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Abstract

We measured D/H ratios of individual lipids isolated from plant fossils and water-lain sediments from the Miocene
Clarkia lacustrine deposit (15-20 Ma) in northern Idaho, USA, in order to assess the preservation potential of lipid
hydrogen isotope ratios. Distinct n-alkyl lipid profiles in plant fossils (Platanus, Quercus, Salix) and the sedimentary
matrix demonstrate the high degree of lipid preservation, as previously reported. Our data suggest that original
hydrogen isotope ratios of carbon-bound hydrogen in lipids may have been preserved after 15-20 million years of
burial in the water-lain lacustrine sediment, because 8D values of individual lipids show large variations between dif-
ferent fossil genera and between fossils and sediments, and hydrogen isotope values of fossil lipids differ by more than
123%o from the associated sediment water. These data are consistent with minimal isotopic exchange between carbon-
bound hydrogen in lipids and sediment water hydrogen. Our results validate the use of lipid hydrogen isotope ratios for

paleoecological studies over an extended geological time period.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The large isotopic effects for hydrogen and the large
deuterium/hydrogen (D/H) variations known to exist in
nature make hydrogen isotopes an attractive candidate
for geological applications (Sessions et al., 1999; Ward
et al., 2000; Sessions, 2001). However, the small quan-
tity of naturally occurring deuterium poses an analytical
challenge for accurate measurement of §D in geological
samples. Compared with '>C abundance in natural
samples (1.1%), deuterium has a mean natural abun-
dance of only 0.015% (Hilkert et al., 1999). Recent
technological breakthroughs in gas chromatography/
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thermal conversion/isotope ratio mass spectrometry
(GC/TC/IRMS) (Burgoyne and Hayes, 1998; Hilkert et
al., 1999) made it possible to measure precisely com-
pound-specific hydrogen isotopes in sediments and fos-
sils, and opened the possibility of applying the technique
to geological samples in small quantities. However, to
date, studies involving compound specific D/H ratio of
ancient lipid biomarkers are largely limited to Holocene
samples (Xie et al., 2000; Sauer et al., 2001), with only
one report suggesting that original hydrogen isotope
ratios may be preserved in 6 million year old sediments
(Andersen et al., 2001). There is a major concern
regarding significant hydrogen isotope exchange
between preserved organic molecules and the surround-
ing environment during diagenesis over an extended
geological time scale. Recent laboratory biodegradation
experiments highlighted the potential of H isotopic
variations in sedimentary organic molecules (Ward et
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al., 2000; Hunkeler et al., 2001; Pond et al., 2002). In an
incubation experiment using D,0O, Sessions (2001)
reported that deuterium incorporation from heavy
water into incubated organic molecules has occurred
rapidly, and that the D/H exchange was enhanced by
the presence of clay minerals in acidic, organic-rich
lacustrine sediments. The experimental results of Ses-
sions (2001) are inconsistent with field observations
from sediment studies (Xie et al., 2000; Sauer et al.,
2001; Andersen et al., 2001) that detected primary D/H
ratios. Thus, whether older fossil material preserved in
sedimentary deposits can retain primary D/H compo-
sitions in their lipid biomarkers, and to what extent
compound-specific hydrogen isotope analysis can be
applied to paleoecological and paleoenvironmental
studies at the geological time scale are of considerable
interest to the geological community.

The Clarkia Miocene lacustrine deposit (15-20 mil-
lion years old) at the St Maries River Valley in northern
Idaho, USA (Smiley et al., 1975; Smiley and Rember
1985; Yang, 1993; Yang et al., 1995) has been a treas-
ure-trove for studying molecular preservation. A variety
of ancient biomolecules and different classes of organic
compounds have been reported from the deposit (Gian-
nasi and Niklas, 1981; Niklas et al., 1985; Rieseberg and
Soltis, 1987; Golenberg et al., 1990; Soltis et al., 1992;
Logan et al., 1993). Previous studies demonstrated that
lipid compounds were well-preserved both in fossil leaf
compressions (Logan et al., 1993; Lockheart et al.,
2000) and water-lain lake sediments (Logan and Eglin-
ton, 1994). Leaf waxes were found to still be localized
inside the leaf tissues after more than 15 million years of
burial (Logan et al., 1995; Huang et al., 1995, 1996). In
addition, previous measurements of molecular '3C from
Clarkia plant fossils indicated preservation of com-
pound-specific carbon isotope signatures in Clarkia
material (Huang et al., 1995, 1996).

Several aspects of the Clarkia deposit made it an ideal
site for examining 8D preservation and possible D/H
exchange in natural conditions. Firstly, the Clarkia
sediments and fossils are water logged, making it a nat-
ural laboratory for testing possible deuterium-hydrogen
exchange between preserved lipids and the surrounding
water. Secondly, the Clarkia sediments are rich in
organic matter (5.5% TOC, Logan and Eglinton, 1994),
and the associated water in sediments and fossils is
acidic (pH =5.5). Thirdly, the Clarkia sediments contain
abundant clay minerals. An estimated 20-30% clay
minerals were observed under transmission light micro-
scopy (Richard Yund, personal communication).

The primary objective of this paper is to evaluate the
degree of preservation of lipid hydrogen isotope ratios
in the 15-20 million year old Clarkia sediments and
fossils. We attempt to accomplish this goal by measur-
ing the hydrogen isotopic compositions of individual
lipids in three different plant fossils, their modern

counterparts, and sediments bearing the plant fossils.
We also measure the §D values of sediment water and
modern environmental water for comparison. If lipid
hydrogen rapidly exchanged with the environmental
hydrogen, we would expect to find relatively homo-
genous 8D values for compounds of similar structures in
ancient samples and a diminished offset between fossil
lipid 8D values and sediment water after 15-20 million
years of isotopic exchange.

2. Samples and methods
2.1. Fossil and sediment samples

Large blocks (normally 30 cm/20 cm/10 cm, L/W/H)
of fossiliferous siltstones were collected from the out-
crop of lacustrine phase Horizon 2B at the P-33 site in
Clarkia (Smiley and Rember, 1985), and were shipped
to the laboratory on ice until analyzed. In the labora-
tory, the rocks were split open along laminations to
expose fossil materials. Leaf compressions of three gen-
era of higher plants, Platanus, Quercus, and Salix, were
identified based on gross morphological characters. The
three genera were selected for this study because higher
abundance of lipids and thicker cuticles were known
from fossil Platanus and Quercus (Logan et al., 1995;
Huang et al., 1995; Lockheart et al., 2000). No fossil
Salix lipid was previously examined. Leaf tissues of
0.25-1 g were immediately removed or scraped into a
vial using solvent-washed knife, and care was taken to
keep associated sedimentary matrix to a minimum. Two
samples of fine sediment powder were obtained by
scraping the portion of sedimentary rock where no
macrofossil was visible.

2.2. Living plant leaves

For comparison purposes, leaves of three living plant
species, American sycamore (Platanus occidentalis L.),
Oregon white oak (Quercus garryana Dougl.), and peach-
leaf willow (Salix amygdaloides Anderss.), were col-
lected from Idaho. The willow leaves were sampled from
Clarkia, only 300 m away from the P-33 fossil site, whereas
the sycamore and oak specimens were collected from the
University of Idaho campus at Moscow, 85 km from
Clarkia. To avoid cross contamination between modern
and fossil molecules, the modern samples were analyzed
after the analysis of fossil specimens was completed.

2.3. Water samples

Both sediment waters that are now associated with
Miocene fossils at the Horizon 2B and surface waters near
the P-33 site and from Moscow were collected. The sedi-
ment waters were collected in the following two different
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ways. In the field, water seeped off from sedimentary
blocks were immediately pipetted from the rock and
stored in a vial. The same water-lain sedimentary blocks
were sealed into plastic bags, and water is condensed at
room temperature. The water condensed within the bag
was pipetted out for analysis. Surface waters were sam-
pled during a 3-day period in August 2001 from the
Clarkia Creek near P-33 site and from a pond 500 m
away from the growing site of the peachleaf willow.
Surface waters were also collected, during the same time
period, from Moscow, Idaho near the growth site of
American sycamore and Oregon white oak from which
leaves were obtained.

2.4. Lipid extraction and separation

Methods for extraction, fractionation, and purifica-
tion of fossil lipids were similar to previously described
(Logan and Eglinton, 1994; Huang et al., 1995). Total
lipid extraction was carried out with Dionex 200
Accelerated Solvent Extractor (ASE) using 2:1(v/v)
dichloromethane(DCM):methanol  solvent  mixture.
Lipids from modern leaves were extracted by dipping
pre-washed leaves into DCM for 2 min. Solid phase ion
exchange columns (3 ml—Supelco) were used to sepa-
rate free carboxylic acids from the neutral lipid frac-
tions, which were further separated into hydrocarbons
and alkanols by silica gel flash column chromatography
using solvents of increasing polarity. The acid fraction
was methylated using 2% anhydrous methanol/HCI,
and the methylated acids were further derivatised by
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA).
Concentrations of individual compounds were eval-
uated using Hewlett-Packard 6890 gas chromatograph
(GC) fitted with a HP7683 Series auto-sampler. A HP-
IMS 60 m capillary column with 320 um diameter and
0.25 pm film thickness was used with Helium as the
carrier gas. The GC oven was temperature programmed
as 40 °C for 1 min, 150 °C at the rate of 10 °C/min and
then climbing to 315 °C at the rate of 6 °C/min with a
final isothermal period of 20 min. GC peaks were iden-
tified by comparing with previous published spectra in
which the peaks were determined using GC-MS (Logan
and Eglinton, 1994; Logan et al., 1995; Huang et al.,
1995, 1996; Lockheart et al., 2000).

2.5. Hydrogen isotope analyses

Gas chromatography/thermal conversion/isotope
ratio mass spectrometry (GC/TC/IRMS) was performed
to determine D/H compositions on individual lipid
compounds (Wang and Huang, 2001; Pond et al., 2002).
The temperature program and capillary column used
were identical to those for GC analyses. GC separated
compounds pass through an alumina tube which is
heated to 1440 °C to convert organic H to H, (Burgoyne

and Hayes, 1998), and the H, is then introduced into a
DeltaPsXL isotope ratio mass spectrometer (Hilkert et
al., 1999). Four isotope standards (5, a-androstane,
n-C,; n-alkane, myristic acid methyl ester, and behenic
acid methyl ester) were co-injected after every six injec-
tions of samples to monitor the analytical accuracy, and
each sample was repeatedly measured in triplets.

Methylated fatty acids were further derivatized as tri-
methylsilyl ethers using BSTFA (Sessions et al., 1999).
Correction for the derivatization was calculated by
using the following formula (1) before reporting.

(2n + 2) X 8Dmeasured + 123.7 x 3

5Dreal = (2}’1 — l) (l)

In formula (1), n refers to carbon number of the
studied compound. To derive the formula, disodium salt
of succinic acid (Aldrich) was measured for its 8D value
using thermal conversion/elemental analyzer/isotope
ratio monitoring mass spectrometry (TC/EA/IRMS).
The salt is then acidified with 1 N HCI and extracted
with ethyl acetate. The succinic acid obtained is methy-
lated using the same reagents and procedure as used for
sample compounds. The isotopic difference before and
after derivatization is used to calculate the §D value for
the hydrogens on the methyl groups added (Huang et
al., 1999). We obtained a value of —123.7+2%0 (5
replicated measurements). Potential isotopic effect dur-
ing derivatization was examined by heating the palmitic
acid and tetrcosanoic acid (standards) with the same
derivatization agents for different times (17, 24, 43 h)
and at different temperatures (50, 80, 90 °C). We
observed virtually no isotopic difference (within analy-
tical error) between each derivatizations. Linearity of
hydrogen isotope measurements has been tested using 9
pulses of standard hydrogen gas with an amplitude
between 1V and 9V. After H; factor correction, the dif-
ference in 8§D values between peaks of different ampli-
tudes is within +2%.. 8D values for peaks with
amplitude <0.5 V are not reported. The analytical sys-
tem has achieved standard deviations below 2%o for all
four isotope standards, and for the majority of examined
ancient samples, the standard deviations were below
3%o. Poor precisions with standard deviations up to
11.8%o were occasionally obtained for some compounds
in which the peaks were either too small or co-elution
occurred (e.g., C,5—Cs¢ alkanes in Salix).

Water samples were analyzed using TC/EA/IRMS
(Hilkert et al., 1999). Each sample was manually injec-
ted 6-7 times (0.3 pl for each injection). Three isotope
standards, VSMOW (8D =0), standard light Antarctic
precipitation (SLAP, §D=—428%o), and Greenland ice
sheet precipitation (GISP, 8D =—189.7%.), were ana-
lyzed between every 10 water samples for calibration. A
regression line was then established between measured
and real 8D values of the three isotope standards. We
have carried out over 200 analyses of these calibrations
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so far, and in all cases, we have obtained a perfect linear
relationship (R>=1) between measured and real 8D
values of the standards. The standard deviation for water
8D value was < 1.5%o.

The reported sediment water 8D is the mean value of
the measurement of three water samples collected from
the Horizon 2B. Because §D values of cellular water
from modern plants are not available and sediment
water may not represent ancient tissue water, we calcu-
late “apparent H isotope fractionation” to account for
the isotopic offsets between lipids and various water
sources. For each compound between lipids and environ-
mental water, we use formula (2) where / represents the
studied lipid compound and w is environmental water.

Apparent fractionation;,, = 1000
(6D; + 1000) | ()
(8Dw 4+ 1000)

For calculating apparent H isotopic fractionation
between water and lipid compounds of living plant
leaves, the mean values of Clarkia surface water D were
used for Salix and environmental water, whereas the
average 8D of surface water from Moscow, Idaho, was

applied to calculate the offset between water and lipids
from Platanus and Quercus.

3. Results
3.1. Distribution of individual fossil lipids

GC separations of individual fossil lipids from
hydrocarbon, alkanol, and acid fractions yielded dis-
tinct lipid concentration profiles for each fossil genus
and sediment. Fig. 1 shows selected lipid distribution
and concentration of the three fractions from different
fossils and sediments. Our results compare favorably
with the following published profiles of previously
studied lipid compounds from Clarkia sediments and
fossils: all three fractions from sediments (Logan and
Eglinton, 1994; Huang et al., 1995), n-alkanes from
Platanus (Lockheart et al., 2000), n-alkanols and n-acids
from Platanus (Huang et al., 1995), and n-acids from
Quercus (Logan et al., 1995). For Salix, a bell shaped
profile with odd/even domination peaking at Cz; was
obtained for the hydrocarbon fraction (Fig. la);
whereas the n-acid series displays a bimodal distribution
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Fig. 1. Histograms showing the concentration and chain length distribution of n-alkanes, n-alkanols, and n-acids in selected leaf
fossils and sediments from Clarkia.
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with even/odd, maximizing at C,g (Fig. le). A homo-
logous series of n-alkanols with strong even/odd pre-
dominance was observed (Fig. 1¢). When different fossil
genera appear to have similar profiles for the same
compound class, different dominant peaks and con-
centrations distinguish them. For instance, the n-acids
from fossil Quercus peak at C;y (Fig. 1f) whereas the
dominant peak for Salix is at Cyg.

3.2. Variation of dD in fossils and sediments

Table 1 displays measured individual-lipid D/H
values for the two compound classes from both fossils
and sediments. While the two sediment samples yielded
similar or identical §D values for a particular compound
(average difference of 0.7%o for n-alkanes and 1.1%o for
n-acids), the D/H ratios vary among fossil genera and
between fossils and sediments (except for n-C;4 fatty
acids where the fossils and sediments yielded almost
identical 8D values). For certain compounds, the offsets

between §D values in fossils and sediments vary up to
60%o. In general, 8D values of fossil n-alkanes are lower
than those in sediments, whereas the pattern is reversed
in n-acids. A range of 8D values from —223 to —178%o
and —222 to —141%0 were obtained from fossil »n-
alkanes and n-acids respectively. The largest §D varia-
tion within the same compound class was obtained in #n-
acids (81%o) betweenPlatanus Cyg (—222%0) and Salix
C,; (—141%0). 8D variations within a particular com-
pound vary among the two measured compound classes
in Clarkia fossils with larger variations found in n-acids.
Salix exhibits the largest D variation among different
compound classes with 83%o difference between C,; n-
acid (—141%o) and Cj; n-alkane (—224%o). The average
8D values of the hydrocarbons from the three fossils
(=204, —206 and —209%0 for Platanus, Quercus, and
Salix respectively) are slightly lower than that in fatty
acids (—194, —203, and —191%o).

Several features are noticeable in Fig. 2, which gra-
phically summarizes data from Tables 1 and 2. In both

Table 1
Hydrogen isotopic composition of individual compounds from Clarkia fossils and sediments
Carbon Sediment-1 Sediment-2 Platanus Quercus Salix
number

§D? (%o) O’b %o) §D (%0) g (%0) §D (%0) o (%0) 8D (%o) o (%0) 8D (%o) o (%o)
n-Alkanes
23 —203 1.9 —201 1.7 —218 0.7 —211 1.7 N.D.c N.D.
24 —195 2.4 —197 1.5 —204 4.7 —195 8.8 N.D. N.D.
25 —204 1.8 —204 2.2 —214 0.4 —205 1.7 —195 10.5
26 —186 2.1 —181 3.0 N.D. N.D. N.D. N.D. —206 10.4
27 —209 0.5 -210 1.8 =212 3.1 —213 0.7 -207 0.4
28 —196 2.8 —194 2.1 —201 4.5 —194 2.5 N.D. N.D.
29 -210 1.5 —213 0.7 —221 0.0 —216 0.6 —215 2.5
30 —182 2.4 —179 2.7 —195 10.1 —206 10.9 —208 4.8
31 —196 2.4 —196 1.4 —218 0.0 —214 33 —224 1.3
n-Acids
16 -210 3.8 —212 0.3 —207 0.2 —212 1.1 —209 0.8
18 —196 1.3 —196 1.3 —145 0.7 —207 2.7 —186 2.4
20 —190 3.6 —194 0.7 —186 5.0 N.D N.D. —-172 9.9
21 —203 11.7 —200 4.5 —178 2.1 N.D. N.D. —141 2.7
22 —207 3.1 —213 0.9 —192 7.6 —181 7.0 —181 44
23 —185 6.4 —188 1.3 —172 7.4 N.D. N.D. —150 5.1
24 —213 1.4 —215 0.3 —199 3.1 —206 34 —204 2.4
25 —193 3.0 —194 1.4 —182 1.3 —193 3.0 —179 2.7
26 —217 0.3 —217 0.6 —222 0.2 —221 0.5 —-212 0.1
27 —199 1.5 —199 0.4 —194 1.3 —191 3.0 —189 3.4
28 —209 0.9 —209 0.5 —215 0.1 —218 0.1 —211 0.3
29 —203 1.9 —202 2.6 —208 0.5 —204 3.7 —204 0.7
30 —209 0.2 —209 0.5 =211 0.6 —214 0.1 —215 0.5
31 —199 2.4 —199 1.2 —201 33 —197 4.5 —212 5.0
32 —207 0.9 —207 0.9 —208 24 —204 1.3 -219 0.0

2 8§D values are expressed in %o relative to VSMOW.
® o =standard derivation of three replicate measurements.
¢ N.D.=not determined.
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n-alkane and n-acid fractions, there is a regular 8D offset
pattern between even and odd C chains in both fossil
and sediment samples. In n-alkanes, the odd carbon
numbers are more enriched in D than they are in even
chain carbons, whereas the pattern is reversed in n-acids
with depleted D in even chain carbons. In both Platanus
and Salix n-alkanes, the fossil lipid 8D values are readily
separated from those of the sediments by about 20%. on
average, whereas the values are similar in Quercus. For
n-acid fractions of all three fossil genera, the §D values
for n-C16 are similar or identical, and the 6D value dif-
ference between fossil and sediment lipids tend to
decrease with the increase of carbon chain length.

3.3. Variation of 6D in modern lipids

Table 2 shows n-alkane and n-acid D/H compositions
from lipids isolated from the three living species. A
range of 8§D values between —246%o0 to —179%o (with a
difference of 67%o), and —220 to —151%. (with a differ-
ence of 69%o0), were obtained for the hydrocarbon and
acid fractions respectively. In all three species, fatty
acids are more enriched in D contents relative to the
hydrocarbons (56%o on average). For a particular spe-
cies, the 8D variation in n-acids tends to be larger than
that in n-alkanes, with Quercus garryana having the lar-
gest offset (62%o in nm-acids and 16%. in n-alkanes
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Table 2
Hydrogen isotopic composition of individual compounds from
modern leaves collected from Idaho

Carbon Quercus Platanus Salix
number garryana occidentalis amygdaloides
8D (%0) © (%0) 8D (%0) o (%0) 8D (%o) o (%o)
n-Alkanes
23 —224 1.8 —193 1.8 —220 1.1
25 —229 0.8 =179 0.6 —226 1.5
27 —213 1.8 —195 0.6 —246 1.3
29 —203 06 —187 0.8 —227 1.9
31 —204 0.1 —181 1.1 N.D. N.D.
n-Acids
14 -210 0.8 —198 0.8 —163 1.8
16 —220 20 211 0.4 —151 1.1
18 —189 10.1 —-159 25 —160 0.7
20 —182 44  —172 3.7 —171 11.3
22 —191 10.1 —165 2.0 —166 1.3
24 —197 43  —168 2.3 —187 1.3
26 —203 34 —170 1.6 —187 0.4
28 —198 1.2 -175 0.8 —186 0.6
30 N.D. N.D. -172 1.5 —185 2.4

respectively). Similar to fossils, Salix amygdaloides
exhibits the largest D variation among different com-
pound classes (95%o, between C,; n-alkane and Ci¢
n-acid). The variations of 8D values within each species
are rather small. For n-alkanes, a difference of 26%o
(between Cy3 and Cyg), 16%0 (between C,s and C,), and
26%o0 (between C,3 and C,7) was recorded for Quercus,
Platanus, and Salix respectively; whereas §D variations
in n-acid fractions are 38%o (between C,y and Cyg), 52%o
(between Ci¢ and C;g), and 36%o (between Ci4 and Csg)
for Quercus, Platanus, and Salix. In addition, n-alkanes
in living plants are more depleted in D contents than
that in n-acids, a pattern that is consistent with what is
observed in the fossils. On average, n-alkanes from
modern leaves are more depleted in D than they are in
their fossil counterparts (except for Quercus), whereas
the pattern is reversed in n-acids in which fossil com-
pounds generally show lower §D values. In most cases,
the 8D from living species is readily separated from
either fossil or sediments. Comparing 8D of the same
compound in the living species, the fossil compounds
may contain either depleted (e.g., in Fig. 2a and c) or
enriched (e.g., in Fig. 2b and d) D contents.

3.4. Water 5D and hydrogen isotope offsets

The observation that sediment waters obtained
directly from sediment seeping and from immediate
condensation within plastic bags yielded indistinguish-
able §D values (—113 and —114%o. respectively) indicates

Table 3
8D in surface and sediment waters, apparent hydrogen isotope
fractionation between waters and lipids

Clarkia Clarkia Moscow
surface sediment surface

Hydrogen isotope in waters
Mean 6D (n=3) —101x£2.8%0 —114+£1.3%0 —104+1.6%0

Platanus Quercus Salix

Apparent hydrogen isotopic fractionation

Fossil
Alkanes/water —103%o —105%0 —108%o
Acids/water —91%o —102%0 —88%o
Living
Alkanes/water —124%o —93%o —144%o
Acids/water —106%o —82%o —81%o

that no significant isotopic fractionation has occurred
during our sampling process. Table 3 displays mean 5§D
values from water samples collected from various sour-
ces in Clarkia and the surrounding areas and calculated
apparent H isotope fractionations between lipids and
these waters. The mean 8§D values vary slightly among
water samples obtained from Clarkia sedimentary
rocks, surface water collected near the P-33 site, and
from Moscow, Idaho. The surface waters are slightly
enriched in D in relation to the sediment water from the
Clarkia rock formation. Compared with the sediment
water, the fossil lipid 8D values show hydrogen isotope
offsets (apparent fractionation) ranging from 88 to
108%o0, whereas the difference between environmental
waters and n-alkane or m-acid fractions of modern
plants displays a variation from 81 to 144%. (Table 3).

4. Discussion

4.1. Preservation of carbon-bound hydrogen isotope
ratios in lipids

Our study represents the first attempt to measure
compound-specific §D from identifiable Tertiary plant
fossils. The organic rich lacustrine sediments at the
Clarkia site provide a test for the preservation of pri-
mary D/H signatures in depositional environment asso-
ciated with abundant clay minerals and saturated acidic
water. Several lines of evidence led us to believe that the
8D variations observed in these fossils and sediments
suggest preservation of primary hydrogen isotopic
compositions in the Clarkia deposit.

The large 8D variations detected within each com-
pound class between sediments and fossils (up to 62%o in
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n-C,, fatty acids) and among fossils (up to 62%. between
Platanus and Quercus in n-C;g acids) are indicative of
the preservation of original hydrogen isotopic composi-
tions in these fossils. If extensive diagenetic alternations
had occurred, one would expect a more homogenous §D
for compounds of similar structure and a small 8§D
variation. As indicated in Fig 2, 8D curves of both frac-
tions from Platanus and Salix are readily separated
from the sediment §D curve with the average difference
about 20%o (Fig. 2a, d, ¢ and f). In Quercus, the §D off-
sets between fossil lipids and sediments are smaller
(most within 15%o), but several compounds (e.g., n-Csq
alkane, and n-C,, acid) yield large 8§D difference up to
27 and 32%o (Fig. 2b and e). Extensive equilibration
would tend to make co-occurring homologous alkyl
lipids have similar §D values given the long time of
depositional history for the Clarkia deposit. It is also
evident, especially in short C chain n-acids, homologous
lipids from fossil material exhibit large § D variations (e.g.,
n-Cig and n-C,)), although homologous series from fossils
and sediments show similar trend of saw-tooth pattern
(further discussions are given below). Such large varia-
tions in homologous n-alkyl lipids argue for small diage-
netic alternation on the hydrogen isotope ratios of lipids.
The fossil §D variation pattern of inter-compound
class falls within the range of lipid 8D variations
observed in modern higher plants. With a few excep-
tions (e.g. Platanus C,g n-acids), most of the §D varia-
tions within compounds are less than 30%o for the fossil
species, which is consistent with previous observation on
living plants (Sessions et al., 1999) as well as additional data
obtained from living plants in this study. In two higher
plant species examined by Sessions et al. (1999), less than
50%o 8D variations were detected within n-alkanes. Com-
pared with other two genera, substantial D variations in
individual lipids across different n-acids were observed in
both living and fossil Salix (35%0 and 68%., respectively,
Fig.f). Since isotopic variability of individual lipids is lar-
gely controlled during biosynthesis processes (Martin et
al., 1986), the similar behavior of §D variations found in
the fossils and their living counterparts favor the inter-
pretation of preservation of primary D in Clarkia fossils.
It should be noted that although 8D values are differ-
ent between fossil and sediment samples, on average, the
8D offsets between living and fossil leaves are greater
than those between fossils and sedimentary groundmass.
A synchronized saw-tooth lipid 8D pattern between
fossils and sediments was apparent in Fig. 2, and a
similar pattern was also observed on compound specific
C isotopes of hydrocarbons from the Clarkia site
(Huang et al., 1995). Unfortunately, because the
exceedingly low lipid concentration from odd C series in
n-acids and even C series in n-alkanes from living plants
prevented an accurate measurement of their §D values,
whether these modern plants possess those similar iso-
topic characters is presently unclear. While the cause of

this pattern in fossil material is largely unknown, there
are several plausible explanations. This trend of simi-
larity between fossils and sediments is expected as the
majority of preserved n-alkyl lipids in the lake sediments
were derived from the terrestrial plant community near
the ancient Clarkia lake (Logan and Eglinton, 1994;
Huang et al., 1995, 1996). In our dataset, especially in
fatty acids, we have noticed that the 8D differences
between fossils and sediments tend to be larger in
shorter C chain lipids (with the exception of C;¢) than
they are in longer C chain (C>26). This general trend
may be partially explained by the different origins of
these lipids in fossils and sediments. Since the majority
of long chain fatty acids in sediments derived from ter-
restrial higher plants, they tend to possess similar 8D in
comparison with lipids isolated from fossil materials,
especially in long C chain n-alkanes. On the other hand,
since algae produce large amounts of short chain fatty
acids in sediments (Volkman et al., 1998), these short
chain fatty acids are expected to have larger hydrogen
isotope difference in §D values when compared with
their higher plant fossil homologous. It is impossible to
completely exclude sediments that are intimately asso-
ciated with fossil tissues during sample preparation, thus
minor sediment contamination is unavoidable. How-
ever, the distinct lipid profiles obtained from fossil and
sediments as well as the large 8D variations detected
among fossil genera and between fossils and sediments
indicate that such a problem is only minor.

4.2. Hydrogen isotope exchanges between water and
buried organic molecules?

Hydrogen isotope exchange between organic mole-
cules preserved in sedimentary rocks and the surround-
ing environment is a serious concern among geochemists
who wish to apply compound-specific D/H analysis to
ancient organic molecules in solving geological pro-
blems (Andersen et al., 2001; Sessions, 2001). Our
results indicate that an extensive H exchange between
environmental waters and fossil lipids is unlikely at the
Clarkia site. The excellent molecular preservation and
little diagentic alteration of 8D values in Clarkia fossils
and sediments imply minimal H isotope exchange
between organic molecules and environmental water.
The large hydrogen isotope offsets (up to 123%o)
between fossil lipids and sediment water at the Clarkia
site (Table 3) can be taken as evidence against extensive
H exchange between water and fossil lipids. Although the
age of the sediment water cannot be directly dated, it is
possible that the sediment water represents ancient forma-
tion water. The excellent preservation of various organic
molecules and compounds in the Clarkia fossils and sedi-
ments precludes oxygenated groundwater infiltration to
these ancient lake sediments. Although the §D values in
sediment water may not represent the original isotopic
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values of the ancient lake waters, these waters have been
associated with Clarkia sediments and fossils, thus
allowed ample time for possible isotope exchange to
proceed. Because the large mass difference between H in
environmental water and in organic lipids in fossils, had
an extensive H exchange occurred, more homogenous
8D values between the sediment water and fossil lipids
would be expected.

The complexity of a series of H isotope fractionation
steps from environmental water to the point of lipid
synthesis in terrestrial plants (Smith and Ziegler, 1990;
Roden et al., 2000) made a straightforward comparison
between D/H variation patterns of fossil and living spe-
cies difficult. Available information from studies of cel-
lulose and plant bulk organic matter have indicated that
D/H ratios of organic compounds in terrestrial plant
leaves are influenced by two major fractionations in
opposite directions (Ziegler, 1989; Terwilliger and
DeNiro, 1995). Evapotranspiration leads to an enrich-
ment in D in the leaf waters (Epstein et al., 1977; Yakir,
1992; Terwilliger and DeNiro, 1995), whereas lipid bio-
synthesis processes involve fractionation against D
(Smith and Epstein, 1970; Sternberg et al., 1984; Stern-
berg, 1988; Ziegler, 1989). Unlike aquatic plants which
have lipid 8D values directly related to the hydrogen
isotope composition of the medium water (Sternberg,
1988; Sessions et al., 1999; Andersen et al., 2001), the
influence of H isotopic composition due to evaporation
has to be accounted for in terrestrial plants. Using
environmental water to calculate hydrogen isotope
fractionation in terrestrial plants results in a lowered
fractionation value for lipid biosynthesis from leaf
water. In addition, a daily fluctuation of H isotopes up
to 20%o in leaf water has been observed in living Cs
plants (Leaney et al., 1985), which suggests further cau-
tion to derive a generalized picture for H isotope frac-
tionation during lipid biosynthesis in terrestrial plant
leaves. These cascading fractionation events complicate
our comparison of observed §D offset patterns between
lipids and environmental waters (Table 3) in fossil and
living species. In our case, the nature of sediment water
associated with fossils and the leaf water from living
plants were either unknown or not determined, and the
environmental water we used for calculating the appar-
ent H isotope fractionation was sampled during a short
duration. We therefore cannot exclude the possibility
that the similar pattern in apparent H isotope fractio-
nation between living plants and fossil samples was
merely fortuitous. Nonetheless, our primary interest is
to assess the diagenetic effects on the H isotope ratios of
sedimentary and fossil lipids. The large apparent H iso-
tope fractionation values between surrounding water
and lipids (Table 3) would suggest insignificant diage-
netic alteration of H isotope values and imply minimal
D/H exchange during burial of these fossil material for
the past 15-20 million years.

There is a possibility that the growth water of Clarkia
Miocene plants was much more D-depleted, and sub-
sequent D/H exchange has enriched all preserved fossil
compounds to produce a similar offset patterns between
water and fossil compounds as is now seen between
modern plants and environmental waters. However, this
scenario is highly unlikely. The more D-depleted ancient
growth water would suggest a colder paleoclimate in
Clarkia during middle Miocene time when the weather
was actually much warmer and more humid than that of
present day based on paleobotanical evidence (Smiley
and Rember, 1985; Yang, 1996).

Our observation is generally in agreement with a pre-
vious study on biogeochemistry of hydrogen isotopes in
microalgae, which concluded that C bound H does not
exchange with medium water (Estep and Hoering,
1980). While our data suggest no extensive D/H
exchange has occurred in Clarkia samples, it should be
noted, however, small amounts of H exchange were dif-
ficult to detect. Nevertheless, our results support a
recent observation on §D values from sulfur-bound
lipids in the 6 million year old sediments from the
Mediterranean Sea, indicating that primary values of
preserved D/H in individual compounds from ancient
sediments can be used to reconstruct paleoenviron-
mental conditions (Andersen et al., 2001). The appar-
ently faster exchange rates obtained through laboratory
simulation (Sessions, 2001) may be attributed to results
of experimental artifact.

4.3. Variation of dD in modern plant lipids

Sessions et al. (1999)’s report was the only publication
with in-depth discussion on hydrogen isotope variations
in individual compounds from living higher plants. Our
analysis of the three living terrestrial plant species added
new information on hydrogen isotope biochemistry in
n-alkyl lipids from angiosperms. We observed that in all
three living species examined, the hydrocarbons were
more depleted in D relative to fatty acids (up to 56%o in
Salix). This is a reversed pattern from what has been
observed on Daucus carota (carrot) by Sessions et al.
(1999), but is consistent, both in the order and in the
scale, with a previous report by Estep and Hoering
(1980). A similar pattern with more negative hydro-
carbon 8D values than those in fatty acids is observed in
fossil lipids, although the differences are considerable
smaller (up to 18%o in Salix). The lipids from Clarkia
sediments, which reflect an average of organic input
from surrounding higher plants, have a slightly different
pattern than that from the fossils, with hydrocarbons
enriched in D relative to fatty acids. No obvious trend
toward enrichment in D with the increase of carbon
number was observed from the modern species. Thus,
more studies are needed before a clear pattern of isotope
fractionation in higher plants can be fully established.
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5. Conclusions

We have obtained distinct §D values from individual
lipids of n-alkanes and n-acids isolated from three plant
fossils (Platanus, Quercus, and Salix) as well as sedi-
ments from the Clarkia Miocene deposit in northern
Idaho, USA. The large D variations within and across
compound classes between plant fossils and sediments
as well as among the three fossil plant genera support an
indigenous origin for these hydrogen isotopic values.
These data are in agreement with previous observations
of exceptional lipid preservation in the Clarkia plant
material, and indicate that original hydrogen isotopic
compositions are recognizable from Clarkia plant fossils
and sediments after burial of 15 million years or more.
The fidelity of fossil D/H ratios and the large §D offset
between fossil lipids and sediment water suggest that
diagenetic alteration of original hydrogen isotope ratios
is most likely only small at the Clarkia site. The repro-
ducible results further warrant the feasibility of applying
lipid-bound hydrogen isotopes to paleoecological and
paleoenvironmental studies in Tertiary deposits.
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