the IRMS. The IRMS has a dispersion of 180 mm, a wide simulta-
neous detection focal plane for the detection of masses 2 and 3, and a
gridless retardation lens with close to 100% transmission, incorporated
into the Faraday cup design for the m/z 3 channel. An additional
contribution to the mass 3 signal, originating from the formation of H*
ions from ion molecul e reactions between H,* and neutral H, intheion
source, was corrected for through a small and stable Hs-factor mea-
sured every day. All values of 8D reported here are relative to VS
MOW. A laboratory standard was used to determine the Hg* factor for
the day, normalize 8D values to the VSMOW scale, and monitor the
stability of the system. Another standard of n-alkane mixture contain-
ing 6 homologues (C,o-C5,, even) varying in 8D by 250%. was ana-
lyzed at least twice a day, to assess analytical accuracy. The mean
precision of 8D measurement for these alkanes over the whole analysis
of this study was *5%o.

3. RESULTS AND DISCUSSIONS
3.1. Peat Dating

Peat accumulation rates were determined using the simple
model of 2*°Pb dating (Robbins, 1978), where the accumula-
tion ratio is given by the slope of the least squares fit for the
natural log of the #°Phb,, . activity versus depth. The peat
accumulation rate for the top 30 cm of this monolith was
calculated to be 1.8 mm a~*, standard error range 1.6—2.1 mm
a*, 2 standard deviation (20) ranges 1.3-2.8 mm a . This
rate was extrapolated to the bottom 10 cm of this profile to give
an estimated date for the bottom most section (39—40 cm) of
the monalith of 220 aBP. Similar anomalously young dates to
that observed in the top section of the profile (i.e., 0—40 cm)
have been reported previously in 2*°Pb-dated Sphagnum hum-
mocks (El-Daoushy et al., 1982) and other **C-dated peat bogs
(van Geel and Middeldorp, 1988).

3.2. Macrofossils

The macrofossil profile (Fig. 2) from an immediately adja-
cent peat core shows the dominance of Sphagnum, especially at
the depth of 8—9 to 30-31 cm. Sphagnum accumulated in the
top 40 cm includes S. magellanicum, the most abundant spe-
cies, S s. acutifolia mainly dominating at 23-24 to 32—33 cm
and S s. cuspidata. Monocotyledons occur primarily between
4-5t0 8-9 cm and 30—31 to 37-38 cm. A low abundance (less
than 10%) of Ericaceae is seen to occur between 13-14 and
22-23 cm. As much as 20% of plant debris at 6 cm depth is
attributed to unidentifiable (humified) organic matter, which is
taken to indicate relatively dry conditions prevailed at the bog
surface at the time of peat formation (Barber et a., 1994).

3.3. Lipid Fractions

3.3.1. Hydrocarbons

The gas chromatograms of the hydrocarbon fractions show a
dominance of n-alkanes ranging mainly from C,,-C,;, having
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Fig. 2. Macrofossil compositions of an adjacent monolith, including total Sphaghum, Monocotyledons (predominantly
sedges), with composition of “dry” (unidentified organic matter [UOM]) through to “wet” indicating (S. s. Cuspidata)

peat-forming species.

amaximum at C,5 and/or Cy, (Fig. 3) and displaying a distinct
odd-over-even carbon number predominance (Table 1). This
type of carbon number distribution is believed to originate
mainly from epicuticular waxes of peat-forming plants (Baas et
a., 2000; Nott et a., 2000). The most striking feature of the
carbon number distribution is the progressive shift in the car-
bon number maximum from C;, to C,5 then back to C;; down
the profile (Fig. 3). Shorter chain homologues (C,,-C,,) com-
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Fig. 3. Carbon number distributions of n-alkanes down profile in the
40 cm peat monolith.

prised no more than 3% of the total n-alkanes. These low
molecular weight n-alkanes may be of bacteria origin (Otto et
al., 1994) while the presence of C,, and C,4 components points
to a contribution from agae (Blumer et a., 1971).

A small proportion of n-alkenes from C,4 to C,, were
detected along with the long chain n-alkanes. The occurrence of
long chain n-alkenes has been seen previously in eutrophic lake
sediments (Giger and Schaffner, 1977), Antarctic soils (Matsu-
moto et al., 1990) and oligotrophic peat (Dehmer, 1995). It has
been proposed that these alkenes derive from vascular plants,
microalgae and cyanobacteria (Dehmer, 1995).

Triterpenoids have not been widely reported in lipid extracts
of peat and, when documented they are generally unsaturated
components in immature peat deposits (Dehmer, 1995). Non-
hopanoid triterpenes identified from this peat monolith are
dominated by taraxer-14-ene and taraxast-20-ene, with lower
abundances of olean-12-ene and urs-12-ene. The presence of
taraxer-14-ene has been reported previously in peats, brown
coals and marine sediments (Brassell et al., 1980; Pancost et a.,
2002). Possible precursors, such as taraxer-14-en-3-ol and
taraxer-14-en-3-one, have been found in several marine sedi-
ments (Brassell et al., 1980; Brassell and Eglinton, 1983; Bras-
sell et d., 1986; Volkman et a., 1987). These nonhopanoid
triterpenes in the peat are derived predominately from the
peat-forming plants and their likely biogenic precursors, such
astaraxerol and B-amyrin (Pancost et al., 2002), are widespread
in the plant kingdom, in particular taraxerol, the C,,-alcohol,
has been demonstrated to be a common triterpenoid present in
Sphagnum spp. (Karrer, 1958).

The major triterpane identified in this peat is C;; «f-29-
methylhopane together with a low abundance of Cg, BB-29-
methylhopane. Hopanes with a 173(H), 213(H) configuration
are normally regarded as being bacterially derived (Ourisson et
al., 1979), formed through the reduction of hopanoid acids and
polyols. The geohopanes of the aB-type are suggested to form
through the isomeric transformation of the biohopanes of the
BB-type during diagenesis, but an explanation for their occur-
rence without implicating thermal maturation isunclear (Seifert
and Moldowan, 1980). The dominance of the C5, «8 hopanein
peat has been reported previously (van Dorsselaer et al., 1977;
Quirk et al., 1984) and shown to appear at the very earliest
stage of moss decay. This compound even appears in the
surface sample in the peat subject of this investigation. It has
been proposed that the formation of 17«(H), 213(H)-homoho-
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Table 1. CPI values of n-akanes, n-akanals, n-akanoic acids, «,w-akandioic acids and »-hydroxy acids.

Depth (cm)  n-Alkanes  n-Alkanols  n-Alkanoic acids  «, w-Alkandioic acids ~ w-Hydroxy acids
0-1 175 7.9 7.2 32 6.5
2-3 141 8.2 55 58 43
4-5 14.6 134 54 9.7 4.2
67 12.3 8.6 52 10.7 6.4
89 12.0 8.1 5.2 10.3 6.0

10-11 147 6.7 57 10.1 124

1314 9.7 11.3 8.0 11.8 10.4

15-16 12.0 12.6 7.3 12.7 7.1

16-17 13.3 8.6 7.7 7.9 12.7

17-18 141 9.8 94 12.3 8.6

18-19 185 10.6 85 9.5 12.0

19-20 16.6 12.9 8.5 131 7.8

21-22 14.2 105 7.7 16.9 8.3

23-24 147 8.9 6.7 8.6 8.1

25-26 129 110 59 117 9.3

27-28 10.8 12.0 6.9 12.9 10.7

30-31 131 6.0 7.6 8.2 156

32-33 11.8 115 7.7 10.2 14.9

34-35 141 9.6 81 11.7 13.6

36-37 143 7.8 75 121 10.0

39-40 16.0 8.7 84 9.1 135

pane is due to the oxidative and subsequent decarboxylation
reactions of bacteriohopantetrol with microbialy mediated
(rather than chemically mediated; Rohmer et al., 1980) epimer-
ization at position C-17 catalyzed by the acidic environment in
the mire (van Dorsselaer et al., 1977; Reis-Kautt and Albrecht,
1989). The proposed microbial origin for this compound is
supported by compound-specific §*3C values as discussed be-
low.

3.3.2. Ketones/Wax Esters

n-Alkan-2-ones identified in the peat, range from C,5 to C4g
and have a maximum at either C,4 or Cy, and exhibit a strong
odd-over-even carbon number predominance. Long-chain ke-
tones have been widely reported as components of the epicu-
ticular waxes of higher plants (Kolattukudy, 1976; Walton,
1990). Triterpenoids identified in this fraction include tarax-
erone and olean-13(18)-en-3-one.

Morrison and Bick (1967) reported a series of n-alkan-2-
onesin the peat wax fraction extending over the carbon number
range C,,-Css, with the distribution possessing a high odd-
over-even carbon number predominance, and the most abun-
dant homologues being C,5 and C,,. In a Sphagnum peat
studied by Lehtonen and Ketola (1990) methyl ketones were
also found to range from C,,-C55 but maximized at C,,, with
the shorter chain C,,-C,; homologues greatly increasing in
abundance with increasing degree of humification. The peat
monolith subject of this investigation lacks the shorter chain
C,+-C,; homologues, probably indicating a relatively lower
state of humification due to the shallow depth of burial.

Several possible origins are suggested for the n-alkan-2-
ones: (i) epicuticular waxes of peat-forming plants, (i) micro-
bial oxidation of n-alkanes, (iii) B-oxidation and decarboxyl-
ation of n-fatty acids, and/or (iv) microbial cracking of longer-
chain n-alkan-2-ones to yield the shorter chain components.
The high abundance of C,4 and Cs; ketones in Bolton Fell
Moss peat may indicate the microbial oxidation of n-alkanes,
with possible contributions from the epicuticular waxes of

peat-forming plants. The oxidative decarboxylation of the dom-
inant C,, and C,¢ n-fatty acids would yield C,5 and C,5 methyl
ketones, which are only minor components throughout the peat
profile. Therefore n-fatty acids appear not to be in the main
precursors for the methyl ketone formation in the Bolton Fell
pest.

Wax esters (Fig. 4) bearing a C,4 fatty acyl moiety mainly
ranged from Cg4 to Cg,, maximizing either at C,, and C,,
(dominating below 15-16 cm) or C,g and Cg, (dominating
above 15-16 cm) with obvious even-over-odd carbon number
predominances; only 2 samples (2-3 and 4-5 cm) show dom-
inant C,, and C,s homologues.
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Fig. 4. Carbon number distributions of wax esters down profilein the
40 cm peat monolith.
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Fig. 5. Carbon number distributions of n-alkanols down profilein the
40 cm peat monolith.

3.3.3. Alcohols/Serols

The major sterols and stanols occurring in the monolith are
24-ethylcholest-5-en-3B-ol (B-sitosterol), 24-ethyl-5a-choles-
tan-3B-ol  (stigmastanol), 24-ethylcholesta-5,22-dien-33-ol
(stigmasterol), 24-ethyl-5a-cholest-22-en-33-ol, 24-methyl-
cholest-5-en-33-0l (campesterol) and 24-methyl-5«-cholestan-
3B-ol (campestanol). This distribution is entirely consistent
with higher plant dominated nature of the peat. The ratio of
stigmastanol/B-sitosterol shows an increase with depth, espe-
cialy below 30 cm. Asonly trace amounts of stigmastanol have
been identified in the stanol fractions of various sphagna (Ka-
runen et al., 1983), Lehtonen and Ketola (1993) attributed the
stanols of peat to the microbial reduction of the corresponding
stenols (A>-sterols). In lacustrine sediments the increase in
stanol/AS-sterol ratio with increasing depth has also been con-
sidered to be indicative of such a microbia reduction (Gaskell
and Eglinton, 1976; Mermoud et al., 1985; Cranwell, 1986).

The principal triterpenoids include «-amyrin, 17a(H),
213(H)-bishomohopan-32-ol and 17B(H), 213(H)-bishomoho-
pan-32-ol. C,, hopanols are generally ascribed to bacterial
inputs (Ourisson et a., 1979) and have been reported previ-
ously in decayed Sphagnum (Quirk et al., 1984).

n-Alkanols extracted from the peat ranged from C,, to Cy,
(Fig. 5) with an obvious even-over-odd carbon number pre-
dominance (Table 1), with the C,, homologue generally pre-
dominating; the 0—1 and 15-19 cm depth horizons displayed a
similar abundance of C,,, C,,, C,s C,g and C,, homologues.
Although these functionalized compounds are expected to be at
least as bio-available as the n-alkanes (Ficken et a., 1998), the
variation in the distributions of n-alkanols does not correlate
with the macrofossil data; likely complicating factors include
the hydrolysis of wax esters thereby contributing n-alkanols to
the free lipid fraction.

5-n-Alkyl-resorcinols with alkyl side chains of C,g, C,,, C,5
and C,; were identified at al depths, maximizing at C,; (e.g.,
1-2to 7-8 cm) or C,4 (e.9., 10-11 to 26—27 cm) homologues
(Avsgis et al., 2002).

3.3.4. Carboxylic Acids

The acid fractions from the peat monolith were complex but
dominated by n-alkanoic acids, «,w-alkandioic acids and w-hy-
droxy acids. n-Alkanoic acids displayed carbon number distri-
bution ranging from C,4 to C,,, maximizing at C,, or C,g (Fig.
6) and displaying a strong even-over-odd carbon number pre-
dominance (Table 1). A bimodal distribution of n-alkanoic
acids centering at C,4 and C,, is seen at the shallowest depths
with palmitic acid (C,¢) rapidly decreasing in abundance down
core. Generally, the fatty acid distribution does not vary greatly
throughout the monolith, a trend which was also observed in a
Scottish blanket peat investigated by Ficken et al. (1998).
Slight variations in the carbon distributions are seen in the 2-3
to 10—-11 cm sections where the longer-chain acids (>Cg) are
more abundant.

a,0-Alkandioic acids distributions ranged from C,, to C,g
with a maximum at C,, (Fig. 7) and displayed a high even-
over-odd carbon humber predominance (Table 1). The distri-
butions of «,w-alkandioic acids remained almost constant
throughout the whole monolith with the exception 16—18 cm
section where C,,, C,, and C,4 homologues exhibited similar
abundances.

w-Hydroxy acids ranged (Fig. 8) from C,, to C,g, maximiz-
ing a C,, (0-1 to 16—17 cm, 21-22 cm, 27—28 cm and 3637
cm), or C,g (16-17 to 2021 cm, 23-24 to 25-26 cm, 30-31
to 35-36 cm and 39—40 cm), and displayed a high even-over-
odd carbon number predominance (Table 1). A feature of the
distribution of w-hydroxy acids is that the longer chain com-
ponents, the C,4 in particular, increased in relative abundance
below 13-14 cm depth. A similar increase in the abundance of
the C,¢ w-hydroxy acid has been reported previously in highly
decomposed Sphagnum peat (Lehtonen and Ketola, 1993).
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Fig. 6. Carbon number distributions of n-alkanoic acids down profile
in the 40 cm peat monolith.
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Fatty acids are ubiquitous in living organisms fulfilling a
variety of roles. Hydroxy acids are the most common function-
alized fatty acids in higher plants but appear to be relatively
uncommon in fungi. Long chain w-hydroxy acids (>C,) are
characteristic higher plant biomarkers, deriving from the poly-
esters cutin and suberin (Walton, 1990). The «,w-diacids prob-
ably also originate mainly from the higher plants and mosses
where they also occur as polymer ester constituents of the
peat-forming vegetation (Eglinton and Hamilton, 1967; Ka-
runen et al., 1983; Lehtonen and Ketola, 1993). However, fatty
acids can be atered by microbial oxidation in sedimentary
environments, e.g., oxidation of w-hydroxy acids to «,w-diac-
ids by yeast and bacteria, thus care must be exercised when
using such components as source indicators. The similar carbon
distributions of the a,w-diacids and w-hydroxy acids and the
relatively low carbon preference index (CPI) values of «,w-
diacids (Table 1) in the shallowest samples, indicate that at
least a portion of the «,w-diacids may be produced by microbial
oxidation of long chain w-hydroxy acids.

3.4. Bulk and Compound-Specific 6**C and 8D Values
3.4.1. 8'3C Values of Bulk Peat

The 8°C values of the bulk peat subsampled from the
monolith ranged from —24.6 to —28.0%. (Table 2), consistent
with a C; plant source (Galimov, 1985). A general trend toward
more depleted values (—24.6 to —28.0%o) is seen above 2223
cm (**°Pob-dated at ca. A.D. 1870). It has been demonstrated
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that the burning of fossil fuels since the industrial revolution
(last 130 yr) has resulted in the 8*3C value of the atmosphere
becoming more depleted in °C by ca. 1.3%.. Hence, the §*C
value of the preindustrial atmosphere has shifted from —6.5 to
the —7.8%o recorded in the present day (Friedli et al., 1986).
The factors contributing to the additional 2.2%. variation, be-
lieved to reflect the influence of temperature, are discussed
later.

3.4.2. 8'3C Values of Specific Hydrocarbons

Table 2 presents the '3C values of arange of lipid compo-
nents of the peat monolith. All the listed compounds display
relatively depleted 6*3C values compared with the bulk peat.
Thisis consistent with previously reported differences between
the 8§*3C values of lipid components and bulk tissues of C,
plants where n-alkanes (and most other straight chain com-
pounds) are derived viathe acetate-malonate biosynthetic path-
way resulting in increased carbon isotope fractionation between
lipids and plant tissues (Rieley et al., 1993; Collister et a.,
1994). The carbon isotopic compositions of C,; and C,g N-
akanes vary from —35.6 to —31.7%o., and —33.5 to —29.3%o,
respectively. The C,q n-alkane is more enriched (2.1%o) in *3C
than the C,; n-alkane, which is consistent with values deter-
mined for modern Sphagnum plants (Ficken et a., 1998; Nott,
2000). All n-alkanes are generally more depleted in *3C than
the nonhopanoid triterpenes including taraxer-14-ene, olean-
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Table 2. Vertical distribution of 8*°C values (%o) in bulk peat and specific compounds in the 40-cm monoalith.2

n-Alkanes Triterpenes
Depth (cm) Bulk peat Cys Cys C,y Cyo Cs, Cys tax-20 tax-14 oln-12  Cg e
0-1 —27.0 —35.6 —-35.9 -344  -319 -32.7 —29.6 -284 —-296 252
2-3 274 —344 —345 —34.0 —315 —-314 —28.6 —-311 —26.4
4-5 —275 -33.9 —345 -330 -—-330 —-315 -29.3 -314
67 —27.8 —33.7 —335 —29.8 -321 —27.0
89 —28.0 —34.4 -34.2 -329 -32.7 —344 -29.1 -34.9
10-11 —27.2 —33.8 —-33.7 —335 —32.8 —324 —33.0 —28.7 —324
13-14 —26.4 -329 -329 -317 -323 -319 -329 —29.9 —29.2 —29.5
15-16 —25.9 —334 —335 —-331 —304 —-32.7 —-321 —28.9 —284 —26.9
16-17 —25.5 —32.6 —29.9 —28.9 -28.1
17-18 —254 —32.6 —30.0 —32.0 —27.8 =271 —26.4
18-19 —254 -325 -304 —-28.0
19-20 —253 —325 —29.9 —315 =277 —26.8 —26.9
21-22 —24.6 —334 -293 —-326 —28.6 —27.8 -253 —255
23-24 —24.7 —31.9 —29.8 —30.5 —25.7
25-26 -25.0 -31.7 —-319 -314 -309 -310 -—-309 —29.6 —27.8 —-295 -243
27-28 —26.2 —31.9 —-33.7 —31.2 —31.2 —31.2 —313 —29.3 —26.7 —30.8 —24.0
30-31 —26.0 -325 -344 -311 -30.7 -31.6 —-304 -—-302 —26.9 —27.7 —254
32-33 —26.4 —329 —345 —30.9 —30.7 —31.7 —-30.7 —=27.7 —28.3 —24.4
34-35 —26.2 —33.6 -35.0 -30.7 —30.9 —-30.0 -27.1 —284
36-37 —255 —329 —-311 —29.8 —-32.9 —28.0 —28.6
39-40 —25.7 -33.1 —338 -29.8 —-30.0 —-294  —29.6 —26.7 —28.3
Mean (%o) —26.1 —33.2 —34.0 —-32.2 —-311 —317 —313 —29.6 —28.0 —29.1 —25.3
Variation (%o) 34 39 4.0 4.6 42 45 33 53 31 9.6 3.0

3 tax-20: taraxast-20-ene; tax-14: taraxer-14-ene; oln-12: olean-12-ene; C,af: Cs,a3-hopane.

12-ene and taraxast-20-ene. The mean 8'°C value of the 3
nonhopanoid triterpenes in the profile was determined to be
—29.9%0, which is 1.5%o less depleted than the C,,, C5, and
C,; n-alkanes. This is in excellent agreement with Hayes
(1993) who explains that the less depleted 8°C values of
terpenoids relative to n-akyl lipids (by ca. 1.5%0) reflects
isotopic differences in their respective biosynthetic precursors.

The overall variations in 8*°C values of n-alkanes, triterpe-
nes and hopanes range from 3.0-9.6%o (Table 2). Included in
these variations is 1.3%o resulting from the fossil fuel effect,
which isreflected in the C,; n-alkane by the overall decrease of
83C values with depth spanning the industrial revolution pe-
riod. However, the record of the fossil fuel effect in C,g
n-alkane is much less apparent. The 2 samples taken at or near
the surface (0—1 and 2-3 cm) exhibit more enriched (1.5-2%o)
8'3C values for the C,, n-alkane than deeper samples (4-5 and
6—7 cm). The less depleted §*3C values in the surface samples
might be related to the contribution of microorganisms. It has
long been noted that fungi are relatively less depleted in the *3C
isotope, and that fungal spores generally contain C,,-Cs, n-
alkanes, often maximizing at C,,, C,q and C;, (Weete, 1976;
Huang et al., 1996). Many nonphotosynthetic bacteria have
been found to contain C,5-C5, hydrocarbons (Albro, 1976).
Algae are a'so capable of producing C,,-C,, n-akanes (Gelpi
et al., 1970; Weete, 1976) with less depleted 6*3C values than
higher plants as they fix CO, dissolved in water, which is
relatively less depleted in *°C (Farquhar et al., 1989; Huang et
a., 1996). Comparisons between higher plant and bacteria
n-alkanes have revealed 2.5-3.5%o less depleted §3C values
for bacteria n-akanes (Huang et a., 1996). Thus, the less
depleted 8*3C values for the C,, n-alkane at the peat surface is
likely due to the activities of microorganisms such as bacteria,
fungi and algae.

Comparisons of the §*3C values in C,sn-alkane between

modern Sphagnum spp. (—37.6%0) from this bog and the Sph-
agnum-dominated surface peat (—35.6%o) are less depleted by
~2.0%0. An enrichment of alkanes (2.5%o) in buried peat ho-
rizons compared to present-day plants has been reported pre-
viously by Ficken et a. (1998). Variations in leaf and soil
n-alkanes (1%.) have also been reported (Lichtfouse et al.,
1995). Diagenetic effects resulting in the loss of **C-depleted
CO, and CH, may contribute to the observed differences. A
high concentration of isotopically light carbon dioxide formed
as a result of decay (mineralization) of organic remains was
found to occur in the layer of air most adjacent to the ground
surface (Munnich and Vogel, 1959; Keeling, 1961).

The dominance of the C5, a3 hopane in peat has previously
been reported (van Dorsselaer et al., 1977; Quirk et al., 1984)
but its origin is far from clear. The stable carbon isotopic
compositions of hopanoids were measured when present in
sufficient concentrations. 8'°C values of the Cs,17a(H),
21B3(H)-29-methylhopane in 8 samples varied from —24.0 to
—27.0%0 with a mean of —25.3%0 (Table 2). Compared with
the nonhopanoid triterpenes (mean 6*3C value of —29.9%o),
this a8 hopane is less depleted in **C by 4.6%o, probably
indicating its microbial origin. A 4-5%. difference in 6*°C
values between hop-22(29)-ene or hop-13(18)-ene and higher
plant n-alkanes was observed by Huang et al. (1996) in three
types of British acid upland soils and they proposed this dif-
ference to be related to the contribution of heterotrophic bac-
teriaand/or cyanobacteria. A notable feature isthat the reported
less depleted (5%o0) 6*3C values of carbohydrates and proteins
relative to lipids (Deines, 1980) is near to the 4.6%. of the
aforementioned hopane. Since the subsequent isotope fraction-
aion in bacterial biosynthesis is small this infers that plant
carbohydrates and/or proteins are the main carbon source for
these peat surface dwelling microorganisms. Such carbon
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Table 3. 8D values of individual n-alkanes and total n-alkanes of modern peat plants.?
8D (%) Relative concentration (%)
8D (%o) in
Species Cas Css Cs; Cao Ca Cas Czs Cxs Cs; Co Ca Cy;  totd n-alkanes
S magellanicum  —-169 —-175 —-153 —-153 —-168 —170 85 202 38 180 360 135 —166
S papillosum —166 —159 —153 —155 —176 —166 406 234 5.2 51 181 7.6 —165
S palustre —170 —170 —155 —163 —-171 —159 346 251 13.7 85 14.0 4.1 —167
S capillifolium —158 —165 —143 —155 —160 —155 124 164 5.6 14.9 36.9 13.8 —158
S recurvum —174 —158 —153 —178 —153 —154 547 228 11.6 57 44 0.8 —167
S cuspidatum =177 —165 —157 —169 —194 —195 299 6.7 3.9 95 350 15.0 —183
T. cespitosum -144 -159 -193 -—-225 225 218 0.3 0.8 20 115 593 261 —221
E. angustifolium —156 —142 —163 —196 —208 —200 12 18 33 154 56.7 216 —201
E. vaginatum —153 —164 —183 —184 —181 —196 12 18 34 154 566 216 —184

2S = Sphagnum, T. = Trichophorum, E. = Eriophorum.

sources for heterotrophic bacteria in soils have been proposed
previously (Huang et a., 1996).

3.4.3. Variation in 8D Values of n-Alkanes in Modern Peat-
Forming Plants

The compound specific 8D values of n-alkanes in modern
Sphagnum spp. and sedges are shown in Table 3. The standard
deviations of triplicate analyses typically ranged from 0.5%o. to
4.5%0. Evidently, Sphagnum species show relatively lower vari-
ation (16—38%o) in 6D values of n-alkanes. In contrast, sedge
species display large variations in 8D values (43—81%o0) with
long chain n-alkanes (C,o-Cy5) being relatively depleted com-
pared with their short chain counterparts (C,5-C,). Given the
8D values and the relative abundance of individual n-alkanesin
a specific plant species, we can derive the approximate 6D
values for the total weighted mean n-alkanes. The calculated
values presented in Table 3 clearly indicate more discrimina-
tion against deuterium in the sedges, suggesting the different
deuterium contents between mosses and sedges might result
from their physiologic difference. While sedges can control
water loss by regulating stomatal opening, mosses lack this
ability due to the absence of functional stomata. In addition,
mosses lack awaxy cuticle on the leaf epidermis so water loss
occurs by simple diffusion through the cell walls of the plant,
thereby reducing isotopic fractionation.

It is notable that compared with C,, C5; and C,; n-alkanes,
relatively less variation in 8D values is seen amongst the
shorter chain homologues from the 9 modern moss and sedge
species. For example, for all the species analyzed the 6D values
of the C,; n-akane range from —144 to —177%o (variation
33%o) while 6D values of the C;,; n-alkane range from —153 to
—225%o (variation 72%.). Hence, the smaller variation in 8D of
the C,5 n-akane, though it remains unclear, makes this the
more favorable compound for use in the reconstruction of past
climate.

3.4.4. Variation in 8D of Specific n-Alkanes

Figure 9 shows the variations in 6D values of the C,q and
C,; n-alkanes in the 40 cm monolith; less depleted values were
seen at the depth interval of 6—7 cm to 32-33 cm, approxi-
mately coinciding with the distribution of dominant Sphagnum
spp. with depth as revealed by macrofossil analyses of the
adjacent core. More importantly, the mean 6D value of the Cg,
n-alkane in this depth interval was calculated to be —163%o,

which is similar to the mean value (—167%.) of 6 modern
Sphagnum spp. collected from the bog surface. The less de-
pleted 8D values of the C,q and Cgn-akanes at the depth of
6—7 cm to 32—33 cm appear to be related to the dominance of
Sphagnum spp. The more depl eted deuterium values seen at the
4-5 cm, and 36—37 cm depth intervals probably reflect the
increasing growth of sedges, athough there is a c. 2-4 cm
offset in depth between the distribution of depleted deuterium
in the monolith and the distribution of sedges in the adjacent
core which could relate smply to minor variations in surface
topography. The higher deuterium values occurring in Sphag-
num-dominated horizons, and the lower values seen in sedge-
dominated horizons in the monolith, agree with the trends seen
in the 8D values recorded for modern Sphagnum spp. and
sedges as discussed above. Thus, variationsin deuterium values
of the long chain n-alkanes (C,q and Cg;) relate mainly to the
vegetation changes, which obscure variations in the isotopic
composition of the bog water. Theoretically, the D/H ratio in
the biochemical components of peat-forming plants (such as
cellulose and lipids) should be a proxy for paleotemperature.
However, apart from a temperature-dependent signal, thisratio
is also strongly related to the physiologic characteristics affect-
ing isotopic fractionation in the different peat-forming species.
A strong correlation between 8D values of cellulose and bo-
tanical composition of peat was demonstrated by Brenninkmei-
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Fig. 9. Variation in 8D values (%o) of C;5 and C,4 n-alkanes in the
monolith.
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jer et a. (1982). The climatic signal in the D/H ratio of peat
cellulose in Carbury bog in Ireland was completely over-
whelmed by the indirect effects of the numerous plants con-
tributing to peat formation (van Geel and Middeldorp, 1988). It
is undoubtedly the case that the deuterium content of peat is
strongly influenced by climate, but that the local vegetation at
the time (itself partly also a consequence of climatic condi-
tions) is also responsible for variations of D/H. Thus, the
overal fractionation is an integral of climatic and plant-phys-
iologic factors (van Geel and Middeldorp, 1988). The latter
might be considerably larger than the direct temperature-in-
duced variation, and it might balance or even obscure the direct
temperature effect. Thus, the hydrogen isotope ratios of cellu-
lose and C,q and C,; n-alkanes cannot be used as precise
climate proxies. Conversely, the 6D values of C,; n-alkane in
the peat monolith strongly relate to temperature as will be
discussed later.

3.5. Climatic Anomaly Recorded by Biomarkers

Figure 10 shows that the most extreme climatic anomaly
occurring during the 220 yr encompassed by the peat monolith
is the cooler climate recorded between the second half of the
19" and the middle of the 20" century, known as the second
part of Little Ice Age in Europe (Libby et al., 1976). Figure 10
aso plots the distributional and isotopic characteristics of var-
ious biomarker components in relation to the cooler climate
event.

3.5.1. C,; n-Alkane Indicating Exponential Biologic Growth
Related to Climatic Change

In this 40 cm peat monolith the concentration of C,; n-
alkane displays the following variation (Fig. 10): a progressive
increase from 30—-31 cm to 17-18 cm followed by a gradual
decrease from 17-18 cm to 8—9 cm. Significantly, thisvariation

coincides with the cooler temperature period (A.D. 1949—
1827).

The C,; n-akane was found to be the major n-alkane in
some Sphagnum species (Ficken et a., 1998; Baas et al ., 2002).
(Nott et a. (2002)) demonstrated, through lipid analyses of
modern plants from this bog, that a range of Sphagnum species,
such as S recurvum, S palustre and S. papillosum also show an
n-alkane distribution dominated by the C,; n-alkane, while in
S magellanicum, and S capillifolium the C;; homologue was
dominant, and S. cuspidatum showed a bimoda distribution
with maxima at C,; and Cg;,. In contrast, all the sedges exam-
ined exhibit n-alkane distributions with the C5;; homologue
predominating. The dominance of the C,; n-alkane in the peat
thus, correlates with Sphagnum species while the abundance of
C;, n-akaneisrelated to both Sphagnum and sedges. Since the
shorter chain n-alkanes seen in Sphagnum are consistent with
plants growing in arelatively wetter environment (Barnes and
Barnes, 1978) the concentration of the C,5 n-alkane will reflect
changes in the relative abundance of Sphagnum relative to
sedges, or reflect interspecies replacement when only Sphag-
num spp. dominates. Since the macrofossil data show that
Sphagnum is the dominant species (~90%) at the depth inter-
vals between 8-9 cm and 30-31 cm the variation of the C 5
n-alkane concentration does indeed reflect the changing abun-
dance of different Sphagnum species contributing to peat for-
mation.

Significantly, the concentration of the C,; n-alkane at the
depth interval 30—31 cm to 8-9 cm exhibits two phases of
exponential variations (correlation coefficient R?=0.99), indi-
cating the exponential transgression and regression of C,g
contai ning Sphagnum spp. This appears to agree with one of the
fundamental biologic principles of exponential population
growth (May, 1976; Odum, 1983) and the exponential growth
of individuals during initial development stages (Koyama and
Kira, 1956; Wilbur and Collins, 1973; Lomnicki, 1988). It has
also been demonstrated ecologically that, unlike the response to



Molecular and stable isotope stratigraphy in peat 2859

biotic factors (such as competition, parasites, pathogens, etc.),
climatic factors can affect population growth in a density-
independent manner (Odum, 1983) which can lead to exponen-
tia growth (May, 1976; Odum, 1983).

3.5.2. Other Biomarker Characteristics Related to Climatic
Change

Besides the variation in the concentration of the C,; n-
alkane, the total organic carbon, CPl values of the n-alkanes
and n-alkanoic acids, and the ratio of 5-n-alkyl-resorcinols/
sterols (Fig. 10) all show variations related to the cooler climate
event. The CPI values of both the n-akanes and n-alkanoic
acids display relatively higher valuesin 13-14 cm to 27-28 cm
depth harizon coincident with the lower mean summer temper-
atures (A.D. 1843-1921). The increased CPI value is probably
related to reduced degradation during the cooler period consis-
tent with the proposal of Kuder and Kruge (1998) that lower
temperatures can be an important factor in reducing degrada-
tion rates in northern climates. The diagenetic decrease of CPI
was also recorded at the topmost section of the peat presumably
influenced by increasing mean temperature. The decrease of the
ratio of 5-n-alkyl-resorcinols/sterols during the cooler event
(Fig. 10) is related to the reduced growth of sedge species,
since only these peat-forming plants appear to contain 5-n-
akyl-resorcinols (Avsgs et a., 2002).

3.5.3. Correlation of §*3C Values with Temperature
Variations

In sedimentary environments the *C value of an individual
compound is the mean of all contributing sources, including the
range of different plant species, which will vary depending on
their individual responsesto the environmental conditions (e.g.,
atmospheric CO, concentration and its §*3C value, tempera-
ture, humidity, sunlight, nutrient concentrations, etc.; Huang et
al., 1996). As indicated above, the variation in 8*C values of
specific compounds and bulk peat in the monoalith range from
3.0-9.6%o0 (Table 2), which cannot be explained by anthropo-
genic effects alone. The relationship between the §*3C values
of plants and their growth temperature has been extensively
investigated in cellulose from tree rings and a theoretically
derived temperature coefficient of +0.36%o °C~* for cellulose
8'3C during photosynthesis has been proposed by Libby
(1972). This is supported by an investigation in the trends in
83C values in a German oak and recorded temperature varia-
tions in western Europe (Pearman et a., 1976). However, a
negative temperature coefficient of —0.27%. °C~* for mean
December temperatures has been reported in tree rings of
Juniperus (Leavitt and Long, 1983), while a temperature coef-
ficient of —0.7%o. °C~* was recorded for the rings of naturally
grown Elm trees in Massachusetts (Farmer, 1979). In severa
growth chamber experiments, negative carbon isotope temper-
ature coefficients have aso been recorded in whole plants and
leaves (Smith et a., 1973; Troughton and Gard, 1975; Smith et
a., 1976; Schmidt et a., 1978). However, the mechanism
leading to these negative coefficients remains elusive, although
in an investigation of fractionation by CO,-fixing enzymes
isolated from soybean leaves revealed a negative carbon iso-
tope temperature coefficient (—0.22%o °C~ 1) for RUBP carbox-
ylase (initial carboxylating enzyme in C, plants; Christeller et

a., 1976). Thus, an explanation of the precise source of the
negative correlation between compound-specific *°C values
and temperature must await |aboratory experiments involving
peat-forming plants.

3.5.4. 6D Values Related to Temperature

As discussed above, deriving climatic information from the
8D value of the C,q and Cg; n-akanes is limited by the
underlying plant composition noise. Solutions to the plant
composition noise effect have been proposed in cellulose stud-
ies. One possibility proposed by van Geel and Middeldorp
(1988) is to target a restricted range of taxa for 6D measure-
ments. Pendall et a. (2001) recently reported such kind of
investigation, who set up a temperature-8D relationship based
on the 8D measurement just from modern Sphagnum moss
cellulose and suggested this could be applied to identifiable
moss fragment. Another approach would be to employ a mul-
tiple linear regression correction using 6D values as the depen-
dent and the volume percentages of floral composition as the
independent variables. The residual signa after multiple linear
regression is believed to correlate with climate (for detail, refer
to Dupont and Mook, 1987). However, some practical prob-
lems exist in the application of these methods, and the appli-
cation of multiple linear regression on Carbury Bog was un-
successful, with the extracted residual signal failing to parallel
known climatic events.

In contrast to cellulose, lipids, such as n-alkanes have the
advantage of comprising a series of homologous components,
with the different homologues having the potential to be iso-
topically sensitive to climatic change. Furthermore, in contrast
to cellulose, which occurs in all plant taxa, lipid biomarkers
related to specific plants can be targeted for isotopic anaysis
thereby minimizing isotopic variation arising from the plant
composition noise. As mentioned above, in contrast to the long
chain homologues, the short chain n-alkanes display relatively
congtant differences in 8D values among Sphagnum spp. and
even between mosses and sedges. Therefore, variation in plant-
physiologic isotopic fractionation is likely to be negligible
when considering these short chain compounds. Interestingly,
the C,; n-alkane, the major n-alkane occurring in Sphagnum
spp. (Nott et al., 2000) exhibits variation in 6D values in this
monolith (Fig. 10) similar to the 8D records in tree ring
cellulose in Germany (Schiegl, 1974), USA and Scotland (Ep-
stein and Yapp, 1976), with more depleted deuterium values
observed during cooler periods (Fig. 10). Since ombrotrophic
peat bogs only receive water through direct precipitation the
deuterium content of organicaly bound hydrogen in peat-
forming plants must correlate with that of precipitation (Schiegl
and Vogel, 1970). The deuterium content of precipitation has
been quantitatively described and demonstrated to decrease
with decreasing condensation temperature (Dansgaard, 1964,
Merlivat and Jouzel, 1979; van der Straaten and Mook, 1983).
It is entirely acceptable that the depleted 6D values are seen
both in the C,; n-alkane (this study) and tree ring cellulose
records during periods of cooler climate. On this basis we have
argued that the variation in the 8D values of the C,; n-alkane
in the monalith is strongly influenced by pal eotemperature and
largely independent of variation in plant species (Xie et al.,
2000).

The variations seen in the 8D value of the C,; n-akane
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appear to relate to variations in humidity at the bog surface.
Evaporative loss of H in falling raindrops results in enrichment
of deuterium that is enhanced by low humidity (Dansgaard,
1953, 1961; Ehhalt et a., 1963). Enriched 8D values in tree
ring cellulose resulting from low humidity have been reported
by Schiegl (1974). The trend towards relatively depleted 6D
values for the C,; n-alkane observed during the cooler period
encompassing the depth (67 to 32-33 cm) where Sohagnum
spp. dominate, agrees with these latter studies. Thus, variations
in 8D value of the C,; n-alkane in the monolith appear to be
dominated by temperature, with a further influence by humid-
ity.

Investigation of deuterium content of modern precipitation
shows, that whereas the temperature effect dominates at North-
erly and Southerly regions, the amount effect accounts for the
majority of the variation in tropical and subtropical regions
(Dansgaard, 1964). In this peat monolith, the more depleted
deuterium values observed during the cold period does not
appear to result from low precipitation because negative cor-
relations are usually observed between 6D and the amount of
precipitation (Dansgaard, 1964). At higher latitudes, such asin
Northern England, the amount effect becomes less pronounced
(Dansgaard, 1964), thus further emphasizing the temperature
dependence seen for the 8D values of the n-alkanes of the peat
from Bolton Fell Moss. More data are needed to relate the
deuterium contents of specific biomarkers with the origin of a
particular water mass and changes in its isotope composition
during the course of precipitation before reaching the location
of the bog, which is under consideration of our current inves-
tigation of modern-day precipitation over a long period.

4. CONCLUSIONS

Total organic carbon content and concentrations of total lipid
extracts, C,; n-alkanes and 5-n-alkyl-resorcinols were found to
decrease during the cooler climate from the late half of the 19"
to the early half of the 20™ centuries as a result of reduced
photosynthetic rate. The concentration of the C,; n-alkane, an
abundant hydrocarbon produced predominantly by Sphagnum
spp., clearly records the exponential growth of certain Sphag-
num spp. related to the cooler climate event. Low temperature
and the correspondingly low diagenetic rates result in increased
CPI values in both n-alkanes and n-alkkanoic acids.

The §3C values of bulk peat and specific compounds indi-
cate a C, plant origin for most compounds in the monolith,
excluding C;; 17a(H), 21B(H)-29-methylhopane which dis-
plays enriched 8*°C values, indicative of a microbial origin.
Thefossil fuel effect since the industrial revolution was clearly
recorded by the overall depletion in *C of specific compounds,
especialy that of C,; n-alkane. The cooler climate during the
second part of Little Ice Age was clearly seen in the less
depleted 8§*3C values of peat derived hydrocarbons.

n-Alkane homologues from modern Sphagnum spp. exhibit
much less variation in their D values than sedges, probably
resulting from physiologic differences. Analyses of both the
modern peat-forming plants and the peat comprising the con-
tiguous subsections of the 40 cm monolith reveal that while the
longer chain n-alkane homologues (C,o, C5, and Cgy) display
8D values mainly reflecting plant composition noise the 6D
values of the short chain n-alkanes (C,;, C,5 and C,;) are a
powerful tool for the reconstruction of past climatic change.
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