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a b s t r a c t

We analyzed D/H ratios of common terrestrial leaf wax lipids in a 1400 year sediment core from the Santa
Barbara Basin (SBB) to test whether they accurately record terrestrial climate in Southern California. The
D/H ratios of long chain n-alkanes vary substantially with depth, but are poorly correlated with other ter-
restrial climate proxies. Interference from fossil hydrocarbons may be at least partly responsible. Long
chain n-alkanoic acids exhibit nearly constant downcore D/H ratio values. This constancy in the face of
known climatic shifts presumably reflects a substantial residence time for leaf wax compounds in terres-
trial soil and/or on the basin flanks. Alternatively, the isotopic composition of meteoric waters in South-
ern California may not covary with climate, particularly aridity. However, the dD values of n-C22 and n-C24

fatty acids, commonly attributed to terrestrial aquatic sources, are partially correlated with Southern Cal-
ifornia winter Palmer Drought Severity Index, a tree ring-based climatic proxy (R2 0.25; p < 0.01) on
multi-centennial scales with an inferred ca. 215 year time lag. The improved correlation of these bio-
markers can be explained by the fact that they are not stored in terrestrial soil nor are subject to inter-
ference from fossil hydrocarbons. Our study indicates that the SBB is unlikely to preserve high resolution
leaf wax D/H records that can serve as quantitative paleoclimate proxies, though some qualitative infor-
mation may be retained. More generally, the sources of lipids in marginal marine basins need to be care-
fully evaluated prior to attempting paleoclimate reconstruction based on the leaf wax D/H proxy.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Southern California is currently home to ca. 24 million people.
With a mean annual precipitation of <600 mm, fresh water is per-
haps the most critical natural resource for the region. Most regio-
nal climate assessments suggest that the region will continue to
dry further (e.g. Barnett et al., 2008; Overpeck and Udall, 2010)
with future anthropogenic warming, although the magnitude of
such changes is uncertain. To enable adequate future planning
for water resources, the response of precipitation to climatic
change in Southern California needs to be more clearly under-
stood. Numerous proxies have been tested for Southern California,
including tree ring widths (e.g. Cook and Krusic, 2004; MacDon-
ald, 2007), d18O of marine planktonic foraminifera (e.g. Kennett
and Kennett, 2000), pollen (e.g. Heusser and Sirocko, 1997), arche-
ological remains (e.g. Lambert, 1994; Glassow, 2002) and flood
deposit thickness (e.g. Schimmelmann et al., 2003). One new
proxy that holds promise, but has not been tested in this region,
ll rights reserved.
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is the hydrogen isotopic composition (D/H ratio) of terrestrial leaf
wax lipids.

Plants obtain all of their dietary hydrogen from environmental
water, so the isotopic composition of C-bound H that is ‘fixed’ by
these plants should reflect that of environmental water. Numerous
studies of cultured plants (e.g. Zhang and Sachs, 2007), natural eco-
systems (e.g. Xie et al., 2000; Sachse et al., 2006), lake core-top sed-
iments (e.g. Huang et al., 2002, 2004; Sachse et al., 2004; Hou et al.,
2006, 2008) and even surface soils (Rao et al., 2009) confirm that
this is so. The D/H ratio of environmental water is in turn con-
trolled both by that of incoming precipitation and by evapotranspi-
ration from soils and plants (e.g. Yakir et al., 1990; Smith and
Freeman, 2006; Feakins and Sessions, 2010). The D/H ratio of pre-
cipitation is also influenced indirectly by aridity because falling
rain droplets partially evaporate and become D-enriched (Risi
et al., 2008). All these effects tend to reinforce each other, such that
environmental water becomes D-enriched in hot dry climates and
D-depleted in cold wet ones. We might, therefore, expect that sed-
imentary records of lipid dD values would provide a record of such
hydrologic changes and allow us to develop an improved under-
standing of the historical moisture budget of Southern California.

A significant problem for developing such records is that long
lived natural lakes are rare in Southern California. While they do

http://dx.doi.org/10.1016/j.orggeochem.2010.09.011
mailto:chaoli@ucr.edu
http://dx.doi.org/10.1016/j.orggeochem.2010.09.011
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem


16 C. Li et al. / Organic Geochemistry 42 (2011) 15–24
exist (e.g. Kirby et al., 2007; Blazevic et al., 2009), most now drain
heavily developed or agricultural regions that would be unsuitable
for core-top calibration studies. As a potential alternative, we ex-
plore here the marine Santa Barbara Basin (SBB; Fig. 1). SBB is a
nearshore basin that receives a strong input of terrigeneous sedi-
ments from the Santa Ynez Mountains, contains abundant organic
matter including terrestrial leaf waxes, and has rapid accumulation
rates and varved sediments. It has also been heavily studied from a
marine paleoclimate perspective, and long sediment archives al-
ready exist with appropriate age models. If lipids record terrestrial
aridity, this would be an ideal place to develop long, high resolu-
tion proxy records.

To this end, we measured D/H ratios of putative terrestrial leaf
wax lipids, including intermediate (hereafter ‘‘mid-’’) and long
chain fatty acids (FAs) and long chain n-alkanes, from two overlap-
ping cores spanning the present back to ca. 600 AD. Results are
then compared with existing data for drought severity, based pri-
marily on the tree ring-based winter Palmer Drought Severity In-
dex (PDSI).
2. Regional setting

SBB is a semi-enclosed coastal basin bounded by the Santa Ynez
Mountains (600–1800 m elevation) to the north and a succession
of islands (San Miguel, Santa Rosa, Santa Cruz and Anacapa) to
the south (Fig. 1). It is connected to the Pacific Ocean to the
northwest and southeast by two sills, at 450 and 230 m water
depth respectively, which limit circulation in deep waters of the
basin. The resulting suboxic to anoxic conditions provide greatly
enhanced preservation of both autochthonous and allochthonous
organic matter (Mollenhauer and Eglinton, 2007) and promote
the deposition of varved sediments in the central SBB (Schimmel-
mann et al., 2006).

Fluvial input to the basin is mainly from the perennial Ventura
and Santa Clara Rivers (VR and SCR, respectively), which extend
northeast into the continental interior of the Coastal Range
(Fig. 1). Discharge from these rivers is the major contributor to ter-
rigenous sedimentation of the SBB (Fleischer, 1972; Hein et al.,
2003). Erosion in the Ventura/Santa Clara drainage system is con-
trolled primarily by precipitation, which peaks during winter and
spring (see below) and carries silt and clay-size particles into the
SBB (Schimmelmann et al., 2003; Robert, 2004). Notably, the SCR
is one of the largest river systems along the coast of Southern
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Fig. 1. Bathymetric map of Santa Barbara Basin, showing the location of core SBB1. VR: Ve
and SCR. Modified from Schimmelmann et al. (2003).
California, and drains an area of 4100 km2 in the coastal ranges.
Annual sediment load for the SCR is highly variable (0.01–
100 � 109 kg) and hyperpycnal transport of suspended sediment
during flood events in winter and spring accounts for ca. 75% of
the cumulative sediment load discharged by the SCR over the past
50 years (Warrick and Milliman, 2003). Accordingly, the SBB is a
promising testing ground for using terrestrial lipids as a proxy
for paleoprecipitation in the adjacent watershed.

California’s climate is dominated by a semi-permanent high
pressure area over the North Pacific Ocean, known as the Pacific
High. This pressure center moves north during the summer, push-
ing storm tracks with it and resulting in little or no precipitation
for the southern part of the state. During winter, the Pacific High
retreats to the south, permitting storm centers to swing across
Southern California, bringing most of the region’s precipitation. El
Niño and La Niña conditions periodically change the circulation
pattern, resulting in wetter or more arid conditions, respectively.
On average, the Santa Barbara area receives about 300–500 mm
of precipitation annually, mostly in winter. The mild Mediterra-
nean-type climate of the region sustains a composite vegetation
of mostly grasses and oaks in the coastal plain, grading to domi-
nant Artemisia brush near the coast. Chaparral-type ecosystems
predominate on the region’s relatively dry slopes, with juniper,
oak and pine in the most elevated areas.
3. Methods

3.1. Sample collection

A composite sediment core was collected (SBB1, 34�130N,
120�20W; Fig. 1) at a depth of 583 m during a cruise of the R/V
New Horizon in June 2004. It consisted of an upper multicore
(SBB1-MC3, 67 cm) that preserved the sediment/water interface,
and a gravity core (SBB1-GC2, 220 cm) that did not. The two cores
were aligned vertically on the basis of porewater chemical profiles
(primarily sulfate and H2S) as described by Li et al. (2009) and
Fig. 2. Sampling details and related geochemical data are reported
by Li et al. (2009) and a detailed sample list can be found in the on-
line Supplementary data Tables S1 and S2.

To examine the terrestrial origins of mid-chain FAs (C22–C24)
preserved in the SBB cores, we collected samples of river bed sed-
iment and dominant aquatic macrophyte plants from 3 sites along
a 30 km stretch of the SCR (Table 1) in June, 2009. Sediment
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Fig. 2. Sulfide and sulfate profiles of core SBB1 showing alignment of the upper
(MC3, filled circles) and lower (GC2, open circles) subcores. Measured ages are also
marked.
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samples were collected both from within the river channel and
from (dry) overbank deposits using a shovel and stored in pre-
combusted glass jars. Plant specimens included cattails (Typha
spp.), which predominate in the estuary, and an unidentified green
algal macrophyte growing submerged in the upper part of the riv-
er. Both were harvested with clean scissors, stored in plastic zip-
lock bags, and transported on ice to Caltech.
3.2. Lipid extraction, purification and derivatization

Two types of common terrestrial lipids were examined: long
chain n-alkanes and mid- to long chain n-alkanoic acids (FA).
Extraction and purification of n-alkanes followed the same proce-
dures used by Li et al. (2009), except that alkanes were obtained
by silica gel chromatography (1 g, 5% deactivated). For the n-alkane
data, 12 of 28 samples were previously reported by Li et al. (2009).
Table 1
FAs in SCR sediments and plants.

Sample SCR-S1 SCR-S2

Approximate distance to SCR outlet
(km)

0 10

Sample matrix Fine grained estuary
sediment

Coarse grained
sediment

Concentration (lg/g dry sediment or dry tissue) and dD value (‰)
22:0 0.25(�145) 0.27(�137)
24:0 0.33(�131) 0.34(�146)
26:0 0.21(�123) 0.23(�144)
28:0 0.09(�107) 0.29(�139)
30:0 0.00 0.28(�143)
(22:0 + 24:0)/(26:0 + 28:0 + 30:0) 1.91 0.76

a Not applicable.
FAs were isolated by first saponifying [0.5 M NaOH (10 ml) in H2O
at 70 �C for 4 h] 4 g dried sediment, then were extracted and sep-
arated (cf. Li et al., 2009). The current samples should thus be con-
sidered as ‘total’ FAs, rather than ‘bound’ or ‘free’ FAs and all the
data reported are new relative to Li et al. (2009).

River sediment (4 g) and plant biomass (0.5 g) samples were
processed in the same way as the SBB sediments, except that we
saponified total lipid extracts obtained from microwave extraction
(see Li et al., 2009) rather than the dried sediments or plant tissue
prior to extraction. This was necessary in order to avoid the forma-
tion of a strong emulsion for the plant samples. Extraction was car-
ried out using the same procedure as for alkanoic acids from SBB
sediments.
3.3. GC–MS and D/H analyses

Analytical methods for lipid identification, quantification and D/
H measurements were identical to those in Li et al. (2009). All iso-
topic data are reported in the typical dD notation, in units of permil
(‰) relative to the VSMOW standard. Precision and accuracy of the
compound-specific dD measurements are a function of both ana-
lyte concentration and complexity of the GC chromatogram. The
mean precision for replicate analyses of the external n-alkane stan-
dard compounds was 3.7‰ (1r), and the root-mean-squared
(RMS) error for all external standards was 3.4‰ (n = 570). For the
long chain n-alkanes, a high level of precision was achieved largely
because of the clean chromatographic background resulting from
the urea adduction. Standard deviation (n P 3) for n-C27 to n-C33

was between 0.5‰ and 10.2‰, and typically <5‰ for samples
where replicate analyses were available. For mid- and long chain
FAs, a similar but slightly larger range of precision was obtained.
Only in a few cases (e.g. C26:0) did FA methyl ester peaks coelute
with other minor components or appear at positions in the chro-
matogram with a variable baseline, leading to poorer precision of
up to 14.6‰.
3.4. Radiocarbon dating

At least 6 mg of planktonic foraminifera were hand picked from
each sediment sample for radiocarbon (14C) analysis. The selected
species included Globigerina bulloides, Neogloboquadrina pachy-
derma and Globigerina quinqueloba, which are abundant in SBB sed-
iments and have been widely used for radiocarbon dating (e.g.
Hendy et al., 2002). Radiocarbon measurements were performed
at the National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) Facility at Woods Hole Oceanographic Institution. The
foraminiferal tests were acidified under vacuum with 100%
H3PO4 in a 60 �C bath overnight. The resulting gas was collected
and purified, graphitized over an Fe catalyst and analyzed by
SCR-S3 SCR-P1 SCR-P2

30 0 30

riverbed Fine grained overbank
deposit

Cattail
leaves

Submerged green
alga

0.13(�148) 0.73(�148) 0.00
0.18(�154) 1.45(�150) 0.00
0.13(�152) 1.01(�144) 0.00
0.12(�142) 0.61(�133) 0.00
0.00 0.18 0.00
1.23 1.21 n/aa
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AMS. The 14C results are reported as conventional radiocarbon ages
(Stuiver and Polach, 1977; Stuiver, 1980) and include a d13C correc-
tion for isotopic fractionation. Radiocarbon ages were calculated
using 5568 years as the half life of radiocarbon and are reported
without regional reservoir age (DR) corrections or calibration to
calendar years.

3.5. Calculation of correlation coefficients (R2)

The SBB sediment samples have inherently variable temporal
resolution because the two substituent cores (multicore and grav-
ity core) were sampled at different physical resolution (5 and
10 cm, respectively) and because compaction changes the relation-
ship between depth and age. In contrast, the tree ring-based winter
PDSI record to which our D/H records are compared (see Sec-
tion 4.2) has annual resolution over the past 2000 years, with an
entirely independent chronology. For quantitative comparison of
the two records, the following approach was adopted. First, start
and end dates for each sediment sample were calculated on the ba-
sis of the age model described in Section 4.1. Next, all PDSI values
falling into that same age range (based on the tree ring chronology)
were averaged. This resulted in paired dD and PDSI values and cor-
relation coefficients could be calculated directly using Microsoft
Excel. To introduce a potential time lag into the sediment chronol-
ogy, representing the residence/transport time for organics into the
sedimentary record, we simply adjusted the age range of all sedi-
ment samples by an integral number, recalculated the correspond-
ing PDSI average values, and then recalculated correlation
coefficients.

A similar approach was applied to correlation between the dD
record and SBB marine d18O record (with 10 year age range error
for data averaging) but only for zero year and 215 year time lags
because of the large and variable resolution in the d18O record, typ-
ically 5–55 years over the past 1400 years (Kennett and Kennett,
2000).

For FA dD records, surface (core top) samples were excluded
from the correlation analysis because of their anomalously high
concentration, which potentially indicates an input of labile mar-
ine components. This omission resulted in a very minor adjust-
ment to calculated R2 values.

4. Results and discussion

4.1. Sediment core chronology

Accurate ages for the top four samples of SBB1-MC3 were deter-
mined on the basis of varve counts from X-radiographs (Schimmel-
mann et al., 2006). The top 32 cm represent 88 years of
sedimentation from 1916–2004. Four deeper horizons (62.5, 70,
160 and 250 cm) were selected for 14C dating to constrain the
age of the remainder of the core, and are summarized in Table 2
Table 2
Age control for core.

Sample Depth range (cm) Dating method 14C age (14C year BP)

MC3–01 0–5 Varve counting –
MC3–03 10–15 Varve counting –
MC3–05 20–25 Varve counting –
MC3–07 30–35 Varve counting –
Macoma 59–61 Historical event –
MC3–13 60–65 14C-AMS 815
GC2–03 65–75 14C-AMS 885
GC2–12 155–165 14C-AMS 1620
GC2–21 245–255 14C-AMS 2370

a Measured using 14C-AMS and calibrated with the power age model described in the
and marked in Fig. 2. The accuracy of the stratigraphic alignment
of the multicore and gravity core (Section 3.1) was confirmed by
the similar 14C ages of two samples located just above and below
the juncture. Based on this alignment, the composite core provided
a complete record of the top 260 cm of SBB sediments.

In order to avoid large age errors caused by varying marine
radiocarbon reservoir age (DR) in SBB (Ingram and Southon,
1996), we employed the existing age model of Schimmelmann
et al. (2006) for the central SBB, which is based on varve counting
over the past ca. 6700 years with paired radiocarbon ages from
both benthic and planktonic foraminifera. To transfer this age
model to our core, we fitted the last 3200 year planktonic foram
data from Schimmelmann et al. (2006) with a power function
(R2 = 0.992; Fig. 3A) to provide a radiocarbon ‘calibration’ curve.
An alternative linear age model was also tested, and produced sim-
ilar but slightly worse (R2 = 0.964) results than the power model.
Placing our foram 14C ages onto this curve provides calibrated sed-
iment ages for the SBB1 core that are tied to the original varve
chronology (Fig. 3A).

The calibrated age tie points in our core are best fit (R2 = 0.9999)
by a polynomial interpolation for depths <160 cm, consistent with
the variable effects of compaction in shallow sediments (Fig. 3B).
As an independent test of this age model, we examined the appear-
ance of the ‘‘Macoma event’’ in our cores. This event left a unique
layer of Macoma leptonoidea pelecypod shells deposited in
1841 AD (Schimmelmann et al., 2006) and observed at a depth of
59–61 cm in our core. Our age model returns an age range of
1827–1834 AD for the Macoma layer, close to its actual deposi-
tional age. However, the polynomial age model does not fit well
with the deepest sample (250 cm; Fig. 3B), suggesting that the
polynomial relationship observed in the upper core due to sedi-
ment compaction gradually disappears in the lower core. In the ab-
sence of any further age control, we use a linear fit between the
deepest two radiocarbon ages.
4.2. Comparison of paleoclimatic proxy records

4.2.1. Long chain FAs
Downcore variations in the dD values of long chain FAs are quite

subtle and decrease in magnitude with increasing chain length
(Fig. 4A–C). Standard deviations for the records are 7.9‰ (C26),
4.5‰ (C28), and 3.4‰ (C30). The latter two values are indistinguish-
able from analytical precision. The mean dD values of these FAs
also decrease with chain length, with C30 having the lowest value
of �144‰ (Table 3). Correlation coefficients between the FA dD re-
cords and both winter PDSI and marine d18O are uniformly below
0.1 regardless of time lag, with only two exceptions (Table 3): R2

for C30 dD and PDSI reaches a maximum value of 0.25 (p < 0.05)
at a 40 year time lag (Fig. 5) and R2 for C26 dD and marine d18O
at a 215 year time lag has a value of 0.19 (p < 0.05). Given the lack
Error (14C year) Calendar age range (year AD)a Calendar age (year AD)a

– 2004–1994 1999
– 1984–1971 1978
– 1960–1944 1951
– 1925–1909 1917
– – 1841
30 1830–1813 1820
30 1813–1776 1795
25 1426–1375 1400
30 765–691 728

text.
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of significant downcore variance in dD values of the FAs, these cor-
relations are presumably artifacts of analytical noise.

Long chain FAs are thought to derive mainly from the leaf waxes
of terrestrial vascular plants (e.g. Cranwell, 1974; Eglinton and Egl-
inton, 2008). Therefore, our data would seem to imply that the D/H
values of terrestrial leaf waxes did not change significantly in this
region over the past 1400 years. This is hard to reconcile with the
independent winter PDSI and other climate records shown in Fig. 4
and with observations from other regions showing that dD values
of modern terrestrial leaf waxes are well correlated with the dD
values of precipitation (see Section 1). Two alternative explana-
tions for the lack of variance in SBB sediments are that meteoric
water dD values in the region do not covary with climate, or that
climatic signals have been obscured by long term storage and mix-
ing of lipids. Either effect would be contrary to assumptions that
are commonly employed to develop leaf wax paleoproxy records.

Strong correlation of meteoric water dD and aridity has been
well documented in many moist environments, particularly the
tropics, where the relationship is often described as the ‘amount
effect’ (Risi et al., 2008). However, to our knowledge this effect
has never been documented in Southern California. Friedman
et al. (1992) measured 7 years of monthly precipitation from 32
sites across Southern California and found no significant correla-
tion between rainfall amount and dD values for any individual site.
There was a moderate correlation between rainfall amount and dD
values across all sites, but it was the inverse of that expected, i.e.
lower rainfall was correlated with more negative dD values. This
spurious correlation arose because temperature and aridity
increase with distance from the coast, while rainfall dD decreases
because of progressive distillation of moisture from clouds as they
travel inland. Fifteen years of monthly average rainfall data from
the Santa Maria site of the Global Network of Isotopes in Precipita-
tion (GNIP) database showed a moderate (R2 = 0.36) correlation be-
tween rainfall amount and dD and no correlation with mean air
temperature. When data are binned into annual weighted means,
the correlation with amount disappears (R2 = 0.003). The physical
basis for this lack of correlation is likely that rainfall in Southern
California is controlled mainly by the number of storms crossing
the region, rather than by the amount of moisture wrung out of
each storm.

D enrichment derived from evaporation of soil water and tran-
spiration of leaf water also contributes to the climate signals in
environmental water. While such processes obviously exist, two
recent studies [Hou et al. (2008) in the Great Basin; Feakins and
Sessions (2010) in Southern California] have both shown that their
impact on leaf water in drought-adapted plants is minimal. This is
presumably because most of these plants grow new leaves, and
synthesize new leaf waxes, during the rainy season when evapo-
transpiration is minimized. In summary, existing meteorologic
and plant data – which are based on monthly and annual scale
variations – do not indicate a significant correlation between leaf
wax dD and aridity for Southern California. The possibility that
there is also little correlation on long timescales must therefore
be considered.

A second possible explanation for the lack of downcore dD var-
iation in long chain FAs is that significant mixing of terrigenous
sediments, and thus lipids, occurs during their transport to the
SBB basin depocenter, resulting in averaging of climate signals.
C26:0 and C28:0 FAs from the pre-bomb horizon of the SBB depocen-
ter have radiocarbon ages of 840 ± 80 and 1660 ± 160 years B.P.,
respectively (Mollenhauer and Eglinton, 2007), providing direct
evidence for a long transit time and a dominance of fluvial over
aeolian transport processes. Erosion and transport of sediments
to the ocean is highly episodic in Southern California, with >90%
of the sediment exported by the SCR occurring during flood events
(Masiello and Druffel, 2001). During a series of floods in 1997–
1998, the flux weighted average D14C value for particulate organic
carbon (POC) in the stream was �428 ± 76‰, equivalent to
4400 calendar years. Because these measurements were obtained
for bulk organic carbon, which is significantly affected by the
admixture of fossil carbon from weathering of black shales, it is
impossible to quantitatively predict the behavior of specific leaf
wax compounds. Nevertheless, these characteristics suggest that
the SCR transports and delivers to SBB a mixture of terrestrial lipids
of widely varying ages, with strong averaging of climatic signals.

4.2.2. Mid-chain FAs
In contrast to the long chain FAs, mid-chain (C22 and C24) FAs at

SBB1 have dD values ranging from �90‰ to �130‰ (Fig. 4D and E)
and display larger downcore variance (Table 3). Changes in dD val-
ues appear potentially related to climatic shifts, e.g. the relative D
enrichments from 1050 AD to 1500 AD in the lipid record could re-
flect the medieval drought (850–1300 AD) recorded by other prox-
ies (Fig. 4F–K). Correlation coefficients between the mid-chain FA
dD records and the winter PDSI record are largest at a time lag of
ca. 215 years (Fig. 5) with R2 values of 0.26 (p < 0.01) and 0.22
(p < 0.05) for C22 and C24, respectively. The dD and winter PDSI re-
cords also exhibit a second, local maximum in correlation with a
time lag of 67 years (Fig. 5). Because this is approximately the time
spacing between samples in the deeper SBB1 core and the signifi-
cance level of these correlations is low (p > 0.05; Table 3), we be-
lieve this maximum is artifactual. All the correlations observed
between the dD and winter PDSI records are negative, in agreement
with the expected isotopic relationships, i.e. higher dD values



Fig. 4. Comparison of dD records of intermediate and long chain FAs preserved in SBB with independent climatological, archeological and sedimentological records from
coastal Southern California for the past 1400 years. (A–E) dD records of C30:0, C28:0, C26:0, C24:0 and C22:0, respectively. (F) Winter PDSI record of coastal Southern California
(MacDonald, 2007). (G) Summer PDSI record of Southern California (grid point #48; Cook and Krusic, 2004). (H) Santa Barbara Channel sea-surface temperature (SST) record
based on d18O of G. bulloides (Kennett and Kennett, 2000). (I) Quantitative archeological record for lethal violence on the Northern Santa Barbara Channel Islands (Lambert,
1994). (J) Frequency distribution of calibrated radiocarbon dates from Chumash sites in the Vandenberg region (Glassow, 2002). (K) Flood deposit record from central SBB
sediments/cores (Schimmelmann et al., 2003). Sixty-year smoothing was applied to highlight centennial-scale changes in the winter and summer PDSI records of the coastal
Southern California. The horizontal gray zone represents the Medieval Drought from about 850 AD to 1300 AD. Vertical dashed line for each record represents the mean of the
record, while the short vertical dotted lines in the winter PDSI and dD records of C22:0 and C24:0 represent the means of potential climatic intervals in these records.

Table 3
Downcore characteristics of lipid concentration and D/H ratio in SBB cores.

Lipid Concentration dD Max ± R of dD vs. winter PDSIb R of dD vs. SBB foram d18O b

Average
(lg/g)

Loss (%) in top
42.5 cma

Avg. (‰) SD <150 (FAs) or <20
(alkanes) year delay

150–400 (FAs) or 20–150
(alkanes) year delay

0 year delay 215 year delay

n-FA
22:0 0.79 78 �111.3 11.8 �0.27 (27) �0.51 (27;<0.01) 0.53 (26;<0.01) 0.13 (27)
24:0 1.36 82 �113.3 10.3 �0.19 (27) �0.47 (27;<0.05) 0.29 (26) �0.08 (27)
26:0 1.36 87 �132.3 7.9 0.01 (27) �0.26 (27) �0.22 (26) �0.43 (27,<0.05)
28:0 0.63 54 �138.1 4.5 �0.19 (27) �0.11 (27) 0.19 (26) �0.05 (27)
30:0 0.33 52 �144.0 3.4 �0.46 (27;<0.05) �0.21 (27) 0.14 (26) 0.22 (27)

n-Alkane
n-C23 0.10 33 �127.4 17.1 n.c.c n.c. n.c. n.c.
n-C25 0.11 45 �150.2 11.2 n.c. n.c. n.c. n.c.
n-C27 0.40 39 �156.8 10.7 �0.90 (9;<0.01) 0.64 (9) �0.27 (26) �0.06 (27)
n-C28 0.14 15 �128.3 14.2 �0.97 (6;<0.01) 0.76 (6) n.c. n.c.
n-C29 1.46 32 �155.6 8.8 �0.81 (9;<0.01) 0.57 (9) 0.31 (26) 0.15 (27)
n-C31 1.06 38 �155.6 8.2 �0.79 (9;<0.05) 0.62 (9) 0.15 (26) 0.20 (27)
n-C33 0.60 35 �151.3 11.8 �0.69 (9;<0.05) 0.63 (9) �0.06 (26) �0.02 (27)

a Calculated as 100 � (C2.5cm � C<42.5cm)/C2.5cm, where C is concentration and C<42.5cm is abundance mean for samples in depth <42.5 cm.
b Data given as R (n; p) but R(n) when p > 0.05.
c Not calculated because too few data points are available.
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during drier periods (Feakins and Sessions, 2010). There is no sig-
nificant correlation with summer PDSI records (Fig. 4G), consistent
with the fact that most rainfall occurs during January–March in
this region.

Somewhat surprisingly, the C22 FA is also moderately correlated
with the marine d18O record, with R2 = 0.28 (p < 0.01) at zero time
lag (Table 3). The C24 FA is not appreciably correlated with marine
d18O (R2 = 0.08) at zero time lag, nor is either FA correlated with
marine d18O at a time lag of 215 years (R2 = 0.02 and 0.01, respec-
tively). The correlation of C22 with marine d18O is thus not the re-
sult of simple covariance between the marine d18O and winter PDSI
records. It would, however, be consistent with a partial marine
source for that FA, presumably benthic heterotrophic bacteria
(Craven and Jahnke, 1992).

The origins of the C22 and C24 FAs are thus somewhat uncer-
tain. They are commonly attributed to terrestrial aquatic plants
(Ficken et al., 2000), a view subscribed to by Li et al. (2009) on
the basis that mid-chain acids in SBB are D enriched by ca. 30‰

relative to other marine phytoplanktonic products. However, our
new data show that they are also enriched by ca. 30‰ relative
to SCR sediments and plants (Table 1), making this explanation
incomplete at best. The abundance ratios of mid- to long chain
FAs are roughly the same in SBB sediments (0.6–1.3; Table S1)
as in SCR sediments (0.7–1.9; Table 1), favoring a terrestrial
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origin. The concentrations of C22 and C24 drop more sharply at the
top of the SBB core than do longer chain acids (Table 3), suggest-
ing a labile marine origin.

In summary, the mid-chain FAs in SBB sediments exhibit down-
core variation in dD potentially related to both terrestrial climate
and marine circulation, in contrast to the long chain FAs. We
hypothesize that the mid-chain FA dD values record some combi-
nation of variable mixing between two different sources, as well
as changes in the terrestrial end member composition arising from
climate. While it may be possible to extract some useful climate
information from this archive on longer timescales, it will be a very
difficult signal to interpret quantitatively.
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4.2.3. Long chain n-alkanes
The dD values of long chain n-alkanes from SBB sediments show

pronounced variation over the past 1400 years (Fig. 6A–D and Ta-
ble 3). Samples from 800 to 1100 AD are somewhat D depleted,
while the interval 1750–2000 is marked by very strong, rapid fluc-
tuations. Average dD values are between �150‰ and �157‰, con-
sistent with that expected for terrestrial leaf waxes (e.g.
Chikaraishi and Naraoka, 2003; Bi et al., 2005). However, the large
variation in dD records of the long chain n-alkanes versus those of
long chain FAs (see Section 4.2.1) suggests that the n-alkanes do
not derive solely from plant leaf waxes. The discrepancy is likely
caused by an input of fossil hydrocarbons to SBB sediments, as
indicated by an abundant unresolved complex mixture (UCM; Li
et al., 2009) and the presence of D-enriched even n-alkanes (Ta-
ble 3). Southern California borderland basins receive hydrocarbons
from both natural petroleum seepage and, since the 18th century,
anthropogenic spills (Eganhouse and Venkatesan, 1993). Moreover,
fossil hydrocarbons are likely contributed by the weathering of or-
ganic-rich rocks, particularly the Miocene Monterey Shale (Petsch
et al., 2000).

The n-alkane data from before and after 1700 AD are qualita-
tively different, with the later period recording high frequency var-
iation not evident in earlier samples. For quantitative correlation
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Over the period 600–1700 AD, the dD values for C27, C29, and C31

n-alkanes are only slightly correlated with winter PDSI, with no
distinct maximum in correlation at any time lag between 0 and
400 years (Fig. 7A). There is, consequently, no apparent retention
of climatic information. Given that the leaf wax FAs show virtually
no downcore changes in dD, changes in n-alkane dD are likely
attributable to varying inputs of petrogenic and/or fossil n-alkanes.
It is possible that this mixing does include a climatic component, in
that the erosion and sedimentation of fossil n-alkanes from organ-
ic-rich rocks is driven by precipitation and runoff. For example, the
C33 n-alkane is less abundant than others, yet exhibits stronger
downcore variation in dD (Table 3) and a stronger correlation with
winter PDSI (Fig. 7A). The varying inputs of petrogenic and/or fossil
n-alkanes may have a disproportionately larger effect on this less
abundant compound. But in any case, none of the long chain n-al-
kanes appear particularly promising as paleoclimate archives.

In contrast, the n-alkane dD records from 1700 to 2000 AD are
quite strongly correlated with winter PDSI, with R2 values up to
0.81(p < 0.01; n = 9). However, depending on the time lag assumed,
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sampling interval, it is quite possible that this correlation is simply
an artifact of sampling resolution. Even if it is not, the fact that it
does not extend back beyond ca. 1700 AD means it is of very lim-
ited practical use. A more interesting question is why the character
of the n-alkane dD record changes so dramatically after ca.
1700 AD, whereas there is no equivalent shift in any of the other
climate proxies. It seems significant that this time period corre-
sponds roughly to the arrival of European settlers to the California
coast about 300 years ago (Chapman, 1916), with a concomitant
increase in land disturbance resulting from agriculture and settle-
ments after that. These activities perhaps facilitated more episodic
erosion and delivery of fossil hydrocarbons to the SBB, leading to
the more highly variable signal we observe. If so, n-alkane dD re-
cords might find some use as a qualitative proxy for human-in-
duced land disturbance along other coastal margins.
4.3. Relevance for paleoclimate records

Our results from SBB raise three cautionary notes that are rele-
vant to leaf wax paleoclimate records more generally. First, it is
widely assumed that the dD value of mean annual precipitation
strongly covaries with both temperature and rainfall amount,
and that this signal should be transferred to plant leaf waxes. This
assumption is ultimately based on the observation that precipita-
tion dD varies with spatial climate gradients, and the assumption
that this relationship can be reliably transferred to temporal cli-
mate gradients (e.g. Jouzel et al., 2000; Huang et al., 2002; Sachse
et al., 2004; Hou et al., 2008). Our brief review of existing precipi-
tation isotope data for Southern California indicates that this may
be a poor assumption for some mid-latitude regions, particularly in
Mediterranean-type climates where drought-adapted plants grow
only during the rainy season.

Second, it is also widely assumed that transport of leaf waxes to
lakes and marginal marine basins is dominantly aeolian, and thus
always has the potential to record climate with high temporal res-
olution. Our study of the SBB indicates that this assumption may
not be true for all settings. Existing radiocarbon data demonstrate
that leaf wax components in SBB have a long transport time (Mol-
lenhauer and Eglinton, 2007), consistent with similar lessons from
some other marine settings (e.g. Eglinton et al., 1997; Ohkouchi
et al., 2002; Mollenhauer and Eglinton, 2007) and the nearly invari-
ant FA dD records support the idea that there is very significant
mixing on ca. 1000 year timescales in SBB. We thus suggest that
other future studies of leaf waxes in large lakes and marine basins
should consider the transport time of leaf wax compounds into the
sedimentary record, ideally through radiocarbon dating.

Third, mid-chain FAs are commonly inferred to derive exclu-
sively from aquatic macrophyte plants (Ficken et al., 2000). Our
data from SBB strongly suggest an additional source, possibly mar-
ine benthic microbial mats. It remains unclear whether a similar
source might exist in large lakes, so we suggest that the origins
of these compounds be treated with some caution.
5. Summary

We developed a ca. 1400 year record of dD values for n-alkanes
and FAs derived from terrestrial plants and buried in sediments of
the Santa Barbara Basin (SBB). Of the biomarkers examined, C22

and C24 FAs – both attributed at least in part to terrestrial aquatic
plants – show the best correlation with winter drought. They reach
a maximum correlation coefficient (R2) of only 0.25 compared to
the winter PDSI record, with an assumed temporal lag of 215 years.
We interpret this lag as reflecting the transport time of lipids to the
SBB depocenter, though this remains to be directly tested. In con-
trast, long chain FAs and n-alkanes derived from terrestrial plant
leaf waxes do not show any significant correlation with other cli-
mate proxies. Given these relationships, the SBB does not appear
promising as an archive for organic paleoproxy records on centen-
nial timescales. We suggest that the lack of climate signals in these
proxies is related mainly to long residence times for compounds in
terrestrial soils and on the basin flanks, combined with sporadic
deep erosion of old soils during episodic storms that results in
strong mixing. If so, the SBB may still contain useful archives of ter-
restrial climate change on greater than millennial timescales. An
alternative possibility, which needs to be evaluated, is that the iso-
topic composition of meteoric waters in Southern California does
not strongly covary with climate.
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