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Abstract

Thaumarchaeota, the major sources of marine glycerol dibiphytanyl glycerol tetraether lipids (GDGTs), are believed to fix
the majority of their carbon directly from dissolved inorganic carbon (DIC). The 6'*C values of GDGTs (6'*Cgpgr) may be
powerful tools for reconstructing variations in the ocean carbon cycle, including paleoproductivity and water mass circula-
tion, if they can be related to values of 8'Cp;c. To date, isotope measurements primarily are made on the Cy biphytane
skeletons of GDGTs, rather than on complete tetraether structures. This approach erases information revealed by the isotopic
heterogeneity of GDGTs within a sample and may impart an isotopic fractionation associated with the ether cleavage. To
circumvent these issues, we present 6'*C values for GDGTs from twelve recent sediments representing ten continental margin
locations. Samples are purified by orthogonal dimensions of HPLC, followed by measurement of 4'>C values by Spooling
Wire Microcombustion (SWiM)-isotope ratio mass spectrometry (IRMS) with 1¢ precision and accuracy of +0.25%o. Using
this approach, we confirm that GDGTs, generally around —19%o, are isotopically “heavy” compared to other marine lipids.
However, measured 6'>*Cgpgr values are inconsistent with predicted values based on the 13C content of DIC in the overlying
water column and the previously-published biosynthetic isotope fractionation for a pure culture of an autotrophic marine
thaumarchaeon. In some sediments, the isotopic composition of individual GDGTs differs, indicating multiple source inputs.
The data appear to confirm that crenarchaeol primarily is a biomarker for Thaumarchaeota, but its §'*C values still cannot be
explained solely by autotrophic carbon fixation. Overall the complexity of the results suggests that both organic carbon assim-
ilation (ca. 25% of total carbon) and multiple source(s) of exogenous GDGTs (contributing generally <30% of input to sed-
iments) are necessary to explain the observed 8'*Cgpgr values. The results suggest caution when interpreting the total inputs
of GDGTs to sedimentary records. Biogenic or open-slope sediments, rather than clastic basinal or shallow shelf sediments,
are preferred locations for generating minimally-biased GDGT proxy records.
© 2016 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Archaeal GDGTs are ubiquitous in marine sediments
and form the basis of the sea surface temperature (SST)
proxy known as TEXgs (Schouten et al., 2002). TEXgq
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Tierney et al., 2010; Jenkyns et al., 2012). The broad geo-
graphic and temporal range of GDGTs suggests they will
continue to play an important role in interpreting paleotem-
peratures, even as the scientific community continues to
study and debate the mechanistic control(s) on how
TEXgs works (Elling et al., 2014, 2015; Qin et al., 2015).
Although modern TEXg¢ calibrations generally predict
SSTs to within +3-5°C (Liu et al., 2009; Kim et al.,
2010; Tierney and Tingley, 2014), ancient records of
TEXge-predicted SSTs can disagree with other proxies
and climate models, particularly during greenhouse
climates (e.g., Jenkyns et al., 2004; Hollis et al., 2012;
Lopes dos Santos et al., 2013). Therefore it is critical to
develop a better understanding of the mechanisms control-
ling GDGT production, export, and deposition (Pearson
and Ingalls, 2013).

In most studies to date, the majority of archaeal GDGTs
reaching marine sediments are believed to be sourced from
planktonic, ammonia-oxidizing Thaumarchaeota, although
there is some debate regarding possible additional sources
(e.g., Lincoln et al., 2014). Cell numbers and maximum
copies of archaeal ammonia monooxygenase (amoA) and
16S rRNA genes occur at or just below the base of the pho-
tic zone, coincident with nitrification (Massana et al., 1997;
Karner et al., 2001; Francis et al., 2005; Church et al., 2010;
Santoro et al., 2010). Lipid abundances follow patterns sim-
ilar to gene copy numbers and cell counts (Schouten et al.,
2012; Basse et al., 2014; Lincoln et al., 2014; Xie et al., 2014;
Kim et al., 2016). Together these studies suggest that the
majority of planktonic thaumarchaeal production is
between 100 and 350 m, i.e., dominantly sub-photic. Sub-
photic export of GDGTs is consistent with the ratio of
GDGT-2 to GDGT-3 ([2/3]) observed in marine sediments.
In suspended particulate matter (SPM), [2/3] increases as a
function of water column depth, and sedimentary [2/3] val-
ues agree better with SPM below the photic zone (Turich
et al., 2007; Taylor et al., 2013; Hernandez-Sanchez et al.,
2014). Similarly, natural '*C data show that GDGTs recov-
ered from sediments can have older “ages” than co-
occurring phytoplanktonic lipids such as sterols (Pearson
et al., 2001; Shah et al., 2008). Sub-photic water column
export, however, cannot be easily distinguished from the
confounding effects of erosional GDGT sources, or from
inputs from benthic communities. Deep-water and sedimen-
tary production, as well as exogenous inputs, both con-
tribute “old” '#C, especially if the latter is due to the
weathering of ancient sedimentary rocks.

Carbon assimilation in the ammonia-oxidizing Thau-
marchaeota is believed to be dominantly, though not exclu-
sively, autotrophic (Ouverney and Fuhrman, 2000;
Konneke et al., 2005; Qin et al., 2014; Santoro et al.,
2015). Although mixotrophy is observed in some strains,
it apparently does not contribute the majority of lipid car-
bon (Wuchter et al., 2003), and the limited available evi-
dence suggests the overall community assimilates ca. 80%
of its lipid carbon directly from DIC (Ingalls et al., 2006).
If these assessments are correct, the >C content of GDGTs
should generally reflect patterns of '*C in water column
DIC. In support of this idea, §'*C values of archaeal biphy-
tanes (Cyo isoprenoid sidechains of GDGTs) are relatively

constant across ocean basins and depositional environ-
ments, ca. —21%o (c.f-, Schouten et al., 2013). However,
the assumption of a dominantly planktonic origin for sedi-
mentary GDGTs has not been rigorously tested, and other
studies indicate that non-planktonic sources of GDGTs
may be important. In some sediments, biphytanes and
GDGTs are observed with values ca. —25%o (Smittenberg
et al., 2005; Biddle et al., 2006), significantly outside the
range of values observed for SPM (Hoefs et al., 1997).
Although in these cases the anomalies were attributed to
13C_depletion within the local DIC pool or to in-situ
heterotrophy mediated by Archaea growing within the sed-
iments, alternative explanations are possible. These include
mixotrophy or heterotrophy among planktonic Thaumar-
chaeota and contributions from heterotrophic Eur-
yarchaeota (Iverson et al., 2012; Lincoln et al., 2014; Qin
et al., 2014). More information is needed about how many
sources and processes contribute GDGTs to sediments.

Conversely, if GDGTs in sediments are derived predom-
inantly from autotrophic, planktonic export, they may
serve as a paleo-0"°Cpjc proxy (Hoefs et al., 1997;
Schouten et al., 1998). Archaeal biphytanes have been used
to infer the '*C content of dissolved inorganic carbon
(DIC) during Cretaceous ocean anoxic events (Kuypers
et al., 2001), previously a challenge due to the absence of
carbonate sedimentation in many sections. This concept
could be applied to other intervals of Earth history in which
carbonates are absent or have been affected by diagenetic
processes. Importantly, the use of 3'*Cgpgr values to
reconstruct DIC is an idea that can be tested in the modern
ocean. DIC is depleted in '3C in the Pacific Ocean relative
to the Atlantic Ocean at depths below 100 m (Kroopnick,
1985). This represents an unexplored opportunity to vali-
date the paleo-6'>Cpjc proxy, as sub-photic growth of
modern Thaumarchaeota would be expected to incorporate
this inter-basinal signal.

To test this idea, we examined the '*C content of indi-
vidual GDGTs extracted from five samples of Atlantic
Ocean sediments and six samples of Pacific Ocean sedi-
ments to (i) test the idea that sedimentary 6'*Cgpgr values
reflect local water-column profiles of 0'*Cpyc and (if) eval-
uate whether exogenous and mixotrophic (or heterotrophic)
inputs of GDGTs are likely to complicate these records.
The choice of analytical approach is critical: inter-basinal
differences in 6'3Cpc are on the order of 1%o and many
geologic carbon isotope excursions of interest are <2%o
(e.g., ETM-2; Lourens et al., 2005). Here we use a novel
method with analytical precision and accuracy £0.25%o, a
resolution that can distinguish minor differences between
GDGT sources. Such a method opens a new window of
opportunity to test the hypotheses described above.

2. MATERIALS AND METHODS
2.1. Samples
Total lipid extracts (TLEs) were obtained from 12 hori-
zons spanning 10 locations, all from archival samples

(stored at —20 °C since collection or extraction; North
Atlantic samples at —40 °C) (Table 1). The Santa Monica



Table 1

Station information, GDGT ratios, and 6'*Cgpgr values for all samples.

N. Atl. 4 N. Atl. 11 N. Atl. 18 Carolina Cariaco SMB 2 SMB 8 SBB WA-3 WA-4 WA-7
Sample
Sample ID AT 16-1 AT 16-1 AT 16-1 R/V Seward]  R/V H. Ginez, Pulse-32 Pulse-32 OXMZ-MV-01 WA9308 WA9308 WA9308
MC 11 MC 41 MC 81 BCl MCl1 A-3 A-4(BC) A-7
Latitude 43°21'N 39°52'N 37°26'N 35°50'N 10°31'N 33°44'N 33°44'N 34°14'N 46°35'N 46°45'N 46°45'N
Longitude 60°08'W 69°56'W 74°200W 74°50'W 64°39'W 118°50'W 118°50'W 120°05'W 124°25'W 125°00'W 126°00'W
Water depth 1080 m 1150 m 1055 m 630 m 1400 m 905 m 905 m 600 m 91 m 690 m 2589 m
Horizon 2-3cm 0-1 cm 0-1cm 0-30 cm 13.5-14 cm 1.5-2.5cm 7.5-8.5cm 5.5-6.0 cm grab 0-2 cm grab
Age (yr) 0-200 0-100 0-100 0-300 <100 <50 150-200 <50 0-100 0-100 300-1000
SST (°C)* 8.7 139 15.6 20.8 26.0 15.6 15.6 144 12.1 12.3 12.3
GDGT ratios
TEXEE-SST® 16.0 18.2 16.9 20.0 26.0 19.3 19.3 15.0 18.6 17.7 15.7
TEXE,-SST® 13.1 16.5 14.1 13.8 23.6 20.7 21.0 12.0 14.1 13.9 15.0
Ring Index 2.07 2.22 2.37 2.86 2.80 2.25 2.17 2.33 2.27 2.08 2.11
[2/3] 5.01 4.82 4.92 2.50 3.21 6.90 8.20 23.65 2.24 2.47 4.61
[2/(1+2)] 0.34 0.38 0.35 0.37 0.52 0.44 0.43 0.38 0.38 0.37 0.36
[0/(0+Cr)] 0.58 0.55 0.51 0.40 0.39 0.52 0.54 0.51 0.53 0.58 0.56
BIT Index 0.15 0.13 0.14 0.09 nla nla 0.16 nla 0.12 0.15 0.11
03 C (%o)
GDGT-0 —-195+0.1 —-194+£01 -195+01 —-193+0.2 —19.1+0.2 —-189+0.1 -185+04 —19.3+0.1° -21.24+02 -21.1+£02 —-195+0.0
-19.5£0.1 -19.3£0.2¢
—19.1+0.1
—19.5+0.0
GDGT-1 nla nla nla —20.5+0.1 nla -19.0+02 -183+03 —-19.2+04° —-23.6+0.1 —228+0.1 —-194+0.0
-20.24+0.2
GDGT-2 -20.1+0.2 —192+0.1 nla -20.3+0.2 nla -192+02 -184+01 —-19.1+0.2° -2374+02 -229+01 -193+£0.1
—18.6+0.4
Crenarchaeol —19.6+0.1 —-189+0.2 —188+0.1 —18.7+0.1 —18.7+0.1 -18.8+03 —-18.5+02 —-189+0.1° -20.5+0.1 —-20.6+0.1 —19.74+0.2
~18.7+£0.3 ~18.9+£0.2¢
—18.84+0.5
—18.6+04
—18.8 £ 0.4
—18.8+0.0
—18.7+ 0.1
—19.1+0.1
—1894+03
—18.8+0.1

nla indicates values that were not measured or did not meet quality control criteria. Multiple 8'*Cgpgr values in a single category represent a variety of types of analytical replicates, as explained

in the text.

* World Ocean Atlas (https://www.nodc.noaa.gov/OC5/woal3/woal3data.html).
® Kim et al. (2010)

¢ 5.5-6.0 cm sediment.
9 6.0-6.5 cm sediment.
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Basin (SMB) and Santa Barbara Basin (SBB) cores were
described in Pearson et al. (2001) and Shah et al. (2008).
The Cariaco Basin multicore was collected in 2004 and
TLE was donated by K. Hughen. The Carolina Margin
box core was collected off coastal North Carolina in July,
1996; it was stored frozen until 2011, when it was homoge-
nized (~0-30 cm total depth). North Atlantic (N. Atl.) mul-
ticores were collected in September, 2010. The Washington
(WA) margin transect was collected in 1993 and donated by
F. Prahl.

2.2. Extraction and processing

SMB and SBB TLEs were extracted by Soxhlet distilla-
tion as described previously (Pearson et al., 2001), and the
Cariaco TLE was prepared using similar methods. TLEs
from N. Atl. and WA sediments were prepared by modified
Bligh-Dyer extraction on wet sediments (Saenz et al.,
2011). The Carolina core material was dried (60 °C),
homogenized, and extracted by microwave-assisted solvent
extraction, first in 1:1 CH,Cl,:CH3;O0H (70 °C), then in 9:1
CH,Cl,:CH30H (100 °C), followed by rinsing and centrifu-
gation of the extracted sediment. Future studies will use
consistent extraction methods and will compare intact vs.
hydrolyzed (core) GDGTs.

TLEs were separated over SiO, (130-270 mesh) into
three fractions: less-polar compounds (100% hexane, fol-
lowed by 25% ethyl acetate:hexane), GDGT core lipids
(1:1 ethyl acetate:hexane), and polar compounds (100%
ethyl acetate, followed by 100% methanol).

2.3. HPLC methods

Our approach to identification and isolation of pure
GDGTs uses the same columns and solvent gradients as
earlier work (Ingalls et al., 2006; Shah and Pearson, 2007;
Shah et al., 2008). Each GDGT mixture first is separated
by normal phase (NP) high-performance liquid chromatog-
raphy (HPLC) (Fig. 1A). Then the individual GDGTs are
purified by reverse phase (RP) HPLC to remove non-
GDGT material (Fig. 1B). Compound-specific collection
windows for NP-HPLC are defined by screening a prelimi-
nary sample by atmospheric pressure chemical ionization-
mass spectrometry (APCI-MS) using standard methods
(e.g., Hopmans et al, 2000). All targeted GDGTs
(GDGT-0 through crenarchaeol) elute in a narrow window
of RP-HPLC and are collected in 3 x 1-min time slices: the
preceding minute (F1), the GDGT fraction (F2), and the
tailing minute (F3) (Fig. 1B, inset).

Prior to each stage of chromatographic purification,
GDGT concentrations are estimated by flow injection anal-
ysis (FIA) relative to a dilution series of synthetic standard
(C46-GTGT) (Huguet et al., 2006). Because these are not
co-injections, differences in ion suppression between sam-
ples make the results semi-quantitative. The estimated con-
centrations are used to limit all purifications to a maximum
of ca. 20 pg total GDGT injection™"; this is less material
than used for prior radiocarbon work, which minimizes
the risk of column overloading and improves separations

A NP-HPLC

10 12 14 16 18 20 22

relative intensity
oo

B RP-HPLC
F1 F2 F3
Cr
0
4.4 25; 4 27.4
0 10 20 30
time (min)

Fig. 1. GDGT fractions are purified by NP-HPLC with fraction
collection of each compound (A; crenarchaeol, grey box). The
individual compounds — here showing the run for crenarchaeol —
are then purified by RP-HPLC to separate non-GDGT material
(before 25 min) from GDGTs (B, black trace; and inset, black
trace). The purified GDGTs are collected in F2. Re-injection of a
mixture of purified crenarchaeol and GDGT-0 demonstrates that
the F2 fractions contain no other detectable peaks (m/z 300-1350)
and that the full range of GDGT polarity elutes within the F2
window (B, inset, grey trace).

(Ingalls et al., 2006; Shah and Pearson, 2007; Shah et al.,
2008).

Purified GDGT fractions are dried under N, and
stored in a laminar flow hood. Immediately prior to iso-
topic analysis, fractions are dissolved in 25 pl ethyl acet-
ate. After IRMS, the remaining material is re-analyzed
by FIA and quantified relative to C4s-GTGT. The RP-
HPLC, IRMS, and final FIA steps always are performed
on the same day. APCI-MS mass scanning from mj/z
300-1350 for FIA maximizes detection of all ionizable
compounds.

2.4. SWiM-IRMS and dual-inlet IRMS

Values of 6'*Cgpgr are measured by Spooling Wire
Microcombustion-IRMS (SWiM-IRMS; Sessions et al.,
2005). Briefly, 1 pl of analyte is deposited on a pre-
oxidized Ni wire which moves horizontally into a combus-
tion furnace where it is combusted to CO,, separated from
H,O in a Nafion drying tube, and enters the IRMS via an
open split. Our system operates similarly to that of
Sessions et al. (2005), with the following modifications for
GDGTs: cleaning furnace, 950 °C; combustion furnace,
900 °C; and a ceramic combustion reactor with modified
gas flow (Mohr et al., 2014). Each sample is analyzed in
quintuplicate, at 30-s intervals.

High-precision §'*C values for GDGT standards (Cys
GTGT and crenarchaeol) were measured on large aliquots
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of CO, prepared by closed-tube combustion (850 °C quartz
tube, CuO 100 mg, 5 h), using dual-inlet VG Prism IRMS.

2.5. Ether cleavage and GC-IRMS

C49 biphytanes are cleaved from GDGTs using standard
methods to form iodides in 55% HI, followed by reduction
by LiAlH, in 1,4-dioxane (Hoefs et al., 1997; Pearson et al.,
2001). Reaction times of 1 h, 2 h, and 3 h for both the lysis
and reduction steps were tested; the best yield is obtained at
2h, but there are no measurable isotopic differences
between any of the times. Biphytane values of §'°C
(513Cbiphy) are measured on a Thermo Delta V Advantage
connected to a Trace GC Ultra via a GC Isolink interface
operated at 990 °C (30 m x 0.25 mm, HP-5SMS column);
internal isotope standards are n-Csg and n-Cy4; alkanes.

2.6. Principal component analysis

Data for SBB were removed, due to a compromised
result for the GDGT-[2/3] ratio caused by GDGT-3 signal
near detection limits. All other samples were analyzed with
respect to: individual compound 8"3Cgpar, latitude, longi-
tude, water depth, 3Cpic at 100 m, 63Cp;c at 500 m,
3Croc, %TOC, C/N, GDGT-[2/3], TEXLL, TEXL, SST,
minimum [O,] in the water column, depth of [O,]min, and
depth of maximum nitrate gradient (d[NO3J/dz). PCA
and cluster analysis were performed in Matlab R2015b with
standardized data.

3. RESULTS

3.1. Precision and accuracy of 13CepeT measurements by
SWiM-IRMS

The application of 6'*Cgpgr data to practical problems
in (paleo)oceanography requires that the GDGT samples
are sufficiently purified from background contamination,
and that the isotope measurements are precise, accurate,
and reproducible. We evaluated all of these factors system-
atically to develop quality control criteria.

3.1.1. GDGT Purification

Material that may not be compositionally related to
GDGTs is present in minor amounts in the F1 fraction of
the RP-HPLC purification (Fig. 1B; black trace). We min-
imize the presence of this exogenous material by limiting
the total amount of starting extract to be no more than is
needed for successful IRMS analysis. This reduces the risk
of peak broadening and carryover of F1 material into F2.
Post-purification GDGTs from F2 have no contamination
detectable in their chromatograms, as seen in a
co-injection of purified GDGT-0 and crenarchaeol
(Fig. 1B; grey trace).

The resulting total CO, combustion yields from IRMS
(peak area, m/z 44) (Fig. 2) always show a general pattern
of F2 > F1, consistent with the APCI-MS detection of sig-
nificantly more GDGT (F2) than the leading material (F1).
The agreement between CO, combustion yield and APCI-
MS total ion chromatograms (TIC) is linear (Fig. S1A),

C dil. series F2
15 1 A
S 10 -
<
<
N
g 51 F1
0 L. l \ h Ll lLL_

100 300 500 700
time (sec)

Fig. 2. Example SWiM-IRMS quantification of total CO, gener-
ated from a C46 GTGT standard dilution series and the F1 and F2
fractions of RP-HPLC-purified GDGTs. Peaks are spaced by 30 s,
i.e., quintuplicate 6'>°C measurement of F2 in ca. 3 min.

and the scatter in these data is consistent with expectations
that not all compounds have equal APCI-MS ionization
potential, while combustion is quantitative. Thus the most
accurate assessment of the relative carbon content of F1
and F2 is the combustion yield. In each sample, the F2:
F1 ratio is always smaller for the minor GDGTs, relative
to crenarchaeol and GDGT-0 (Fig. S1B). This reflects the
lower concentrations of GDGTs-1, -2, and -3, relative to
what are relatively constant F1 peaks in all GDGT frac-
tions of a given sediment horizon. Carryover of back-
ground material into F2 is therefore of greater concern
for the minor GDGTs.

We also evaluate the purity of each final F2 fraction by
APCI-MS analysis. Using an empirical formula to convert
between molecular ion abundance [M "] and total ion abun-
dance, we determine the fraction of TIC signal that can be
assigned to the GDGT. This “purity” metric is high when
F2:F1 is high (Fig. SIB). Based on broad evaluation of
the total data set, and specifically on replicate analyses of
our large-batch Carolina sample, we set stringency criteria
for acceptable samples for SWiM-IRMS: an F2:Fl
ratio > 5 and “purity” > 80% (Fig. SIB, area 1). Most
of the cases of lower purity actually reflect co-elution and
inclusion of other GDGTs (e.g., GDGT-2 in the GDGT-
1 fraction). The background of non-GDGT-related mate-
rial is <5% in all final data.

3.1.2. SWiM-IRMS precision and accuracy

To ensure accuracy of 13Cgpar data, we analyze a
dilution series of the C46-GTGT standard with every IRMS
run (Fig. 2). Dilution series data are used to evaluate the
combustion linearity (conversion to CO,; R?>0.99;
Fig. S2A), to monitor the daily and long-term precision
of 4'3C measurements (+0.25%0; Fig. S2B), and to apply
absolute offset (accuracy) and blank corrections to the
raw data to ensure that values from every run are standard-
ized to the same reference frame.

To evaluate this approach, we purified two dilution ser-
ies of crenarchaeol from the Carolina sediment. The results
were compared to data from a large batch of a crenarchaeol
standard previously prepared from this sediment and
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double-purified (twice through the HPLC protocol) before
analysis in triplicate by closed-tube combustion and dual-
inlet IRMS (—18.51 + 0.06%0). SWiM-IRMS data from
the crenarchaeol dilution series (Fig. 3; June, July) and
subsequent individual trials (Fig. 3; August, October) were
analyzed using run-specific corrections derived from
C46-GTGT. The resulting SWiM-IRMS data converge on
a mean value of —18.75%o, indicating a systematic offset
of —0.25%0 between the continuous-flow and dual-inlet
instruments. These constitute authentic, experimental repli-
cates of all steps except for the initial solvent extraction.
The SWiM-IRMS measurements for these replicates do
not vary as a function of date or sample size, with the
exception of one high-concentration sample that may have
overloaded the combustion reactor, resulting in preferential
combustion of >C (August sample).

Precision of the 6'*Cgpgr data is dependent on size,
with samples containing <2 pgC in general having measure-
ment precision ca. 0.4%o, while samples >2 pgC have mea-
surement precision ca. 0.1-0.2%o; long-term precision of
the C46-GTGT standard is 0.25%o0 (Fig. S2B). Precise anal-
ysis of samples by SWiM-IRMS is therefore limited by size
considerations. We suggest a practical lower limit for
8"*Cgpar analysis of 1 pg GDGT in the original sample.

3.1.3. Storage time series for Carolina large-batch GDGTs

Initially we explored whether purification and long-term
storage of large batches of dissolved Carolina crenarchaeol
and Carolina GDGT-0 would serve as suitable isotope
standards. Such standards would need to remain soluble
and free from contamination. Time-series trials of four
aliquots of each standard — one each in 1:3 ethyl acetate/
acetonitrile, 3:97 isopropanol/hexane, 100% CH,Cl,, and
100% ethyl acetate — were dissolved and their concentra-
tions and 6"*Cgpgr values were measured for 45 days
(Fig. S3). While the concentrations remained relatively
stable, both compounds experienced a decrease in
0"*Cgpar values of ca. 1%o over the experiment, likely
due to gradual contamination by volatiles or components
of the vial caps (F-217/PTFE-lined Thermoset plastic;
Qorpak). Based on these results, we conclude that large
samples of GDGT and/or synthetic C4-GTGT must be
stored dry or in very concentrated stocks and only diluted

X =-18.75; 95% Cl = +0.07
= -185 X *
3 b |
- & ]
o [Tt
“ -19.0 * T
= 8.0
o O 6.0 %
. o or 40 =
20 =
DDD [m] 3
June July August October

Fig. 3. Sequential record of the 6'>C measurements of Carolina
crenarchaeol, monitored as a function of sample size and date
analyzed. The average measurement precision is +0.25%o.

to working concentration for APCI-MS and SWiM-
IRMS within a few days of analysis.

3.2. Atlantic Ocean samples

The five samples from the western Atlantic have typical
patterns of core GDGT distributions (Table 1), with war-
mer waters showing a decrease in GDGT-O0 relative to cre-
narchaeol ([0/(0+Cr)]) and an increase in the ring index
(RI) (Schouten et al., 2002) (Fig. 4A and B). As expected,
the GDGT-2/3 ratio ([2/3]) is smallest at the shallowest
Atlantic station (Carolina, 650 m) (Fig. 4C). The [2/3]
ratios are higher at the deeper N. Atl. stations, yet are
not highest at Cariaco, the deepest Atlantic site. When
available, values of the BIT index of terrestrial input
(Hopmans et al., 2004) are typical of sediments of primarily
marine origin, although BIT values in some cases may
underrepresent terrestrial carbon inputs (Walsh et al.,
2008).

Temperatures calculated using the TEXLL index (Kim
et al., 2010) for the southern stations (N. Atl. 18, Carolina,
Cariaco) are within £2.5 °C of annual mean SST (Fig. 4D).
These values are within the expected error envelope for
TEXgs regardless of calibration approach (Liu et al.,
2009; Kim et al., 2010; Tierney and Tingley, 2014). When
TEXZ is applied to the northern stations (N. Atl. 4, N.
Atl. 11) it overestimates SSTs by up to 7.3 °C, outside the
range of acceptable error. Temperatures calculated using
TEXE, agree better for these stations, still overestimating
local SSTs by 2.6-4.4 °C, but consistent with the idea that
TEXZ; is preferable at sites <15 °C.

The 6'*Cgpgr values for crenarchaeol from the N. Atl.
11, N. Atl. 18, and Cariaco samples all are statistically the
same as the multiple trials of Carolina crenarchaeol (Fig. 3;
Fig. 5; Table 1). The only Atlantic crenarchaeol sample that
deviates is N. Atl. 4 (—19.6%oc), the northernmost site. It is
unknown whether this value indicates an undetected analyt-
ical artifact, or if it reflects a source of exogenous GDGTs
specific to the location of Station 4 near the outlet of the
Gulf of St. Lawrence, Canada. The value is inconsistent
with the overall pattern of '*C-enrichment in crenarchaeol
relative to GDGT-0 for the Atlantic samples. The
8"3Cgpar values measured for GDGT-0 from these five
stations average —19.4 & 0.2%o, with no GDGT-0 values
significantly outside this range. Overall, the average
83 Cgpar value for GDGT-0 is 0.6%0 depleted in >C rela-
tive to crenarchaeol (excluding N. Atl. 4 crenarchaeol).

Values of 8> Cgpgr for the minor GDGTs are the most
strongly depleted in '*C (Fig. 5; Table 1). The values for
GDGT-1 and GDGT-2 from Carolina are 1.5%¢ to 1.8%c
more negative than 33Capar values for crenarchaeol. At
N. Atl. 4 and N. Atl. 11, the value for GDGT-2 is only
0.3 to 0.6%0 more negative than the corresponding crenar-
chaeol and is similar to GDGT-0.

3.3. Pacific Ocean samples
The six samples from the Pacific Ocean also have typical

patterns of core GDGT distributions (Table 1). These
waters span a smaller gradient in annual mean SST
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Fig. 5. Chromatograms and 6'*Cgpgr values for sediments from Atlantic Ocean locations.

(12 °C-16 °C), but the [0/(0+Cr)] ratios and values of the
RI agree with the trends observed for the Atlantic stations
(Fig. 4A,B). Values of [2/3] increase with depth only for the
WA samples (Fig. 4C). The very high [2/3] value from SBB
(off-scale, not shown in Fig. 4C) is an analytical artifact
caused by the low abundance of GDGT-3 near detection

limits. It could not be re-analyzed due to insufficient mate-
rial. In contrast, the high [2/3] values of 7-8 for the two
SMB samples are not affected by analytical issues and
reflect a genuinely different [2/3] character of these sedi-
ments. Values of the BIT index are low for all samples in
this set.



A. Pearson et al. / Geochimica et Cosmochimica Acta 181 (2016) 18-35 25

Temperatures calculated using TEXL. are higher than
annual mean SST, although only WA-3 and WA-4 are >4 °
C offset (Fig. 4D). Re-calculating the apparent temperatures
using TEXZ; brings all WA and SBB samples within 3 °C of
annual mean SST. In contrast, using TEX{s to calculate tem-
peratures for SMB results in poorer agreement, due to the
strong dependence of TEXEs on the relative abundance of
GDGT-2, which is disproportionally high in these samples.

In contrast to the Atlantic data, the Pacific data show
patterns of 6'*Cgpgr values that are specific to each sample
and are distinct between basin and open margin environ-
ments (Fig. 6; Table 1). The highest 0B3Cqpa values are
observed for the SMB 8-cm sample (average —18.5
4 0.1%0), while the SMB 2-cm samples are more negative
(average —19.0 £ 0.2%0), despite originating from the same
core. These are bigger differences than can be explained by
day-to-day variations in accuracy of SWiM-IRMS analyses
and were repeatable (GDGT-2 replicate for SMB §;
Table 1). Values of 6'*Cgpgr for SBB averaged —19.1
4 0.2%o. These numbers represent two adjacent core slices
(5.5-6.0 cm and 6.0-6.5 cm), each processed independently
from extraction through final SWiM-IRMS analyses, but
yielding final 8'*Cgpgr values that agree within +0.1%0
again demonstrating repeatability.

The WA samples are markedly different from the Cali-
fornia Basin samples in both 83Cgpgr absolute values
and patterns. GDGTs from the deepest, off-shore WA-7
location average —19.5 4 0.2%0, with little variability
between compounds. In contrast, the shallower margin
locations, WA-3 and WA-4, are characterized by differences
between individual GDGTs. As was seen in the Atlantic,
crenarchaeol yields the most positive value (—20.5%o), rela-
tive to other GDGTs in each horizon. This pattern — espe-
cially for WA-4 (690 m water depth) — is similar to the

Atlantic Carolina sample (650 m water depth): GDGT-0
is 0.5%0 depleted and minor GDGTs are 2%o0 depleted in
13C relative to crenarchacol. Yet despite the similarity in
these relative patterns, the absolute values of 6'*Cgpgr
for all of the WA samples are more negative than the Atlan-
tic samples.

4. DISCUSSION

4.1. Influence of autotrophy vs. mixotrophy on marine
archaeal lipids

Planktonic Archaea, specifically the Group I.1a Thau-
marchaeota (Delong, 1992; Fuhrman et al., 1992; Spang
et al., 2010), account for most of the ocean’s ammonia oxi-
dation (Francis et al., 2005; Konneke et al., 2005; Wuchter
et al., 2006). To date, all pure and enrichment cultures of
Thaumarchaeota (including the soil and hot springs Group
I.1b (Pester et al., 2011), as well as marine taxa) are obligate
carbon fixers, ie., they oxidize ammonia for energy and
they fix inorganic carbon (Konneke et al., 2005; de la
Torre et al., 2008; Hatzenpichler et al., 2008; Martens-
Habbena et al., 2009; Santoro and Casciotti, 2011;
Tourna et al., 2011; Qin et al., 2014). Widespread autotro-
phy among environmental Thaumarchaeota first was sug-
gested based on the relatively '*C-enriched Cu isoprenoid
sidechains of GDGTs (Kohnen et al., 1992; Hoefs et al.,
1997) and is supported by natural and label-enriched car-
bon isotope studies that indicate DIC is the primary carbon
source (Pearson et al., 2001; Wuchter et al., 2003; Pitcher
et al., 2011). For synthesis of archaeal lipids from dissolved
inorganic carbon, the isotopic relationship between DIC
and GDGTs is

dpic + 1000 €DIC/GDGT
TR — =2 4 1
offsets observed between individual GDGTs from the Sonor o 1 1000~ *PIC/GPGT 1000 (1)
WA-3 WA-4 WA-7
SMB SBB
BSMB 2 cm OSMB 8 cm
©SBB 5.5-6 cm OSBB 6-6.5 cm
AWA-3 AWA-4
R AWA-7
-18
]
19 S] % %
@A .éA A A
F 20
P '\
9 -21 2
7<)
-22
23 A A
24 A A
) GDGT-0 GDGT-1 GDGT-2 GDGT-3 Crenarchaeol

Fig. 6. Chromatograms and 6'*Cgpgr values for sediments from Pacific Ocean locations.
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and between DIC and biphytanes is

(SDIC + 1000 8DlC/biphy
—_— = iohy = /by 4 2
Oviphywuto + 1000 DIC/biphy 1000 (2)

The difference between epic/gpaT and epicyviphy iS the pres-
ence/absence of glycerol moieties.

To date, evidence suggests that epic/gpaT and epic/biphy
are likely to be relatively invariable. Thaumarchaeota fix
carbon from HCOj3, the quantitatively dominant fraction
of DIC, and should not be subject to the [CO,(aq)]-depen-
dent isotope fractionations experienced by phytoplankton
(e.g., Laws et al., 1995). Consistent with the idea that
changes in inorganic carbon availability do not affect frac-
tionation, values of ¢ for N. maritimus do not vary as a
function of HCO3 concentration (&pic/viphy = 19.7
=+ 0.2%0;  ep1C/biomass = 19.85 £ 0.06%0; Konneke et al.,
2012). In the archaeal 3-hydroxypropionate/4-hydroxybuty-
rate (3HP/4HB) pathway (Berg et al., 2007; Walker et al.,
2010; Konneke et al., 2014), one molecule of acetyl-CoA is
fixed from 2 molecules of HCO53'. Acetyl-CoA, the direct pre-
cursor of isoprene in these organisms, is formed as the pri-
mary metabolite, which also explains why 613Cbiphy7amo
values are nearly identical to the total cell biomass
(Konneke et al., 2012). If the dominant source of GDGTs
to marine sediments is export of autotrophic biomass from
the overlying water column, values of 8"3Cspar should be
robust tracers for §'*Cpyc, offset by a constant biosynthetic
factor EDIC/GDGT-

However, in addition to autotrophic metabolism, some
cultured strains (e.g., Qin et al., 2014; Stieglmeier et al.,
2014) and natural communities (Ouverney and Fuhrman,
2000; Herndl et al., 2005; Ingalls et al., 2006) incorporate
organic carbon substrates: they are obligate or facultative
mixotrophs. Other strains cannot be grown without obli-
gate bacterial partners, again suggesting dependence on
unidentified metabolites (Santoro and Casciotti, 2011).
Additionally it has been suggested that heterotrophic Eur-
yarchaeota may also contribute to the water-column
GDGT flux (Lincoln et al., 2014). This implies that some
fraction of the carbon contained in GDGTs and biphytanes
will derive from assimilated organic matter rather than
DIC. This material will alter the observed values of
8"Cqpgr and 513Cbiphy relative to the expected auto-
trophic values. For now we assume the assimilated organic
substrate(s) derive from material having average 6'>C com-
position equal to bulk water-column SPM, and define f,xo
as the fraction of carbon incorporated from this generic
source:

. opic + 1000
d6paT = (1 = finixo) (;IEZ/CT - 1000) + [ mixoOsPM
1000 + 1
3)
. dpic + 1000 .
Obiphy = (1 = fmixo) (glsllcc/mihy“ — 1000) + f mixo OSPM -
1000
(4)

The net environmental values of 3"*Copgt and 513Cbiphy
therefore include the mixotrophic component and reflect
the net fractionations (énet/GpGT aNd Enct/biphy):

dpic + 1000 _ Enet/GDGT
dgpat + 1000 1000
Opic + 1000 &net/biphy
Swpny 11000 1000

+1 (5)

+1. (6)

The distinction between autotrophic and net values of ¢
is critical, because the following analysis shows that envi-
ronmental values of §'*Cgpgr and 513Cbiphy are not consis-
tent with exclusively autotrophic growth of the archaeal
community, Ze., the data confirm the importance of
mixotrophy.

We begin by assuming that crenarchaeol is the com-
pound least affected by exogenous sources, including in-
situ sedimentary production and euryarchaeal inputs. Our
large-batch sample of Carolina crenarchaeol has values of
3"Capor = —18.5%0 and 6" Cpipny = —19.5%0 (£0.2%0;
n =6 for Cyg.3). The local value of 3Cpic, based on the
average of 100-1000 m water from the four nearest stations
(Schmittner et al., 2013), is 0.9%o (Fig. S4). This estimate for
DIC does not change significantly if the depth integration is
modified to 100-500 m (0.9%0) or 100-300 m (1.0%0). The
resulting environmental values are épeygpgT = 19.8
£ 0.3%0 and éneq/piphy = 20.8 £ 0.2%0 (Eqs. (5) and (6);
Table 2). However, the isotopic values for the other
GDGTs from Carolina are not constant, suggesting there
could be some source mixing, and this source mixing may
also affect the crenarchaeol to an unknown extent. Thus
we also performed the same calculation using sample
WA-7, the deepest sediment horizon (2589 m) and a sample
for which all 6'*Cgpgr values are uniform (Table 1). The
Pacific Ocean value of 8'*Cpc, based on the average of
100-1000 m water (Schmittner et al., 2013), is —0.3%o.
Due to the steeper gradients in the Pacific, this estimate
becomes systematically more positive if the depth integra-
tion is modified to 100-500 m (—0.1%0) or 100-300 m
(0.0%0), so to be conservative we used 0.0 + 0.4%o for the
calculations. The result for WA-7 is émeyopGT = 19.9
=+ 0.4%c. This value agrees with the Carolina calculation
and suggests that neither of these samples is significantly
compromised by material of non-planktonic origin
(Table 2). We therefore suggest that ey./gpgT = 19.8%0 is
a good estimate for the total marine planktonic community.

These results for net environmental fractionation are not
the same as found for a pure culture growing strictly
autotrophically. Multiple replicates of N. maritimus yielded
epi1C/biphy = 19.7 2 0.2%0 (Konneke et al., 2012), signifi-
cantly less fractionated than our environmental result of
Enet/biphy = 20.8 & 0.2%0 (Table 2). Konneke et al. (2012)
do not report a value for epjc/gpgT, but because biphy-
tanes are '*C-depleted relative to GDGTs, glycerol moieties
must be '*C-enriched. By isotope mass balance, the glycerol
units of crenarchaeol from the Carolina sample have
(313Cg1y = —4.8%o, equivalent to &4y = 5.7 & 0.4%o (Table 2).
This is similar to the value of &yannese Of 6.1%o0 reported for
N. maritimus (Konneke et al., 2012), suggesting that the
glycerol component of GDGTs is isotopically similar to cell
sugars. Applying our &g, result to the Konneke et al. (2012)
data results in épjc/gpaT = 18.7 £ 0.4%0 (Table 2). Alter-
natively, averaging our mass balance value for &y, with a
measured value for glycerol from Peru Margin sedimentary
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Table 2

Carbon isotope fractionation observed in autotrophic N. maritimus SCM1 compared to net total fractionation observed in crenarchaeol from

core-top sediments.

€DIC/biphy EDIC/GDGT Egly
Culture data 19.74+0.2° 18.7 +0.4° 10.0 £ 3.5°
(N. maritimus) 19.0 + 3.6°
Sediment data Enet/biphy €net/GDGT £gly
Atlantic 20.8 +0.2 19.8+0.3 57+04
Pacific nla 199 £ 0.4 nla

100% Autotrophic 3" Chiphy auto

13,
5 CGDGT?auLo

Atlantic —18.44+0.3 —17.54+0.4°
Pacific —-1934+04 —18.4+0.5°
Net planktonic cammunityd 513Cbiphy "3Cspor

Atlantic —-19.54+0.2 —18.54+0.2
Pacific —-20.44+0.4 —-19.440.2

2 Konneke et al. (2012) data.

® Calculated assuming glycerol represents the average of Konneke et al. (2012) sugar data, Lin et al. (2013) glycerol measurement, and

glycerol from Carolina Margin crenarchaeol.

¢ Value calculated using only the glycerol value from Carolina Margin crenarchaeol.
4 Net community predictions calculated assuming constant &net/biphy = 20.8%0 and &neygpaT = 19.8%0.

GDGTs (Lin et al., 2013) and the average of all sugars from
Konneke et al. (2012) would yield épic/gpeT = 19.0
+ 3.6%o, i.e., an expanded uncertainty, but equal value.
We therefore take e¢pic/gpar to be 18.7%o. These values
of epic/gpaT and epicyviphy predict that strictly autotrophic
GDGTs from the Atlantic would have 6"*Cgpgr = —17.5
+ 0.4%0 and (513Cbiphy = —18.4 £ 0.3%o; while strictly auto-
trophic GDGTs from the Pacific would have 8"Capat =
~18.4 £ 0.5%0 and 6" Cpipny = —19.3 & 0.4%0. These esti-
mates are on average >1%o more '*C-enriched than our
observations.

If the autotrophic fractionation exhibited by N. mar-
itimus is representative of the autotrophic component of
carbon fixation in all Thaumarchaeota (an assumption that
must be tested by future studies on other isolates), the
results imply that the total environmental community does
not grow by strict autotrophy. Crenarchaeol, and by exten-
sion all other GDGTs derived from the planktonic archaeal
community, must contain a fraction of non-DIC-derived
carbon. This is consistent with activity-based evidence that
mixotrophy and/or heterotrophy contributes significantly
to the metabolism of Archaea in the ocean (e.g.,
Ouverney and Fuhrman, 2000; Herndl et al., 2005). Using
Eq. (3), we can evaluate the relative fraction of net organic
carbon assimilation (fp,;x,) for Carolina crenarchaeol and
the WA-7 GDGTs, the remainder being autotrophic. For
SPM endmembers of —21 to —23%o (Druffel et al., 1998;
Hwang et al., 2009), the observed 3BCspat values require
of fixo Of 12-35% (Atlantic) or 17-48% (Pacific). Because
these estimates are heavily dependent on the choice of
8'3C value for SPM, we suggest that 25% be used as a best
estimate for f,;x, until more results are available from both
laboratory and field studies. This choice is slightly higher
than an independent estimate of ca. 20% mixotrophy calcu-
lated for a planktonic sample from near Hawaii (Ingalls
et al., 2006). Future work should examine different taxa
of Thaumarchaeota, as well as total mixed planktonic com-

munities (including marine Euryarchaeota), to determine
phylogenetic, spatial, temporal, or other environmental
controls on the net value of f,;.,, as well as its variability.

4.2. Isotopic records of archaeal biphytanes

The experimental value of strictly autotrophic épic/biphy
(Konneke et al., 2012) and the range of contemporary mar-
ine 0"°Cpc values (—1 to 2%c; Schmittner et al., 2013)
would yield values of 613Cbiphy in the range of —20 to —17%o,
with a predicted average ca. —19%0. However, a review of
existing literature indicates that even in the most confi-
dently planktonic-influenced surface sediments, 513Cbiphy
values are consistently below this range. There are very
few reported values > —19%o (c.f., Schouten et al., 2013).
Instead, 6'*C values for biphytanes of Neogene and
younger marine sediments are —21.2 4 0.9%o for Cyo.9 and
Cy0.1 and —20.4 + 0.6%o for Cy9., and Cyug.3 (after curation
to remove sediment horizons thought to be affected by
methane cycling). These systematic 1-2%o offsets from the
autotrophic prediction confirm that our estimates for fiixo
and éeneybiphy are universally applicable in direction and
approximately constant in magnitude, at least for analysis
of archaeal lipids from recent marine sediments. In other
locations, biphytanes are even more strongly '*C-depleted
and show large differences between C,g.3 (derived uniquely
from crenarchaeol) and Cyg.9, Cag.1, and Cyg.» biphytanes,
especially in deposits affected by methane cycling (e.g.,
Pancost et al., 2001; Wakeham et al., 2003; Hoffmann-Sell
et al., 2011; Schubotz et al., 2011).

Some of the scatter in reported biphytane values may be
due to analytical challenges. All of our biphytane values
and the Konneke et al. (2012) samples were measured either
on lipid extracts of cultured biomass or on purified, individ-
ual GDGTs, yielding GC chromatograms free from compli-
cations of co-eluting peaks. In comparison, chromatograms
from sediment extracts may be quite complex, with possible
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co-elution of non-related compounds (e.g., Hoefs et al.,
1997). In some cases this results in differences between
Cy0.» and Cyg.3 (dominantly sourced by the same parent
compound, crenarchaeol) of >1%o (e.g., Schouten et al.,
1998, 2001; Stadnitskaia et al., 2008), although these cases
are uncommon. It is also possible that there is a systematic
isotope fractionation during ether cleavage, although our
preliminary trials suggest an insignificant effect. Overall it
seems likely that reported 513Cbiphy values are relatively
unbiased, although they do mix together the biphytanes
from different parent GDGT structures that may originally
have had different 6'>C values.

In sum, the available literature consistently shows that
biphytanes are 'C-poor relative to purely autotrophic
biosynthesis, even if there remains some uncertainty and/
or scatter in the absolute values. The data indicate that con-
tributions from thaumarchaeal mixotrophy, euryarchaeal
heterotrophy (e.g., Iverson et al., 2012), or allochthonous
sources are ubiquitous features of sedimentary records of
archaeal lipids and must be considered for all interpreta-
tions of carbon isotope data. Here we confine the remainder
of the discussion to GDGTs, rather than biphytanes, mind-
ful that the discussion applies to both molecular classes.

4.3. Regional patterns of GDGT signals: testing the Atlantic
vs. Pacific 8'*Cp;c proxy

Contributions from fyixo can be accommodated within
813Cpic proxy reconstructions. A constant éneypat (i.c.,
relatively constant fixo) implies that values of 0BCopat
should vary systematically with 5'*Cp;c. To test this idea,
we examined the SWiM-IRMS 6"°Cgpgr data for crenar-
chaeol from all locations (Table 1). Crenarchaeol is the
compound most confidently sourced from Thaumar-
chaeota, while other GDGTs may have additional sources,
including, but not necessarily limited to marine planktonic
Euryarchaeota (Pearson and Ingalls, 2013; Schouten et al.,
2013; Lincoln et al., 2014).

Our SWiM-IRMS value of —18.75 4 0.25%0 for Caro-
lina crenarchaeol is near the lower bound of analytical
uncertainty for the large-batch standard we prepared of this
same material (—18.51 4 0.06%c; dual-inlet IRMS). We
assume that the latter represents the more accurate value,
indicating there may be a systematic negative bias in our
SWIiM-IRMS data of 0.2 to 0.3%c. Considering this bias,
the crenarchaeol values from the Carolina, Cariaco, N.
Atl. 18, and possibly the N. Atl. 11 sites (Fig. 5) all appear
to agree with a —18.5%c prediction for Atlantic margin
GDGTs, based on éyeygpat = 19.8%0 and 8°Cpic =
0.9%c. Only the N. Atl. 4 site (—19.6%0) is significantly
13C-depleted relative to expectations. This is a suspected
analytical outlier, as the negative anomaly does not extend
to other GDGTs measured from the same sediment. Over-
all, crenarchaeol across the wide latitudinal range of Atlan-
tic margin sediments agrees with the idea of a constant
fmixo» With ca. 75% of the carbon fixed from DIC and the
remainder from organic carbon assimilation from average
SPM.

In contrast, crenarchaeol values from most of the Wash-
ington and California margin samples are not robust with

respect to this model. Only WA-7, the deepest, farthest
off-shore site (2589 m), reflects the estimated &y
GDGT = 19.8%0, above. This is the most strongly marine-
dominated location of the Pacific samples, farthest from
the influence of the nearby Columbia River watershed,
and on the open margin rather than from within a suboxic
basin. The other two WA samples are from shallower loca-
tions influenced by river-transported sediments. Terrige-
nous material contributes up to 60% of carbon in these
sediments, as evidenced by low bulk §'3C values (average
—24%o0), a high C/N ratio (average 14), and the presence
of lignin phenols, although the BIT index is low (Prahl
et al., 1994; Walsh et al., 2008). Crenarchaeol (—20.5%o,
—20.6%o0), as well as the other GDGTs from these samples
(next section), is consistent with a partially terrigenous or
riverine source.

The most inconsistent results are for the California
basins, SMB and SBB. Their 6'3C values for crenarchaeol
are more positive than expectations: as high as —18.5%¢ in
the case of the SMB 8-cm horizon, which is well above a
predicted Pacific value of —19.4%. (Table 2). To be
explained by water-column export, either 100% of the
crenarchaeol flux would have to come from the upper
50 m of the water column, where 6'*Cpyc is more positive,
or the value of &,./gpgT Would have to be identical to
€DIC/GDGTs €., fmixo = 0 among the local archaeal commu-
nity. The first option is disallowed, given the negative '*C
signatures for biphytanes and GDGTs from these basins
(Pearson et al., 2001; Shah et al., 2008), and the second
option is biologically unlikely, as the original data suggest-
ing archaeal mixotrophy were obtained from samples col-
lected in California waters (Ouverney and Fuhrman,
2000) and other recent Pacific Ocean isolates demonstrate
obligate mixotrophy (Qin et al., 2014). Similar to the
near-shore WA samples, again the more likely cause of
the isotopic discrepancies is an extra, exogenous source of
GDGTs to these enclosed, near-shore basins.

Overall, our 6'*Cgpgr data for crenarchaeol are consis-
tent with the idea that in young sediments dominated by
marine influence, planktonically-derived GDGTs have a
relatively constant biological fractionation
(¢6DGT net = 19.8%o0) that reflects the balance of an isotope
effect relative to DIC (epic/jgper = 18.7%0), plus a
quantitatively-significant input of organic carbon uptake
(SPM from —21 to —23%o, ca. 25% of carbon). The chal-
lenges for further interpretation, however, are that not only
does this result apply only to open margin sites away from
river systems, it also applies only to crenarchaeol (Fig. 5,
Fig. 6). Significantly different 6'*Cgpgr values within the
same sediment sample effectively require that there be mul-
tiple sources for GDGTs. All samples of GDGT-0 from the
Atlantic are *C-depleted relative to crenarchaeol, possibly
reflecting a component of terrigenous or in-situ sedimentary
influence, or contribution from planktonic, heterotrophic
Euryarchaeota rich in GDGT-0 and assimilating fraction-
ally more carbon from SPM rather than DIC. The values
for GDGTs -1 and -2 are even more strongly '>C-
depleted in these samples, implying they are the most
strongly affected by these alternate sources. Samples of
GDGT-0 from the Pacific, in contrast, vary with respect
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to the type of location. All GDGTs from the off-shore WA-
7 sample are within error of the —19.4%0 prediction based
on éneygpgT. All GDGTs from the SMB 8-cm sample
appear to be influenced by a '*C-enriched source, as do
the SMB 2-cm and SBB samples. Finally, the most extreme
results come from the WA-3 and WA-4 shallow sites, where
the GDGT-0, -1, and -2 values all are too 13C-depleted to
come exclusively from the water column. These GDGTs
must have exogenous inputs, either allochthonous (e.g.,
Smittenberg et al., 2005), in-situ heterotrophic (e.g.,
Biddle et al., 2006), or autotrophic, incorporating '*C-
depleted DIC from pore waters or other '*C-depleted
waters (e.g., Schubotz et al., 2011).

4.4. Evaluating exogenous contributions by isotope mass
balance

To evaluate these patterns quantitatively, we examined
the data for individual GDGTs using isotope mass balance.
In all cases, each sample is assumed to be a 2-component
mixture — marine GDGTs (defined as —18.5%0 Atlantic,
—19.4%o Pacific) plus an exogenous component:

Otor = fmarémal' +fexoéexo (7)

For the Atlantic samples, the exogenous input of
GDGTs is assumed to be derived from a terrigenous (soil,
lacustrine, or estuarine) endmember. The 6'>C value of this
material is unknown, so we solved f.,, for values of 0.y,
between —29%o0 and —23%o. The lower boundary is set by
a direct measurement of the 8'>C value of total Carolina
TLE, while the upper boundary is taken from data for
archaeal biphytanes from terrigenous sources (Pearson
et al., 2004; Smittenberg et al., 2005; Sinninghe Damsté
et al., 2009). In this scenario, the exogenous component
accounts for 18-41% of Carolina GDGT-1 and -2, but only
2-6% of crenarchaeol (Table 3). The results for the other
samples from the Atlantic are similar, suggesting the fol-
lowing approximation: crenarchaeol, GDGT-0, and the
minor GDGTs are ca. 5%, 10%, and 25% exogenous,
respectively. This calculation is not the same as the calcula-
tion of analytical purity (Section 3.1.1), which was aimed at
detecting non-GDGT material in the samples (<5%). Here
the estimates of f.,, indicate the fraction of the GDGT itself

that derives from other sources. In agreement with this, f.,o
and the “purity” score are not significantly correlated
(R*=10.07).

For isotope mass balance, we treat the WA samples sim-
ilarly. The minimum value of the exogenous endmember
(0exo = —29%o0) is defined as the average of regional higher
plant n-alkane values (Prahl et al., 1992) and total organic
matter (Prahl et al., 1994; Walsh et al., 2008). The maxi-
mum value of ., cannot be the same as used above,
because data from GDGT-1 and GDGT-2 from WA-3
are more negative than this value; instead we choose
—24%o, consistent with fjord data from Smittenberg et al.
(2005). We also note that preliminary measurements of
branched bacterial GDGTs (brGDGTs; Weijers et al.,
2006) from these samples yield 6'°C values of —26%o.
Under these constraints, there is no significant fraction of
exogenous GDGTs in WA-7. In the WA-3 and WA-4 sam-
ples, the fraction of exogenous material is very high, esti-
mated to be 35-93% for the minor GDGTs (Table 3).
This likely reflects the location of these sediments near
the outlet of the Columbia River, consistent with the idea
that isoprenoid GDGTs from terrestrial sources may be
transported to marine systems (e.g., Kim et al., 2006); yet
here the BIT index is not a good indicator of the relative
importance of this endmember, as has been shown previ-
ously (Walsh et al., 2008).

The most challenging samples to interpret are those
from the California basins. In this region there are sedi-
ments of Plio/Pleistocene age, outcrops of the well-studied
Miocene Monterey Shale (e.g., Schouten, 1995; Schouten
et al., 1998), and thick (>1000 m) sections of Cretaceous
deposits with significant exposures in the Santa Monica
mountains (Yerkes et al., 1965). The average 6'°C value
of C4.» and Cyo.3 biphytanes for the non-dolomitic (i.e.,
not affected by methane cycling) strata of the Monterey
Shale is —20.7%o, indistinguishable from contemporary or
Plio/Pleistocene inputs (Hoefs et al., 1997, Schouten
et al., 1998; Hoffmann-Sell et al., 2011). In contrast, weath-
ering of the Cretaceous sections may yield '*C-enriched
biphytanes, similar to the —17.8%0 average of Kuypers
et al. (2001), which would equate to ca. —17%o for the
weathering of corresponding GDGTs. We therefore calcu-
lated the potential effect on SMB/SBB sedimentary GDGTs

Table 3
The estimated fraction of non-planktonic GDGTs (exogenous; fe.y,) present in each sediment sample.

z (m) fexo (OA‘) 5exo (%0)

GDGT-0 GDGT-1&2 Cren

Carolina 650 8-19% 18-41% 2-6% —29 to —23
Cariaco 1400 6-13% nla 2-4% —29 to —23
N. Atl.* 1055-1150 9-21% 11-26% 3-8% —29 to —23
WA-7 2589 1-2% 0% 3-7% —29 to —24
WA-4 690 18-37% 35-76% 13-26% —29 to —24
WA-3 91 19-39% 44-93% 11-24% —29 to —24
SBB/SMB 2 600-905 2-21% 4-17% 9-25% —17
SMB 8 905 17-38% 17-46% 17-38% —17

Results are constrained by a range of 3'>C values for the hypothetical endmember (Jexo).
Generally, crenarchaeol is the compound least influenced by f.x,, While minor GDGTs and near-shore locations are more strongly influenced.
2 All N. Atl. stations treated as one, with the —19.6%0 outlier for N. Atl. 4 excluded.
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of an exogenous endmember having a Cretaceous 0'°C
value. The resulting estimates are that 2-38% of GDGTs
in the California system are exogenous. However, such an
estimate ignores the potential inputs of GDGTs from more
recent terrigenous sources such as soils, including those
influenced by the presence of C,4 vegetation. Previous radio-
carbon studies of biphytanes, GDGTs, n-alkanes, and total
organic matter from these sediments show that the archaeal
lipids are not more than 10-15% derived from fossil sources
(Pearson et al., 2001; Shah et al., 2008) and that pre-aged
detrital and plant-derived carbon sources also are signifi-
cant inputs (Bauer et al., 1995; Pearson and Eglinton,
2000; Mollenhauer and Eglinton, 2007). Refining the *C
mass balance using '*C constraints suggests the GDGT
sources may be approximately 80% planktonic, 10% fossil,
and 10% pre-aged detrital of unknown source and endmem-
ber '3C value. This would be consistent with results in
Table 3, although not yet completely explained. Overall,
however, it appears that the primary reason for anomalous
8 Cgpar values in SMB/SBB is the unusual nature of the
exogenous source(s), rather than a high abundance of this
material.

4.5. Implications for paleoceanography: TEXgs and carbon
cycle reconstructions

Our 8"3Cgpgr results show that GDGTs in most shelf/
slope sediments are influenced by exogenous sources, possi-
bly introducing both temporal (e.g., eroded sediments) and
environmental (e.g., terrigenous vs. marine) complications
to the interpretation of paleorecords.

The influence of these effects on paleotemperature recon-
structions is a function of the difference between the TEXgg
value of the exogenous source and the TEXgg signal of the
local water column. Considering that the non-local fraction
of minor GDGTs may be several tens of percent (Table 3),
we calculated the error in the resulting SST (ASST, calcu-
lated using TEX%%) as a function of fi, from 0 to 80%
and the difference in TEXg4 ratio between local and exoge-
nous inputs (TEXgg(iocal) — TEXgg(exo))- Results are shown
for a hypothetical sediment having a local TEXgg ratio of
0.5 plus an exogenous input with a TEXgs ratio between
0.3 and 0.7 (Fig. 7). Inputs with TEXg ratios of 0.3-0.7
would span most of the natural variability in TEXgs obser-
vations (Tierney and Tingley, 2015). The resulting errors in
calculated SSTs (ASSTs) therefore span most of the
expected outcomes and can be considered reasonable
estimates of the maximum potential bias caused by non-
local, non-planktonic sources of GDGTs. The error calcu-
lation is asymmetric, e.g., at fo., = 75%, ASST is +7.8 °C
and —10.6 °C, for TEXgs values for fo, of 0.7 and 0.3,
respectively. This is due to the logarithmic formulation of
TEXEL (Kim et al., 2010). In general, however, the effect
of fuxo on calculated values of TEXEL is surprisingly small.
For sediments with f., <50% for the minor GDGTs
(e.g., all of the Atlantic samples; Table 3), errors in the
resulting SSTs would be no more than +5.4 °C to —6.6 °C;
while if foy, s <30%, errors would be +3.4 °C to —3.8 °C.
The latter is within the expected error of +3-5 °C for the
most recent TEXge calibrations (Kim et al., 2010; Tierney
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Fig. 7. Error in TEXEs-calculated SSTs caused by the presence of
exogenous GDGTs. The potential error in reconstructed SST is
shown for 0-75% exogenous overprinting of an original planktonic
(“true”) signal by an exogenous source that differs by up to £0.2 in
its TEXg¢ ratio.

and Tingley, 2014). Indeed, some of the scatter in these cal-
ibrations may be due to the variable input of non-local
GDGTs. Since all of our samples other than WA-3, WA-
4, and the SMB 8-cm sample meet the criterion of fe,
<30% for the minor GDGTs, it appears that open marine
sediments generally contain insufficient exogenous material
to cause bias in TEXgg-calculated paleorecords generated
from such locations.

The challenges for reconstructing 8"3Cprc clearly are
much larger. Site selection must be confined to locations
dominated by marine planktonic inputs, ideally with fi.,
<10%. Such sites potentially are limited to non-basinal
deposits recovered from >1000 m water depth (e.g., the
Atlantic margin sites and WA-7), although more study is
needed to better determine if depth is the most appropriate
metric for determining the cutoff. Analytically the most pre-
cise and accurate results are obtained by isolating pure cre-
narchaeol, followed by analysis by SWiM-IRMS. Since
SWiM-IRMS is not currently available to most users, ether
cleavage of pre-purified crenarchaeol followed by analysis
by GC-IRMS is the recommended strategy. This will yield
values of 513Cbiphy that can then be converted to 6'*Cpic
values using énet/biphy- 1he quality of these interpretations
depends most strongly on the variability of &ne/piphy, Which
is a function of f;x, and the 613C value of assimilated
organic carbon (here assumed to be marine SPM, i.e., bulk
planktonic biomass). Also, our calculations assume that
€DIC/biphy 18 constant (to +0.2%o), which to date has been
tested only in one taxon (Konneke et al., 2012). This must
be examined in more detail — for example, as a function of
temperature, and in different strains of ammonia-oxidizing
Thaumarchaeota. Future studies on a wider range of sedi-
ment core-tops will allow all of these variables to be studied
in greater detail.
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In addition to a lack of data on the metabolic (and
therefore isotopic) diversity of natural communities of mar-
ine Archaea, there remain other significant uncertainties in
our estimates of exogenous GDGT contributions to sedi-
ments. N. maritimus is a group I.la Thaumarchaeon, yet
exogenous GDGTs may be contributed by the group I.1b
soil-dwelling group (e.g., N. viennensis; Pester et al.,
2011). Studies of carbon isotope fractionation should be
expanded to this clade, as well as to samples of mixed nat-
ural communities taken directly from the marine water col-
umn. The precision and accuracy of our measurement
method is sufficient to distinguish small changes in '*C
composition of endmember carbon sources, both for the
exogenous material and the in situ GDGTs. The former
may be affected by changes in erosional patterns, while
the latter is potentially complicated by the ca. 1%¢ decrease
in surface ocean §'*Cp;c in recent decades (the Suess effect;
Swart et al., 2010), although this effect should bias all of our
samples equally. Finally, the most difficult challenge for
assessing uncertainties in the exogenous contribution is to
distinguish sedimentary in-situ production from allochtho-
nous material. When in-sifu production is distinct in *C
composition (e.g., Schubotz et al., 2011), these sources are
easily detected, but in the majority of cases the in-situ pro-
duction may be indistinguishable from general hetero-
trophic biomass (e.g., Biddle et al., 2006).

Overall, it remains possible that several complicated or
multi-variable factors will be found to affect the overall pat-
terns of 3'*Cgpgr values. To test for environmental pat-
terns, we performed a PCA analysis on the 0BCapar
data and other water-column and sediment data gathered
from the literature for these locations. Five factors
explained >90% of the variance (Fig. 8). Interestingly, the
variance in 0'>°Cgpgr values was not explained well by dif-
ferences in 6'*Croc, water column depth, sediment C/N
ratio, or other likely sediment source indicators. These sed-
iment source indicators all mapped to principal compo-
nents PC2 and PC3 and covaried with each other. PC2
and PC3 also clustered with PC1, the component on which
the temperature indicators were weighted most heavily
(SST, TEXE,, TEXZ); interestingly, %TOC also clustered
with temperature. Instead, BCqpar values appear to co-
vary most strongly with [2/3], suggesting that the best pre-
dictor for 8'*Cgpgr values is changes in relative abun-
dances of the GDGTs themselves — i.e., GDGT source
mixing cannot be predicted from C/N or %TOC, but when
[2/3] changes, values of 6'*Cgpgr also change (PC4). The
environmental variable that most strongly co-varies with
these GDGT source indicators is the water column nutrient
gradient (PCS5), here parameterized as the depth of the
steepest gradient in nitrate regeneration (d[NO3]/dz). This
is consistent with hypotheses that depth-dependent physio-
logical and/or population changes are important influences
on the distribution of marine GDGTs (e.g., Turich et al.,
2007; Kim et al., 2016). Future work to measure values of
8 Cgpar directly from the water column will help deter-
mine whether different communities show different isotope
effects, and if those values co-vary with changes in
GDGT-[2/3], TEXgs, and other GDGT ratios.
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Fig. 8. Cluster diagram of the five principal components that
explain >90% of the variance among o Copars, latitude, longitude,
z (m), SST (°C), TEXEL-SST, TEXEL -SST, %TOC, 6"*Croc, C/N,
GDGT-[2/3], depth of the O,-minimum (m), [Os]nin, depth of
maximum nitrate regeneration (d[NO3 }/dz), 8'*Cp;c at 100 m, and
613CDIC at 500 m. Environmental data were compiled from the
literature (Tan and Strain, 1979, 1983; Walsh et al., 1985; Blair
et al., 1994; Prahl et al., 1994; Pearson, 1999; Thomas et al., 2002;
Mollenhauer and Eglinton, 2007; Drenzek, 2007) and from public
databases (World Ocean Atlas, https://www.nodc.noaa.gov/
0OC5/woal3/; the CARIACO project, http://imars.usf.edu/cariaco;
Calcofi Cruise 9610 Hydrographic Report, http://www.calcofi.
org/data/data_reports/1990s/1996/9610_hyd.html).

5. CONCLUSIONS AND FUTURE WORK

Modern marine sediments have variable 6'°C values of
GDGTs, both among individual GDGTs extracted from
the same sediment, as well as among different locations
on the same continental margin. The cause in both cases
appears to be different fractional contributions from multi-
ple sources, including — but not necessarily limited to —
export of planktonic material from the water column and
transport of weathered terrestrial sources (either soils or
ancient sediments). The suite of samples studied here
enables several preliminary conclusions, each of which will
require additional examination:

(a) Mixotrophy and/or heterotrophy is a universal fea-
ture of the net archaeal community that contributes
GDGTs to sediments. The §'°C values observed for
sedimentary GDGTs and biphytanes are too '*C-
depleted relative to DIC to be compatible with the
measured isotope effect for obligate autotrophy
(Konneke et al., 2012). Further surveys of 6'*C val-
ues for biphytanes and GDGTs will help define regio-
nal and/or depositional patterns.

(b) Accurate reconstruction of 83Cpic values will
require more study of environmental isolates or
enrichments of both planktonic Thaumarchaeota
and Euryarchaeota to refine the relationship between


https://www.nodc.noaa.gov/OC5/woa13/;
https://www.nodc.noaa.gov/OC5/woa13/;
http://imars.usf.edu/cariaco;
http://www.calcofi.org/data/data_reports/1990s/1996/9610_hyd.html
http://www.calcofi.org/data/data_reports/1990s/1996/9610_hyd.html
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the net carbon isotope fractionation (&,eygpaT) and
the autotrophic fractionation (¢pic/gpaT), the differ-
ence being assimilation of organic carbon.

(c) Archaeal Cyq biphytanes are *C-depleted relative to
core GDGTs, indicating the glycerol moieties are '>C
enriched. This is consistent with a metabolic link
between sugar metabolism and the glycerol-
precursor metabolite, dihydroxyacetone phosphate
(c.f., Pearson, 2014), and is supported by small mea-
sured isotope effects for sugar head-groups and glyc-
erol moieties of GDGTs (Konneke et al., 2012; Lin
et al., 2013).

(d) Although exogenous GDGT sources to sediments are
common, especially in shallow environments and/or
in marginal basins, the effect of this material on
TEXg¢-reconstructed SSTs is within calibration
uncertainty when it contributes <30% of the total
GDGT accumulation. All of the open margin, non-
river-affected samples in our present study meet this
criterion.

(e) The presence of exogenous GDGTs has a variable
and potentially large effect on the ability to recon-
struct past values of 6"3Cpic. The use of biphytanes
and/or GDGTs for understanding the marine carbon
cycle will be limited to cores in which the organic
matter flux is strongly marine, ie., either biogenic
sediments or distant shelf/slope environments.
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