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Abstract—Hydrogen isotope ratios were measured on n-alkanes (n-C,, to n-C;,) extracted from recent lake
surface sediments along a N-S European transect to test if modern climate variability is recorded in these
biomarkers. 8D values of the n-alkanes are compared to 8D values of meteoric water from the IAEA-GNIP
database spanning a range from —119%o in northern Sweden to —41%o in southern Italy, to lake water 6D
values, and to mean annual temperatures, varying between —2.0°C in the north and 13.7°C in the south.

oD values of the short-chained n-alkanes n-C,, to n-C,,, excluding algal derived n-C,, and n-C,,, are
higher in the north and lower in the south. The isotopic fractionation & for hydrogen between meteoric water
and the short-chained n-alkanes is increasing from N to S by more than 100%. and is significantly correlated
to mean annual temperature for n-C,, and n-C,4. This suggests that these n-alkanes may originate from a
different source in the northern lakes, possibly due to petroleum contamination, or are synthesized using a
different biochemical pathway.

The n-C,, and n-C, 4 alkanes of algal origin, the n-C,, and n-C,, alkanes originating from water plants, and
the long-chain n-alkanes n-C,5, n-C,-, n-C,,, and n-Cj, of terrestrial origin, clearly correlate with 8D values
of meteoric water, lake water, and mean annual temperature, indicating that they excellently record the 6D
value of meteoric water. The mean hydrogen isotope fractionation ¢, of —157%0 (SD = 13) between
n-C,, and meteoric water is fairly constant over the wide range of different climates and lake environments,
suggesting only minor influence of environmental factors on this biochemical fractionation. This suggests that
oD values of n-C,, are suitable to reconstruct the isotopic composition of source water. The mean fraction-
ation between the long-chain n-alkanes and water is —128%o0 (SD = 12). The mean difference of 31%o
between both € values is likely due to evaporative enrichment of deuterium in the leaf water. If this is the only
influence on the enrichment, the difference between the 6D values of terrestrial and aquatic compounds might
be suitable to reconstruct terrestrial evapotranspiration of the lake environment. Copyright © 2004 Elsevier
Ltd

1. INTRODUCTION

Compound-specific hydrogen isotope ratios of organic com-
pounds are emerging as a new paleoclimatic and paleohydro-
logical proxy (Andersen et al., 2001; Sauer et al., 2001; Huang
et al., 2002; Yang and Huang, 2003; Sachse et al., 2004). The
use of this technique on compounds originating from specific
groups of organisms, so-called biomarkers, opens new perspec-
tives to trace changes in various compartments of the water
cycle, and hence, climate variability in the geological past. The
hydrogen isotope composition of environmental water is de-
pendent on climatic conditions such as temperature, evapora-
tion, and precipitation (Craig, 1961; Craig and Gordon, 1965;
Gonfiantini, 1986; Gat, 1996). Current knowledge suggests that
the fractionation of H isotopes in biosynthesis is constant and
mostly controlled by the biochemical pathway used (Sessions
et al., 1999). Therefore 6D ratios of biomarkers have the
potential to record changes in the isotopic composition of the H
source. This is well known for 6D values from cellulose of tree
rings (Epstein et al., 1976; Yapp and Epstein, 1982; Sternberg,
1988; Feng and Epstein, 1995), and also for bulk plant lipids
(Sternberg, 1988). For n-alkanes from algae, a fractionation
(&p-alkane/water) Of —160%0, and for sterols —201%o, has been
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reported (Sessions et al., 1999; Sauer et al., 2001). Moreover,
n-alkanes from terrestrial higher-plants are more enriched in
deuterium, resulting in an &,_,cne/water Value of about —117%o
for C3 plants (Estep and Hoering, 1980; Sternberg et al., 1984;
Chikaraishi and Naraoka, 2003), since leaf water in plants, the
H source for biosynthesis, is usually enriched by 20 to 80%o
relative to soil water (Ziegler, 1989).

Lake sediments are excellent climate archives (e.g., Allen et
al., 1999) for recording regional climate changes on the conti-
nents, and are therefore, the prime target for biomarker 6D
analysis. Evidentially, palmitic acid extracted from recent lake
sediments throughout North America records the 8D of the
source water (Huang et al., 2002). Other more specific bio-
markers, such as several sterols, also record the 6D value of the
source water (Sauer et al., 2001). However, as carboxylic acids
are only minor compounds in older sediments, those biomark-
ers are not always suitable for paleoclimatic reconstruction.
Therefore, n-alkanes, which are present in considerable
amounts even in paleozoic sediments, do not contain exchange-
able H (Schimmelmann et al., 1999), are relatively easy to
extract and purity, and should be reliable compounds in terms
of 8D analysis.

The n-alkanes from recent sediments cover a wider range of
oD values (Sauer et al., 2001) due to different biological
sources. The occurrence of the short-chain even-carbon-num-
bered n-C,, to n-C,, alkanes in sediments from different en-
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Fig. 1. Location of the 13 sampled lakes in Europe and the mean annual 8D value of precipitation for Europe (taken from

the TAEA-GNIP database; IAEA, 2001).

vironments is generally attributed to bacteria (Han and Calvin,
1969; Grimalt and Albaiges, 1987). Short-chained n-alkanes,
especially n-C,,, are generally considered as indicators for
input by algae and photosynthetic bacteria (Han et al., 1968;
Han and Calvin, 1969; Cranwell et al., 1987; Meyers, 2003),
n-alkanes with 21, 23, and/or 25 carbon atoms are derived from
submerged aquatic plants (Ficken et al., 2000), whereas the
n-C,5 to n-C;, alkanes originate from the leaf waxes of land
plants (Eglinton and Hamilton, 1967; Cranwell et al., 1987).
The n-C,5, n-C,s, and n-C;, alkanes can also be derived from
sphagnum species (Baas et al., 2000). Consequently, the 6D
values of different n-alkanes should yield information on the
origin of hydrogen in the bacteria, algae and plants.

First reconstructions of paleohydrological conditions using
8D values from sedimentary n-alkanes of various ages up to the
Permian show promising results (Xie et al., 2000; Andersen et
al., 2001; Sauer et al., 2001; Sachse et al., 2004). So far a
systematic approach comparing recent sedimentary n-alkane
8D values with climate data are still lacking. Therefore, we
sampled surface sediments from 13 lakes along a N-S climatic
gradient from Northern Finland to Southern Italy to test if the
climatic gradient is recorded in n-alkane 6D values and to

present a solid base for the application of n-alkane 8D values as
a new paleohydrological proxy.

2. MATERIALS AND METHODS
2.1. Sample Sites and Field Sampling

All sampled lakes (Fig. 1) are small groundwater-fed lakes with a
relatively small catchment area (Table 1) and low human impact,
except Pddjarvi Lake in Finland, which is significantly bigger, and
Lago di Massaciucoli, which is subject to temporal saltwater influx
from the Mediterranean Sea. Six lakes are oligotrophic, four lakes
eutrophic, one lake is mesotrophic, and one is oligo/mesotrophic. For
an overwiew of basic limnological parameters see Table 2. The sites
cover a mean annual temperature range from —2.0°C (Naimakka,
northern Sweden) to 13.7°C (Monticchio, southern Italy). Temperature
and evaporation are the main factors controlling the 8D value of the
meteoric water, source water for the lakes (Gonfiantini, 1986). The
resulting mean annual 8D value of meteoric water on the sites covers
a range from —119.0%0 vs. VSMOW in northern Sweden/Finland
(mean annual 8D from 1992 to 1995 in Naimakka, Sweden) to
—36.6%0 vs. VSMOW in southern Italy (mean annual 6D from 2000 in
Bari; IAEA, 2001 Fig. 1).

Sediments were sampled in August and September 2002 using a
gravity corer (HTH-Teknik, Luled, Sweden) operated from a dismount-
able raft. The new sediment covering roughly the last year (usually the
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Table 1. Location and basic geographic and meteorological data of the sampled lakes.
Mean Mean
Water  Lake annual annual
Sample Altitude  depth area  Catchement temperature precipitation
code Lake Geographic location [m asl] [m] [km2] area [km2] [°C] [mm)]
NAI Oikojirvi (FIN) 68°50'55"N  21°10'50"E 463 8.4 1.5 4.5 -2.0 450
KEI Keitjoru (SWE) 68°40"7"N  21°30'58"E 428 2.0 0.01 1.5 —2.0 450
SODO003  Hirviidnkurunlampi (FIN) 67°22'44"N  26°51'3"E 178 4.7 0.011 >50 —0.3 529
SOD007  Tunturilampi (FIN) 67°21'23"N  27°10'6"E 293 10.7 0.36 8.4 -0.3 529
HYY Kiuvajdrvi (FIN) 61°50'55"N  24°16'46"E 149 133 0.84 30 35 640
SYR Syrjanalunen (FIN) 61°11'37"N  25°8'29"E 156 8.5 0.3 n.d. n.a. n.a.

LAM Padjarvi (FIN) 61°3'36"N  25°5'55"E 151 449 1342 244 3.6 619
SOR Grystinge (DK) 55°33'11"N  11°41'42"E 30 8.2 2.64 n.d. 8.6 636
HZM Holzmaar (GER) 50°7'10"N  6°52'44"E 436 24.0 0.058 2 10.5 1042
MAS Lago di Massachiucoli (ITA) 43°50'N 10°18"49"E 18 2.0 7 n.d. 14.1 906
MEZ Lago di Mezzano (ITA) 42°36'46"N  11°46'9"E 466 30.4 0.445 0.907 13.1 1030
LGM Lago Grande di Monticchio (ITA) 40°55'58"'N  15°36'10"E 674 36.7 0.405 2.37 13.7 815
LPM Lago Piccolo di Monticchio (ITA) 40°55'55"N  15°36'48"E 685 36.0 0.08 2.37 13.7 815

Mean annual temperature data and mean annual precipitation data from NAI, KEI: personal communication D. Hammarlund; SOD: Finnish
Meteorological Institute (personal communication T. Laurilla); HYY: Helsinki University (personal communication T. Vesala); LAM: Lammi
Biological Station (personal communication L. Arvola); SOR: wetter.com for Kopenhagen; HZM: Manderscheid station, Deutscher Wetterdienst;
MAS: worldclimate.com for Pisa; MEZ: data from Valentano (Ramrath, 1997); LGM, LPM: Watts et al. (1996). Longitude, latitude and altitude (map
datum WGS 84) were determined on-site using a handheld GPS. Water depth (e.g. of the sampling site) was determined using an echosounder.

upper 1 to 2 cm), was collected up to four times in the deepest part of
the lake, as determined from depth maps and echo-sounding. In Lake
Pédjarvi, the eastern basin, whose maximum depth is 44 m, was
sampled. Water temperature, pH, oxygen saturation and redox profiles
were determined on-site using a Multiprobe (YSI Inc., Yellow Springs,
Ohio, U.S.A.), ensuring comparability of the lakes. Water samples
were collected using a water sampler (Hydro-Bios Apparatebau GmbH,
Kiel, Germany) and a pump from the high-productivity zone of the lake
(usually 1-2 m). Additionally the inflows and outflows of the lakes, if
existent, were sampled. All water samples (1 L) were filtered trough a
0.45 um GF/ filter. The GF/F filters were frozen and later used for
chlorophyll a concentration measurement. For this purpose filters were
ground and dissolved in acetone, the extinction of the extract was
measured using a UV/VIS spectrometer (Helios gamma, ThermoSpec-
tronic, Madison, WI, USA) following the procedure from Jeffrey and
Humprey (1975).

Phosphorus concentration was determined on-site using a field
photometer (PhotoLab S12, WTW GmbH & Co. KG, Weilheim,
Germany). Since most of the lakes are situated close to a permanent
research station, basic meteorological data such as temperature and

precipitation exist for the last 10 yr. Long-term precipitation isotope
data are taken from the IAEA GNIP database (IAEA, 2001), acces-
sible on the internet. Additionally the Online Isotope Precipitation
Calculator (OIPC, accessible at http://www.es.ucsc.edu/~gbowen/
Isomaps.html) using the TAEA database and interpolation algo-
rithms described in Bowen and Revenaugh (2003) was used for sites
where no 8D values exist. Calculated values were compared with
available data and showed virtually no differences (Table 3).

2.2. Analysis of Water Samples for '*0 and 6D Values

Water samples were analyzed for their §'%0 and 8D values using a
modified thermal conversion/elemental analyzer system connected to an
isotope ratio mass spectrometer (IRMS) (TC/EA + Delta™XL., Finnigan
MAT, Bremen, Germany). The average standard deviation (20) was
0.5%0 for 8D values and below 0.1%c for 8'0 values. A detailed
description of the method is in preparation (W.A. Brand, personal
communication).

Table 2. Limnological data of the sampled lakes as determined on-site (for chlorophyll a concentration, see 1.1).

DO saturation Chl a conc.
Secci  Water T below TDS above
Sample  depth  surface thermocline surface pH thermocline ~ PO4-P
code [m] [°C] [%] [uS] surface [ug/1] [ug/l]  Trophic state Dominating vegetation
NAI 3.65 16.5 73 27 6.82 3.6 <50  oligotrophic  Betula Alba
KEI 2.00 15.0 93 14 6.25 0.3 <50  oligotrophic  Betula Nana. Carex, sphagnum
SOD003  3.87 15.7 92 31 6.86 2.9 <50  oligotrophic  Pinus
SOD007 295 16.3 50 15 7.28 0.7 <50  oligotrophic  Pinus, Betula
HYY 1.56 21.1 44 28.7 6.57 <50 mesotrophic Pinus, Spruce, some Betula
SYR 4.35 20.6 92 51 7.67 0.7 <50  oligotrophic Pinus, some Spruce
LAM 1.77 233 50 93 7.18 3.4 n.d mesotrophic Pinus, Spruce, some Betula
SOR 0.70 22.1 92 420 8.64 63.4 60  eutrophic Fagus sylvatica
HZM 1.40 20.3 10 246 8.5 4.9 50  eutrophic Fagus sylvatica, Spruce, few Betula
MAS 0.30 255 n.d. 4250 8.3 7.3 <50  eutrophic Quercus, Alnus
MEZ 9.96 22.7 88 197 7.77 0.1 <50  oligotrophic  Alnus, Quercus
LGM 1.40 22.5 20 440 7.25 6.8 <50  eutrophic Fagus sylvatica, Alnus
LPM 3.50 20.6 n.d. 350 7.72 2.5 <50  oligo/meso Fagus sylvatica, Alnus

T = temperature; DO = dissolved oxygen; TDS = total dissolved solids; chl a = chlorophyll a; PO4-P = phosphorous (as PO, species).
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Table 3. Isotopic composition of meteoric water at the lake sites.
8'*0 8D 8'*0
Sample 6D meteoric 8D meteoric  95% meteoric 95% oD stdv 8'%0  stdv lake stdv lake stdv
code water (IAEA) water (OIPC) CI  water (OIPC) CI inflow (20) inflow (20) water (20) water (20)
NAI —119.0 1) —114.9 9.2 —15.43 .12 =937 04 —12.04 0.16 —-949 06 -125 0.0
KEI —119.0 1) —114.1 8.6 —15.32 1.06 —100.1 0.1 —1375 0.07 -96.6 0.6 —13.62 0.04
SOD003 n.a. —103.9 8.0 —14.04 1.17 —109.6 1.0 —1455 0.01 -103.7 02 —1392 0.02
SODO007 n.a. —105.2 8.1 —14.23 1.19 —108.8 04 —1498 0.05 n.d. nd. —1229 0.05
HYY n.a. —92.9 7.9 —12.85 1.12 - - - - —-81.1 0.6 —10.59 0.00
SYR n.a. —91.4 7.0 —12.38 1.02 - - - - —-86.5 03 —11.95 0.06
LAM n.a. —91.3 7.0 —12.36 1.02 - - - - =73.7 0.0 -9.55 0.14
SOR =70.7 2) —67.1 4.5 —9.45 0.61 —=552 05 =779 005 —464 0.7 —6.40 0.08
HZM —52.1 3) —60.1 3.1 —8.67 0.51 =545 0.7 —848 0.09 —47.1 0.6 —6.44 0.07
MAS —47.0 4) —41.6 6.4 —6.47 0.71 - - - - —-63 0.6 —0.24 0.05
MEZ —40.1 5) —45.7 6.3 —7.04 0.69 -36.8 03 —-6.29 0.17 —-35 0.6 0.65 0.11
LGM —36.6 6) —47.3 52 —7.23 0.56 - - - - —135 0.2 —-0.92 0.10
LPM —36.6 6) —47.3 5.2 —7.23 0.56 - - - - —326 0.6 —3.99 0.09

TAEA-GNIP data (IAEA, 2001) correspond to the following sites: (1) Naimakka (1992—-1995) about 1 km from KEI site; (2) Taastrup (1965-1971);
(3) Koblenz (1974-1975); (4) Pisa (1992-1995); (5) Ancona (2000); (6) Bari (9—12/2000). Note: except for Naimakka (KEI, NAI site), the IAEA
sites are sampling site, the differences in IAEA and OIPC data are due to the different geography (altitude, distance to the sea etc.). OIPC 6D and
8'80 meteoric water data and 95% confidence interval (CI) were calculated using the Online Isotopes in Pre (OIPC) using the interpolation algorithms

described in Bowen and Revenaugh (2003) Lake and inflow water 8D and §'%0 values were measured. All & values given in %o vs. VSMOW.

2.3. Sample Preparation, Biomarker Identification, and
Quantification

Sediment samples were ground and freeze-dried. Soluble organic
matter was extracted using an accelerated solvent extractor (ASE200,
Dionex Corp., Sunnyvale, USA) with a dichloromethane/methanol
mixture (10:1) at 100°C and 2000 psi for 15 min in 2 cycles. Depending
on the amount of organic C in the sample, 2 to 7 g of sample were used
for extraction. Where sufficient amount of sediment was available, the
extraction procedure was performed on two to three independent sam-
ples.

The total extract was separated on a silica-gel column into 3 frac-
tions: aliphatics (solvent: hexane), aromatics (solvent: chloroform), and
other compounds (solvent: methanol). Compounds of the aliphatic
fraction were identified and quantified using a GC-FID (TraceGC,
ThermoElectron, Rodano, Italy) equipped with a DB5ms column (30m,
ID:0.32 mm, film thickness: 0.5 wm, Agilent, Palo Alto, USA) by
comparison to an external n-alkane standard mixture.

2.4. Gas Chromatography Temperature Conversion Isotope
Ratio Monitoring Mass Spectrometry (GC-TC-IRMS) for
Analysis of 8D Values on the n-Alkanes

One uL of the hexane dissolved aliphatic fraction was injected into
a HP5890 GC (Agilent Technologies, Palo Alto, USA), equipped with
a DB5ms column (30m, ID:0.32 mm, film thickness: 0.5 wm, Agilent).
The injector was operated at 280°C in splitless mode. The oven was
maintained for 2 min at 60°C then heated with 6°C/min to 320°C and
held for 10 min at the final temperature. The column flow was held
constant at 1.7 mL/min throughout the run. One fraction of the sepa-
rated compounds was transferred to an ion-trap mass spectrometer
(GCQ, ThermoElectron, San Jose, USA) to monitor possible coelution
of the n-alkanes with other substances. If coelution was evident in the
MS spectrum, the 6D value was not used for interpretation. The other
fraction was transferred to a high-temperature conversion oven oper-
ated at 1425°C (Burgoyne and Hayes, 1998; Hilkert et al., 1999) and
quantitatively converted to H, that was introduced into an isotope ratio
mass spectrometer (IRMS) (Delta”*XL, Finnigan MAT, Bremen,
Germany) for compound-specific analysis of 6D values. Each sam-
ple was independently measured three times. All 8D values were
normalized to the VSMOW scale using a mixture of n-alkanes
(n-C,, to n-Cs,). The 8D values of the n-alkanes in the standard
mixture were calibrated against international reference substances
(NBS-22, IAEA-OH22) using the offline TC/EA technique. After
the measurement of no more than two samples (6 GC runs), the

standard mixture was measured independently three times. If nec-
essary a drift correction was applied.

Achieved precision expressed as the average standard deviation
for all peaks from the samples was 7%o0 (n ~ 2700, 180 runs with
~15 peaks, depending on sample), for the standard mixtures of 4%o
(n = 3520, 160 runs with 22 peaks each). The H;" factor was
determined once a day and stayed constant at 5.9 (SD = 0.26;
n = 23) during the three-week measurement campaign.

2.5. Calculation of the Isotopic Fractionation &

The isotopic difference between the 6D value of the lake water and
the 6D value of the n-alkanes was calculated using Eqn. 1.

8D jtane + 1000
~ (1

& alkane/water = 1000 -
e ( 8D, q1er + 1000

water

3. RESULTS AND DISCUSSION
3.1. n-Alkane Concentrations

In general, the total concentration of extractable n-alkanes is
slightly higher in the lakes from southern Europe (up to
0.5 mg/g TOC) compared to the northern lakes (0.2 mg/g TOC
as a minimum), indicating a higher organic input in the south
(Fig. 2). The concentration of the short-chain n-alkanes n-C,,
and n-C,, of aquatic origin is highest in the eutrophic lakes (up
to 0.4 mg/g TOC for n-C,, in HZM). Most prominent n-alkanes
in nearly all lake sediments are the long chain n-alkanes n-C,5
to n-C5, of terrestrial origin, expressed through the high aver-
age chain length (ACL) values varying between 21.2 and 27.6
(Fig. 2). A clear odd-over-even carbon number predominance
was found in all sediments with carbon predominance indices
(CPI) between 1.4 and 6.6 (Fig. 2), typical for a biological
origin. The CPI increases slightly from north to south, suggest-
ing together with the longer vegetation period, higher input of
organic material and higher productivity in the southern lakes,
although dilution with other sedimentary components and dif-
ferent preservation regimes may also influence the TOC con-
tents.
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Fig. 2. Distribution, CPI (Carbon Preference Index = 3,4, Cn/Z.,, Cn) and ACL (Average Chain Length = (3Cn*n)/
2.Cn) indices and total concentration (HC,,,) of the n-alkanes from nine of the sampled lakes. Note that the scale of the y-axis
(concentration) is doubled for the southern lakes (HZM, MAS, LGM, LPM) because of higher concentration of n-alkanes.

3.2. 8D and 60 Values of Water

The 8D and 8'®0 values of the lake inflow water, if an inflow
is present, are up to 14%¢ heavier for 8D and up to 1.5%o
heavier for §'®0 relative to the calculated OIPC values (Fig. 3).
Considering the confidence interval of the calculated OIPC
data, the inflow water & values are within the 95% limit or
slightly heavier. Due to evaporation and temperature effects, a
heavier summer 6 value would be expected. The northernmost
lake NAI represents a notable exception, since measured 6D
values are 21%o and 8'%0 values 3.4%o heavier than the calcu-

lated meteoric water. Since there is no dense vegetation cover
around the small stream, and summer 2002 was exceptionally
warm and dry in Scandinavia, evaporation already affects the
contributing stream. However, the isotopic data for the inflow-
ing waters from the seven lakes where those data exist suggest
that the main water source is the meteoric water. Evaporation
only seems to be of minor influence.

8D and 8'%0 values of the lake water from the high produc-
tivity zone (in general at 1-2 m depth) are up to 20%o heavier
for hydrogen and up to 3%o heavier for oxygen than the calcu-
lated OIPC values, except the three Italian lakes MAS, MEZ,
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are also applicable for the inflow data. Error bars (standard deviation) for 6D lake water lie within the points.

and LGM (Fig. 3). Nearly half of the variation still lies within
the 95% confidence interval of the calculated OIPC data
(Table 3). Furthermore, it must be acknowledged that the
isotope ratios of the lake water are only a one-point measure-
ment in summer, when evaporation very likely will enrich
deuterium in the water. However, since the organisms in the
water column will incorporate hydrogen throughout the grow-
ing season and probably show most productivity in spring and
late summer, the summer 8D water value will be heavier than
the average 8D water value for the growing season. We there-
fore assume the OIPC data to be a mean annual value also valid
for the lake water.

For the Italian lakes MEZ and LGM a stronger evaporation
effect is visible. The lake water is 33 to 35%o heavier in 8D than
the calculated precipitation value (Fig. 3). Lake MAS, also in
Italy, is a special case because it lies within several kilometers
of the Mediterranean coast, and temporal influx from isotopi-
cally heavier seawater occurs. The isotopic ratios of these three
Italian lakes do not plot on the Global Meteoric Water Line, but
on an evaporation line, whereas all other lake waters do. In the
case of the three Italian lakes, an underestimation of the isoto-
pic fractionation & would be the case if we rely on the OIPC
data. Despite this deviation in three southern lakes, the OIPC
data have been used as the hypothetical mean annual 8D
composition of the lake water.

3.3. 6D Values of the n-Alkanes

In general the 6D values of n-alkanes from one sample can
differ by more than 100%o. The main reasons for this variation
are different biological sources of these n-alkanes, using dif-

ferent water sources for biosynthesis. Using 8D values, four
main n-alkane groups can be distinguished:

1. Even carbon numbered short-chain n-alknanes (n-C,,,
n-C,,, n-Cq, n-C,g, n-C,) and n-C,; and n-C,5.

2. Odd carbon numbered n-alkanes of medium-chain length
(n-C,, n-C,4, n-C,,, n-C,;5).

3. Even carbon numbered medium to long-chain n-alkanes
(0-Cyy, n-Cyy, n-Cyg, n-Cig, 1-Csp).

4. Odd carbon numbered long-chain n-alkanes (n-C,5 to
n-Cy,).

In the following we will discuss the variations of the 6D
values of those n-alkane groups along the transect in detail.

3.3.1. 8D values of the even carbon numbered short-chain
n-alkanes (n-C,,, n-C,, n-C,s n-C,g n-Csy), n-C;,
and n-C, 5

6D values for n-C,, and n-C, ¢ could be determined on only five
lake samples along the transect due to overall low concentration of
these substances (Table 4). They usually are the heaviest measured
oD values of the sample. Interestingly, 6D values of the com-
pounds are lighter in the south than in the north. The 8D value for
n-C,g is significantly lighter than the other alkanes in the sedi-
ments from SOR and LGM sites, probably indicating a different H
source for n-C,4 in these two eutrophic lakes. 8D values from
n-C,, and n-C, ¢ correlate positively with latitude and negatively
with mean annual temperature and meteoric water 6D values
(Table 4; Fig. 4), although the number of samples is limited. The
other short-chained substances seem to follow this trend, but
statistical evaluation is not possible due to the limited amount of



Table 4. 8D values [%o

vs. VSMOW] and statistical data (p-value and the correlation coefficient r) on the measured n-alkanes.

Sample code n-C12 SD n-C13 SD n-Cl4 SD n-Cl15 SD n-C16 SD n-C17 SD n-C18 SD n-C19 SD n-C20 SD n-C21 SD
NAI —146 12 -120 1 114 10 -259 6 —131 2
KEI —245 4
SOD003 —142 4 —122 3 -100 3 —142 1
HYY -229 6 -135 13 —244 8
SYR
LAM
SOR —148 n.d. -219 1 238 4 —241 2 —145 5 -213 2
HZM -138 2 —140 10 -126 10 —148 15 -170 5 -208 0 —158 14
MAS —208 3 —201 7 —235 6
MEZ —198 0
LGM -130 2 -175 0 —245 10 201 5 —194 5
LPM - 180 5
correlation vs. p r p r P r P r p r p r P r P r P r P r
latitude 026 —0.92 - 02 0.95 - 0.006 0.97 0.002 093 0.05 0.76 011 —097 - - 008  —0.76
mean annual 0.22 0.94 - 0.16 -0.97 - 0.015 —=0.95 0.004 0.91 0.04 —0.78 0.04 0.99 - - 0.12 0.70
temperature
8D precipitation 0.18 0.96 - 0.12 —-0.98 - 0.023 —0.93 0.007 0.89 0.03 —-0.8 0.2 0.96 - - 0.15 0.74
(OIPC)
8D lake water 0.39 0.82 - 0.33 —0.87 - 0.048 —=0.95 0.015 0.85 0.03 —0.85 0.11 0.98 - - 0.23 0.58
Bold values indicate a significant correlation within the 95% confidence interval (p < 0.05). SD = standard deviation (20).
Table 4. (Continued)
Sample code n-C22 SD n-C23 SD n-C24 SD n-C25 SD n-C26 SD n-C27 SD n-C28 SD n-C29 SD n-C30 SD n-C31 SD
NAI —209 6 -221 2
KEI -231 11 —234 2 —214 14 -234 4 —-222 n.d. -229 5 -230 5 -230 4
SOD003 -235 7 -210 11 -215 9
SOD007 —268 9 —268 5 —=220 3 —227 5
HYY -218 2 —206 3 —202 1 —205 4 —209 3
SYR 207 1 —-202 1 —207 2
LAM -272 12 —205 4 -213 6 -205 4
SOR 217 4 -177 8193 1 -177 2 ~183 4 —201 2 ~181 5 -208 0
HZM -225 6 -180 8 —184 10 —198 1 198 5
MAS 7 -129 17 —159 7
MEZ —164 11 -153 13 -163 4 —167 3
LGM —180 3 —185 16
LPM —168 5 177 2 -170 3 —169 2
correlation vs. p r p r p r p r p r p r r P r p r P r
latitude 0.54 —0.66 0.05 -0.70 - - 0.000074 —0.97 - - 0.001 —0.87 - - 0.000001 —0.95 - - 0.006 -0.97
mean annual 0.59 0.61 0.07 0.66 - - 0.00008 0.97 - - 0.0005 0.89 - - 0.00001 0.94 - - 0.01 0.96
temperature
8D precipitation - - 0.50 0.71 - - 0.00006 0.97 - - 0.0003 0.9 - - 0.000001 0.95 - - 0.016 0.94
(OIPC)
8D lake water - - 0.11  0.66 - - 0.0003 0.95 - - 0.0005 0.91 - - 0.000010 0.93 - - 0.02 0.92

Bold values indicate a significant correlation

within the 95% confidence interval (p < 0.05). SD = standard deviation (20).
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Fig. 4. 8D values of the n-C 4, n-C, 5, n-C g, n-C,, n-C,5, n-C,,, n-C,,, and n-C5, alkane vs. the meteoric water 8D value
(calculated using OIPC; Bowen and Revenaugh, 2003). Dotted lines show the 95% confidence interval of the regression

line.

data. & psance/water 18 0Creasing from the north to the south for
those short-chained n-alkanes. €¢¢, and ec,g,, show a statisti-
cally significant inverse relationship with meteoric water 6D and
oD lake water values, and correlate with temperature (Table 5;
Fig. 5). This is surprising since n-C,4 and n-C, 4 are together with
n-C,,, widely used as indicators for algal input. However, both
n-alkane 8D values significantly differ from n-C,, 6D values.
Our results suggest that 6D values of n-C,, and n-C, g are
independent of the meteoric water 6D value and show an
inverse relationship with mean annual temperature. The frac-

tionation between water and n-C,, and n-C,g appears to be
larger in areas with higher temperatures. To our knowledge
such a relationship has not been reported until now.

Such large differences between the 8D values of n-C,g,
n-C,¢, and n-C,, have not been observed in paleozoic samples
or oils (Li et al., 2001).

Several explanations might be considered:

1. Dependence of €,y ancerwater ON growth rate. Since & is
smaller in the north (shorter vegetation period, less nutrient
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= supply) than in the south for these possibly nonphotosyn-
thetic bacteria derived compounds, a fractionation depen-
dent on growth rate is possible. Sessions et al. (1999)
observed a wider range of & values for lipids in actively
growing organisms than in plants. However, growth-rate
dependency of e for fatty acids of a methane-oxidizing
bacteria could not be confirmed (Sessions et al., 2002).

2. Different sources for these compounds in the north and in
the south. Since &, psance/water Values in the south are closer
to & values of n-C,, they could share the same algal source
in the southern lakes. The high 6D values in the north could
be related to methane-oxidizing bacteria, since Sessions et
al. (2002) predict 6D values of fatty acids produced by
methanotrophs to be between —50 to —170%0. However, it

~ is unlikely that in the sediments of the oligotropohic

Scandinavian lakes significant amounts of methane are pro-

duced. Another possible source for the isotopically light

~ compounds in the north could be fossil hydrogen, possibly
introduced by petroleum contamination. But contamination
seems unlikely for the Scandinavian lakes (NAI, SOD),

i since population density is very low, and most lakes are

several kilometers away from rarely used roads. It is also

unlikely for Lake Grystinge (SOR), used for drinking water
storage with restricted access. Also petroleum contribution
should not only affect the short-chained alkanes, but all
alkanes, which is not evident. Fossil oil or shale samples
lack the clear odd-over-even carbon number predomination
expressed in the high CPI indices for the analyzed samples.

-153 -115 -126 -—120 -—-122 -—126 -—130 -—122 -—141
28 14

—158
25

It is unlikely that transport by wind over long distances
accumulates significant amounts of those alkanes in the most
remote areas, but not in more densely populated areas of
southern Italy. The only lakes where motorboat traffic was
allowed (LAM and MAS) do not contain sufficient amounts of
short-chain alkanes and do not show lower than average CPI
indices. However, a possible mixing of petroleum derived
alkanes with biologically derived alkanes cannot be ruled out,
a way to test this hypothesis would be compound-specific
radiocarbon analysis to determine the amount of fossil (“dead”)
carbon. Further research is necessary to clarify the origin of H
in the short-chained n-alkanes with even carbon numbers, and
if different fractionations of the hydrogen isotopes occur in
heterotrophs compared to autotrophic organisms.

—94 -172 -53 -—161
12 74 13 44 22

-157

-39
58

3.3.2. 8D values of the n-C,,, n-C,q n-C,,;, n-C,; alkanes

=90

These substances, especially n-C,,, are of particular interest
since they are widely used as a paleoclimatic proxy. D values
of the n-C,, alkane were determined in the samples from eight
lakes. The other samples either contained no n-C,,, or the
substance could not properly be separated on the GC column.
However, n-C,, shows a clear negative correlation with latitude
(Table 4; Fig. 6) and a positive one with mean annual temper-
ature. 6D values of n-C,, strongly correlate to the lake water
oD value and to the 8D value of meteoric water with an
intercept of —156.5 (Fig. 4), suggesting that the meteoric water
is the H source for n-C,,. &c,5w values from the lakes range
from —134 to —174%c with the mean at —157%¢ (Table 5),
about the same value as observed in laboratory experiments
(Sessions et al., 1999). ecy, is constant along the N-S

—32
34

-85

—54
26

Mean
SD
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substanceswater Values calculated for the n-C 4, n-C,-, n-C g, n-C,,, n-C,s, n-C,,, and the n-C,, alkanes plotted vs.

mean annual temperature on the lake sites. Note: only the relationships for n-C,, and n-C,g are statistically significant

(n-C,¢: p = 0.002, r = -0.99; n-C,¢: p = 0.006, r = —0.90).

transect (Fig. 5), covering different climates and lakes of dif-
ferent trophic state, supporting the hypothesis that the fraction-
ation of hydrogen isotopes during incorporation into organic
matter is only dependent on the biochemical pathway used and
does not depend on environmental parameters. These results
demonstrate that the n-C,, alkane excellently records the lake
water 6D value and can be used to reconstruct the 6D value of
lake water (see also Fig. 6).

n-C,, and n-C,; are considered to be derived from aquatic
plants living in the water (Ficken et al., 2000). 6D values are
often, but not always similar, to n-C,, with more scatter

(Table 4). They are lighter in the north than in the south,
following the same trend as n-C,, but except for n-C,, (al-
though just 3 samples provided enough substance and no co-
elution), do not correlate significantly with latitude, tempera-
ture, or water 8D values. This might be due to the higher
standard deviations of 8D values of n-C,,, n-C,,, and n-C,5
relative to n-C,, since they often sit on a hump of unresolved
compounds in the chromatogram.

Different water plants use water from different depths, char-
acterized by different 8D values, or they might have different
evapotranspiration rates. n-C,; and n-C,; 6D values seem to
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Fig. 6. Variation of meteoric water 6D values, 6D values and the isotopic fractionation & for the aquatic n-C,, and the

terrestrial n-C,, alkane along the N-S European transect.

record the isotopic composition of lake water, but for recon-
struction of the lake water 6D value, n-C,, is much more
recommended.

3.3.3. 8D values of the even carbon numbered medium to
long-chain n-alkanes (n-C,,, n-C,,, n-C,g n-Csg,
n-Cyp)

Since the substances are present in very low concentrations,
only a few samples yielded enough substance to measure 6D
values. Interpretation of their origin is, therefore, speculative.
However, the even carbon numbered substances seem to be
related in 8D values to their following odd carbon numbered
neighbors, being in general some per mill heavier.

oD values of n-C,, were only measured in 3 samples (KEI,
SODO007 and SOR) and seem to be related to n-C,, and n-C,5,
usually being several per mil heavier (Table 4).

n-C,, (only measured in KEI and SOR) is ~20%o heavier
than n-C,5. n-C,4, n-C,g, and n-C, are also 10 to 20%o heavier
than n-C,-, n-C,,, and n-C5, in the same sample.

Overall it seems that the source of n-C,, is the same source
as for n-C,, and n-C,;, and n-C,, to n-C5, share the same
source as their odd carbon numbered neighbors n-C,5 to n-C,,
but involving some enrichment mechanism, resulting in 10 to
20%o heavier 8D values. Since this enrichment is not reported
in plants (Chikaraishi and Naraoka, 2003), it is likely that these
alkanes are produced during microbial induced degradation or
recycling processes of the odd-carbon numbered alkanes taking
place in the sediment. However, it is also possible that a
different biological origin, for instance grass, which would be

subject to different amounts of evapotranspiration than trees, is
the reason for this slight enrichment.

3.3.4. 8D values of the odd carbon numbered long-chain
n-alkanes (n-C,s to n-Cs,)

These four substances, commonly considered as indicators
for higher terrestrial plant input, are the most abundant aliphatic
compounds in all lake sediments sampled here, only surpassed
by n-C,, in some samples. All of these biomarkers show
similar 6D values in a given sample. They negatively correlate
with latitude and positively with mean annual temperature and
8D values of meteoric water and lake water (Table 4; Fig. 4).
Substances are isotopically lighter in the north and ~70%o
heavier in the south (Fig. 6).

€caonw ranges for all 12 lakes between — 120 to —147%o with
the mean at —130%o (Table 5). This is 27%o heavier than the
average £c-,,w- Several studies have confirmed that leaf water
in plants is enriched by 20 to 80%o relative to soil water due to
evapotranspiration processes in the leaf (Ziegler, 1989). Fur-
thermore Chikaraishi & Naraoka (2003) report an &, value
for the long-chain n-alkanes from several C3 plants of —117%o,
consistent with our data.

The long-chained odd carbon numbered n-alkanes record the
meteoric water 8D value. They are, in general, ~30%o heavier
than n-C,, (Fig. 6), due to evaporation processes in the leaves
of the plants. If we consider that the aquatic and terrestrial
n-alkanes share the same H source, meteoric water, the differ-
ence between 6D values of both substances could serve as a
proxy for evapotranspiration of the lake ecosystem. The mean
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difference between the terrestrial and the aquatic 8D values is
highest for the three largest lakes MAS, LAM, and NAI in
terms of lake area and catchment area with values between 40
and 70%o. In these lakes higher input of allochtonous biomass
from distant areas with different isotopic composition of me-
teoric water can lead to higher differences of both 8D values.
The difference ranges around 10 to 20%o for the other lakes,
explainable by the enrichment of leaf water due to evaporation
processes in the leaf. For the lakes LGM and LPM, which are
at the same site and should experience the same amount of
evapotranspiration, it is virtually identical (~9%o). However,
since we have no evapotranspiration measurements from the
sites, we cannot completely explain the differences between the
8D values of the terrestrial vs. aquatic substances and confirm
that it is indeed a marker of the evapotranspiration of the lake
ecosystem. n-Alkanes originate from the epicuticular waxes of
leaves, developed shortly after the unfolding of the leaf in
spring (Gulz, 1994), when evapotranspiration is not yet very
strong. However, the n-alkane composition of the wax is
changing throughout the year, differing from tree species
(Piasentier et al., 2000). If most of the n-alkanes are produced
in spring, we would not see a stronger enrichment relative to
the aquatic n-alkanes for sites with higher evapotranspiration in
summer. This would explain the rather constant difference of
30%o along the transect.

4. CONCLUSIONS

Hydrogen isotope ratios of recent lacustrine sedimentary
n-alkanes clearly record the isotopic composition of the mete-
oric source water in lakes from different climates. In particular
n-C,; and n-C,5, n-C,,, n-C,,, and n-C5, can be used to
reconstruct the source water 6D value. The constant fraction-
ation €, of about —157%o along the transect supports the
hypothesis fractionation of H during biosynthesis is indepen-
dent of environmental parameters.

The enrichment of ~30%o of the terrestrial long-chain n-alkanes
to the aquatic n-C, is likely due to evaporation processes in plant
leaves. The variation in the difference between terrestrial and
aquatic n-alkanes might be influenced by input of allochtonous
biomass of distant origin on the sites. Since it is not clear if the leaf
wax n-alkanes are synthesized de novo year-round, further inves-
tigation involving evapotranspiration measurements and study of
possible seasonal variations in leaf-wax n-alkane 8D values will
clarify if this difference can serve as a valuable proxy for the
evapotranspiration of the lake ecosystem.

The hydrogen source of the short-chain n-alkanes n-C,, to
n-C,, (excluding n-C, and n-C,,) is probably not the meteoric
water pool. Nonphotosynthetic bacteria synthesizing these
compounds or a contribution of fossil hydrogen (petroleum
contamination) might be responsible. Further research on the
differences of H isotope fractionation in autotrophic vs. hetero-
trophic organisms is necessary. Compound-specific radiocar-
bon measurements on the short-chained alkanes could help
clarify their origin.

Our results demonstrate that hydrogen isotope ratios of re-
cent sedimentary n-alkanes excellently record the 6D value of
the lake water (Fig. 6), and hence, enable climatic reconstruc-
tion. Moreover, the use of terrestrial and aquatic compounds
might be used as a proxy for evapotranspiration of the lake

environment. n-Alkanes are abundant in sediments and rela-
tively easy to purify, so the application of compound-specific
hydrogen isotope measurements to samples from the geological
past opens new possibilities for the reconstruction of changes in
the water cycle.
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