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Abstract

Stable carbon isotope ratios of archaeal glycerol dibiphytanyl glycerol tetraether (GDGT) lipids have been proposed as a
proxy to infer past changes in the carbon isotope composition (8'*C) of dissolved inorganic carbon (DIC). The premise for
paleo-813CDIC reconstructions from GDGTs is based on observations of relatively constant 33 Cgpar values in recent depo-
sitional environments. Marine Thaumarchaeota, thought to be the dominant source of GDGTs to marine sediments, fix inor-
ganic carbon using the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) pathway, which is specific to HCO3 as the
substrate. Bicarbonate-dependent autotrophy has been the basis for predicting that the stable carbon isotopic composition
of GDGTs (8"*Capgr) should vary in parallel with water column 8'*Cpyc values, because HCOj is by far the dominant frac-
tion of DIC in modern seawater. However, this relationship has never been systematically tested. Here we examine the carbon
isotopic composition of GDGTs from four water column profiles in the Southwest and Equatorial Atlantic Ocean. Values of
8'*Copar increase with depth in the water column, in contrast to the characteristic decrease in 8'°*Cpc values. These diver-
gent trends imply a decrease in the observed total biosynthetic isotope effect (e4,) with depth, i.e., the offset between 8'>Cp,c
and 83 Cgpgr is not constant. Instead, we find that values of a, specifically correlate with oceanographic variables associated
with extent of organic remineralization, decreasing as CO, concentration increases. This observed relationship is consistent in
both magnitude and direction with the results of an isotope flux-balance model for Thaumarchaeota that suggests ¢, should
be sensitive to growth rate (¢) and CO, availability under conditions of atmospheric pCO, < 4 times the pre-anthropogenic
Holocene level. Further tests of the sensitivity of ¢4, to p and CO, in the modern marine environment will be essential to
exploring the potential for a new, archaeal lipid-derived pCO, paleobarometer.
© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Glycerol dibiphytanyl glycerol tetraether (GDGT) lipids

* Corresponding authors at: Department of Earth and Planetary of archaeal membranes are preserved in marine sediments
Sciences, Harvard University, Cambridge, MA 02138, USA (S.J. from the Jurassic to the present (e.g., Jenkyns et al.,
Hurley). 2012). These biomarkers record the presence and activity
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marine water column (Fuhrman et al., 1992; Del.ong, 1992;
Karner et al., 2001) and form the basis of the TEXg¢ pale-
otemperature proxy (Schouten et al., 2002).

The dominant source of GDGTs to sediments generally
is believed to be the marine group I.la Thaumarchaeota
(e.g., Pearson and Ingalls, 2013). These archaea oxidize
ammonia and fix carbon autotrophically using the 3—hydro
xypropionate/4-hydroxybutyrate pathway (3HP/4HB)
(Konneke et al., 2005; Berg et al., 2007; Konneke et al.,
2014). Thaumarchaeota are most abundant and active near
the base of the euphotic zone (Francis et al., 2005; Beman
et al., 2008; Church et al., 2010; Santoro et al., 2010). Mar-
ine group II Euryarchaeota also are common, primarily in
surface waters (Massana et al., 1997, Massana et al., 1998;
Massana et al., 2000). Their presumed heterotrophic meta-
bolism has largely been inferred from metagenomics due to
a lack of cultured representatives (Frigaard et al., 2006;
Iverson et al., 2012; Martin-Cuadrado et al., 2014; Orsi
et al., 2015; Santoro et al., 2019). Recently Lincoln et al.
(2014) proposed that these Euryarchaeota may also con-
tribute to the GDGT pool, although this remains debated
(Schouten et al., 2014), and to date only Thaumarchaeota
are known to produce the distinctive cyclohexane ring-
containing GDGT, crenarchaeol (Elling et al., 2017).

Due to the presumed dominance of total planktonic
archaeal production by autotrophic Thaumarchaeota,
stable carbon isotope measurements of GDGTs have been
proposed as a tool to infer past changes in marine 8'*Cp;c
values (Hoefs et al., 1997; Schouten et al., 1998), for exam-
ple during Cretaceous ocean anoxic events (Kuypers et al.,
2001) or other episodes where carbonate sedimentation is
restricted or absent. However, the fidelity of a proposed
paleo-8'*Cpyc proxy requires that carbon assimilation by
Thaumarchaeota be accompanied by a constant biosyn-
thetic isotope effect (ea,, signifying the difference between
the inorganic carbon source and the archaeal biomass),
and that there be minimal influence from mixotrophic or
heterotrophic carbon assimilation, including any contribu-
tions by Euryarchaeota.

To date, preliminary evidence that GDGTs could serve
as a paleo-8'>Cpyc proxy has invoked the relatively con-
stant 8'°C value of —21 4 1.5%0 for the crenarchaeol-
specific Cy9.3 biphytane (sidechain hydrocarbon) observed
in recent depositional environments (Schouten et al.,
2013). The 3HP/4HB pathway of carbon fixation in Thau-
marchaeota is specific to HCOj3, leading to the supposition
that a relatively stable ocean 3'*Cpc signature (mostly
reflecting 33Chcos_ values), high and relatively invariant
[HCOs3], and a constant biosynthetic ¢4, value would lead
to stable values of 8'*Cgpgr for the entire exported pool
of water-column GDGTs.

However, a limited survey of recent core-top sediments
showed that &8"Cgpgr values, including the
Thaumarchaeota-specific crenarchaeol, are not truly con-
stant with respect to 8'*Cpyc values (Pearson et al., 2016).
This finding, plus earlier carbon isotopic measurements
(Ingalls et al., 2006), were interpreted as reflecting a small
but significant (~20%) contribution of heterotrophically-
assimilated organic carbon by the total archaeal commu-
nity. Although marine Thaumarchaeota take up amino

acids (Ouverney and Fuhrman, 2000; Teira et al., 2004;
Herndl et al., 2005; Qin et al., 2014), and some strains of
soil-group I.1b Thaumarchaeota appear to require pyru-
vate supplementation (Tourna et al., 2011), recent work
has proposed that the role for organic acids is to detoxify
oxygen radicals formed as a byproduct of ammonia oxida-
tion (Kim et al., 2016). Organic carbon does not appear to
be incorporated into biomass, nor do organic substrates
actually promote growth (Kim et al., 2016). This would
suggest that lipid isotope studies may have overestimated
the contribution of mixotrophy or heterotrophy to Thau-
marchaeota, and that other factors should be considered
in the interpretation of non-constant 8'*Cgpgr values.

Here we investigated the '*C content of individual
GDGTs previously quantified (Hurley et al., 2018) from a
water-column transect in the Southwest and Equatorial
Atlantic Ocean (~40°S to 10°N). Our results show that
313Cspat values vary inversely to the gradient of 3BCpic,
and that &4, differs both between locations and with depth.
These patterns are not correlated with 8'*C values for par-
ticulate organic carbon (513CPOC) and are not well
explained by heterotrophic processes. Instead, the response
of ¢a, is consistent with a recent model that suggests
83 Cgpar values for Thaumarchaeota should respond to
in situ pH and [COy,] (Pearson et al., 2019). Although
the magnitude of the CO,-dependence is small, showing a
total range of <5%o for e, through the water column,
the consistency between the data and the model suggest that
313Cgpar values — specifically those measured for crenar-
chaeol — could be used as a pCO, proxy. Previously-
reported 8'*Cgpgr values from sediments are reinterpreted
within this framework and highlight both the promise and
limitations of the application.

2. METHODS

Our sampling and extraction approach is described in
detail in Hurley et al. (2018). Briefly, samples were collected
from aboard the R/V Knorr during the “DeepDOM”
cruise, KN210-04, in March-May 2013 from 38.0°S 45.0°
W (Station 2), 22.5°S 33.0°W (Station 7), 2.7°S 28.5°W
(Station 15) and 9.7°N 55.3°W (Station 23) (Fig. 1). The
deep chlorophyll maximum was found at 70 m (Station
23), 60-70 m (Station 15), 125 m (Station 7), and 50-75 m
(Station 2) (Hurley et al., 2018). Suspended particulate mat-
ter samples were collected between 0 and 1000 m at each
station. All nutrient and CTD data have been deposited
in the Biological and Chemical Oceanography Data Man-
agement Office (BCO-DMO) (Kujawinski  and
Longnecker, 2013). The concentration of total organic car-
bon was measured as non-purgeable organic carbon, ie.,
the sum of both dissolved and particulate carbon. Apparent
oxygen utilization was calculated by the difference between
a saturated concentration of O, and the concentration of
O, measured by an SBE43 oxygen sensor, according to
Weiss (1970).

Particulate organic matter was sequentially filtered from
seawater in situ using submersible pumps (WTS-LV 08
upright: McLane Research Laboratories, Inc), with total
collected volumes between 710 and 10,518 1 (mean 3,049 1)
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Fig. 1. Locations of sampling stations from the DeepDOM cruise
(filled symbols; KN210-04 on R/V Knorr, March-May 2013) at
38.0°S 45.0°W (Station 2), 22.5°S 33.0°W (Station 7), 2.7°S 28.5°W
(Station 15), and 9.7°N 55.3°W (Station 23). Also shown are the
GLODATP station locations used to estimate CO, and pH profiles
for each cruise station (hollow symbols).

per depth. Pumps were equipped with three filter tiers, each
142 mm in diameter. The first tier was fitted with a 53 pm
mesh Nitex screen, the second with two (stacked) pre—
combusted glass fiber filters (Whatman GF/F; 0.7 um),
and the last two (stacked) pre-combusted glass fiber filters
(Sterlitech GF-75; 0.3 um). Filters were stored in
pre-combusted foil and frozen (-80 °C) immediately after
collection. Values of 3'*C for bulk particulate organic
carbon (POC) in the 0.7-53 pm size class were measured
on a Europa 20-20 CF-IRMS interfaced with the Europa
ANCA-SL elemental analyzer in the Stable Isotope Labo-
ratory in The Ecosystems Center at the Marine Biological
Laboratory.

Seawater samples were collected for the measurement of
3'3C values of dissolved inorganic carbon (DIC) at the
National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) facility. Pre-cleaned 500 ml stoppered Pyrex
reagent bottles were supplied by NOSAMS. Bottles were
rinsed and overfilled (1.5 times bottle volume), taking care
to avoid bubbles, and 100 pl of saturated HgCl, solution
was added within one minute. Ground glass joints were
wiped dry and bottles were secured with pre-greased stop-
pers and an elastic band, shaking gently to mix poison.
Values of 8'*C were measured using the rapid extraction
of dissolved inorganic carbon from seawater (REDICS)
system followed by isotopic measurement on a VG Prism
isotope ratio mass spectrometer, with a demonstrated sys-
tem precision of 0.04%0 (Gospodinova et al., 2015).
Temperature-dependent fractionation factors from Mook
et al. (1974) were then used to calculate in situ values of

613CHCO; from §6Cpic values according to Zeebe and

Wolf-Gladrow (2001). All POC and DIC isotopic data have
been deposited in the Pangaea database.

Dissolved inorganic carbon (DIC) speciation was calcu-
lated according to Zeebe and Wolf-Gladrow (2001) using
total DIC and pH from the Global Ocean Database Project
(GLODAP; Olsen et al., 2016). We gathered water column
profiles for ten locations nearest to each sampling station
from the GLODAP dataset and selected the GLODAP sta-
tions with conservative properties (i.e., salinity and temper-
ature) that were most similar to the sampling stations
(Fig. 1, Fig. S2) to yield consensus profiles of pH and dis-
solved CO, (Fig. 2 E, F). The error estimate for these con-
sensus profiles corresponds to the standard deviation of the
three GLODAP profiles.

2.1. Lipid extraction and separation

Filters were extracted in Teflon vessels in 90:10 CH,Cl,:
CH;0H using a MARSS microwave-assisted extraction
system (CEM Corporation, Matthews, NC, USA) to yield
total lipid extracts (TLEs). Intact polar lipids (IPLs) and
core lipids were analyzed from a 2-10% aliquot of the
TLE dissolved in MeOH on a Dionex Ultimate 3000RS
ultra high performance liquid chromatography (UHPLC)
system connected to an ABSciEX QTRAP4500 Triple
Quadrupole/Ion Trap mass spectrometry (MS) instrument
equipped with a TurbolonSpray ion source operating in
positive electrospray (ESI) mode as described in Hurley
et al. (2018). All lipid data have been deposited in the Pan-
gaea database under the DOI https://doi.pangaea.de/10.
1594/PANGAEA.861376.

Separate aliquots of TLEs were hydrolyzed in ~ 10 ml
of 5% v/v HCI in MeOH for 4 h at 70 °C to yield total
GDGTs for isotopic analysis. Hydrolyzed TLEs were sepa-
rated over SiO, (130-270 mesh) into three fractions: less-
polar compounds (100% hexane, followed by 25% ethyl
acetatethexane), GDGT core lipids (1:1 ethyl acetate:hex-
ane), and polar compounds (100% ethyl acetate, followed
by 100% methanol). Additional details are available in
Hurley et al. (2018).

2.2. 6]3CGDGT measurements

Individual GDGTs were purified and values of
3"3Cgpgr measured as reported previously (Ingalls et al.,
2006; Shah and Pearson, 2007; Pearson et al., 2016). Briefly,
the GDGT-containing fraction was purified by semi-
preparative HPLC on an Agilent 1200 series HPLC
equipped with a fraction collector. Normal phase HPLC
(Agilent Zorbax NH, column, 4.6 x 250 mm, 5 um particle
size) was used to separate individual cyclized GDGTs, fol-
lowed by reversed-phase HPLC (Agilent Zorbax Eclipse
XDB-C8, 4.6 x 150 mm, 5 pum particle size) to remove
background contaminants from each separated compound;
samples were collected in fraction 2 (F2), while a leading
fraction (F1) is used to assess potential contamination.

Values of 8'*Cgpgr were measured by spooling wire
microcombustion—isotope  ratio mass  spectrometry
(SWiM-IRMS; Sessions et al., 2005). The complete method
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Fig. 2. Profiles of four stations in the Western Atlantic Ocean. (A) 5'>C values of bulk POC (0.7-53 pum size class) (B) 8'C values of DIC (C)
8'3C values of crenarchaeol (0.7-53 pm size class) (D) ¢a, values calculated according to Eq. (1) (E) averaged pH profiles. (F) Averaged CO,
concentration profiles. Error has been propagated for all profiles; missing error bars are smaller than the data symbols. Profiles of CO, and
pH were averaged from nearest stations in the Global Ocean Data Analysis Project (GLODAP; see supplement for evaluation of conservative

properties).

is described in Pearson et al. (2016). Briefly, the fractions
were dissolved in ethyl acetate and 30-100 ng were manu-
ally injected onto the wire (3 replicate injections for F1, 6
replicates for F2). The raw data were corrected for blanks
and absolute offsets using dilution series of a C46-GTGT
standard. The 1o measurement precision averaged over
all samples was 0.15%c. Purity of the GDGT fractions
was assessed using the ratio of SWiM-IRMS F2/F1 peak
areas. Analysis of sedimentary F2/F1 versus 33Capar
shows that F2/F1 ratios smaller than 5 may yield negatively
biased 8"°Cgpgr values, due to generally more negative
313C values of the background organic matter relative to
GDGTs (Pearson et al., 2016; Polik et al., 2018). However,
the water column samples consistently yielded F2/F1 ratios
higher than this threshold (average F2/F1 = 17 for GDGT-
0; F2/F1 =15 for minor GDGTs —1, —2, —3; and F2/
F1 =25 for crenarchaeol). All isotopic ratios are reported
relative to the Vienna Pee Dee Belemnite standard. All lipid
isotopic data have been deposited in the Pangaea database.

2.3. Water column model

The biosynthetic isotope effect (¢4,) was calculated rela-
tive to water column HCO; (H,; e for extracellular) accord-
ing to the exact formula rather than the ea, ~ 3"*Cpic —
313CgpaT approximation:

ear = 1000 {ﬂ - 1}

(dcpaT)

(1)

The error for &, calculations from measured in situ
513CHC0; and 8 Cgpgr was calculated according to
Freeman and Pagani (2005).

As a comparison to our observed ¢a,~CO, relationships,
the isotope flux-balance model of Pearson et al. (2019) was
used to construct a modeled range of ¢4, values over CO,
concentrations of 10-50 pmol kg~! and growth rates for
cultivated marine Thaumarchaeota (doubling times 21

to > 120 h; (Konneke et al., 2005; Santoro and Casciotti,
2011; Qin et al., 2014) according to:

1 1
6[—]5 — 5GDGT = Sﬁx — ﬁ(a + KiMl) s where (2)
_ :upgnetKMl o
B=""— and g = & — envp — 1000(1 — ). (3)
kcatlEl

Here, 6y, = the in situ value of 513CHC0;; Obiomass =
8'*Cgpgr for crenarchaeol; &4, = the biosynthetic isotope
effect for the carbon-fixing enzyme of the 3HP/4HB path-
way (2.5%o); exyp = isotope effect for the slowly-catalyzed
or abiotic hydration of CO, to HCO; (25%0) (Zeebe,
2014); o = the temperature-dependent equilibrium fraction-
ation factor between CO, and HCOy; up = the carbon fix-
ation rate; and Kj;, k.., and E; are kinetic parameters
that yield f values of approximately —45 to —48 (%o*uM).
For complete details, see Pearson et al. (in preparation).
For model calculations to fit measured water column and
sediment data, we calculated contours of ¢5, vs. CO, for
doubling times (T4 =1In(2)/u) of 48, 96, and 144 h. For
reconstructing global predictions of e, from GLODAP
data, we used only T4 = 96 hr, consistent with environmen-
tally relevant strains of Thaumarchaeota (Santoro and
Casciotti, 2011).

3. RESULTS

The DeepDOM cruise track (Fig. 1) traversed the equa-
torial and subtropical gyre surface regimes and deep water
masses of North Atlantic Deep Water (NADW) and
Antarctic Intermediate Water (AAIW). We analyzed sam-
ples from four stations: Station 23 at the edge of the Ama-
zon River plume, Station 15 in the productive equatorial
region, Station 7 in the South Atlantic gyre and Station 2
in the southern subtropical transition zone. Values of
313C for bulk particulate organic carbon (POC) in the
0.7-53 pm size class show a distinct minimum near the base



S.J. Hurley et al. / Geochimica et Cosmochimica Acta 261 (2019) 383-395 387

of the euphotic zone before returning to intermediate values
at mesopelagic depths (Fig. 2 A). Values of 8°Cpc
decrease downward from the surface to ~ 200 m and then
are relatively invariant deeper in the water column (Fig. 2
B). All bulk sample data are reported in Tables S2 and S3.

In previous work we reported concentration profiles of
individual core and intact polar lipid (IPL) GDGTs for
large (>0.7 um) and small (0.3-0.7 pm) size class filter sam-
ples (Hurley et al., 2018). Here we extracted the bulk
GDGT pool (IPL and core GDGTs) for each sample, fol-
lowed by acid hydrolysis and separation of individual core
GDGTs for §'C analysis. The filter size classes were kept
separate, but due to larger total yields from the > 0.7 um
size class, most 8'*Cgpgr data are from this class with only
a small number of values from the 0.3-0.7 pm filters
(Table S3). Regardless, there were no significant or system-
atic differences between data from different size classes.
GDGT concentrations above depths of 80-100 m were
below detection limits; therefore, isotopic GDGT data from
depths between 80 m and 1000 m are reported here.

Profiles of 8'3C values for crenarchaeol do not covary
systematically with the isotopic composition of either
POC or DIC (Fig. 2). Crenarchaeol 8'°C values increase
from the base of the photic zone through the 500 m depth
horizon, and then variably increase or decrease with further
depth depending on the station (Fig. 2 C). The §'3C values
for crenarchaeol range from -21.1 £ 0.1 to —17.9 & 0.1%o,
but individual stations are significantly different from each
other. For example, 813C values of crenarchaeol at the olig-
otrophic Station 7 (-19.2 to —20.5%0) are mostly distinct
from 5'3C values of crenarchacol at the productive Sta-
tion 15 (—17.9 to —19.5%0). In many cases, 3'°C values for
GDGT-0 and the combined minor GDGT fraction
(GDGT-1, GDGT-2, and GDGT-3) agree within measure-
ment error of crenarchaeol (Fig. S3, Table S3). The average
difference between crenarchaeol and GDGT-0 or minor
GDGTs across the entire dataset is 0.3%o. Of the depths
where 3'°C values for GDGT-0 and minor GDGTs differ
from crenarchaeol, the offset is not systematic and may be
small enough to be physiologically insignificant. Hence-
forth, we use 8'3C values from crenarchaeol in the 0.7—
53 um size class in our data analysis as this is the largest
dataset and crenarchaeol is currently thought to be
restricted to the Thaumarchaeota.

The offset between 8*Cgpgt and the §'3C values of the
HCOj; component of DIC, ¢, (Eq. (1)), decreases through
the water column across all sampling stations (Fig. 2 D).
Values of ¢, are smallest for the productive Station 15
and largest for the oligotrophic Station 7. All four stations
have generally uniform depth-dependent trends of decreas-
ing ga, values, and mean values at each station are distinct
from each other. Consistent with qualitative predictions of
the thaumarchaeal isotope flux-balance model (Egs. (2) and
(3); Pearson et al., 2019), ea, values decrease with depth in
the water column as pH decreases and CO, increases.

The strongest correlations between crenarchaeol ¢a, val-
ues and hydrographic or isotopic water column data are for
variables associated with extent of organic matter remineral-
ization (Fig. 3). Values of ¢4, correlate well (R? value > 0.7)
with total organic carbon (TOC) concentrations (primarily a

measure of dissolved organic carbon; e.g., Carlson and
Hansell, 2015), nitrate concentrations, and apparent oxygen
utilization (AOU) (Fig. 3 A-C). Values of ¢, additionally
correlate well with CO, concentrations and pH profiles aver-
aged from the nearest GLODAP stations with similar con-
servative properties (ie., salinity and temperature) (Fig. 3
D-E). These variables are all expected to relate directly to
CO, availability as they are associated with organic matter
remineralization; for example, TOC is characteristically
consumed exponentially with increasing depth in the water
column, thereby generating CO, and increasing AOU, the
relative oxygen deficit (Fig. S4). In contrast, ¢4, values do
not covary with 8'3C values of particulate organic carbon
(POC) (Fig. 3 I) and only weakly covary (R? < 0.4) with
313Cpyc values, NOj; concentrations, and absolute O, con-
centrations (Fig. 3 F-H). These relationships appear to be
independent of thaumarchaeal biomass density and lipid
production as they are consistent across varying in situ
GDGT concentrations (Fig. 3, symbol size), and data from
all four stations follow the same patterns.

4. DISCUSSION
4.1. Metabolic and ecological inferences

This study presents the first comprehensive water col-
umn profiles of 8'*Cgpgr values, providing unique insights
into the metabolic function and physiology of Thaumar-
chaeota. The offsets between the 8'*Cgpgr values and the
potential carbon sources for Thaumarchaeota are consis-
tent with predominantly autotrophic carbon fixation, the
isotope effect of which is dependent on CO, concentration.
When interpreted in the context of CO,— and growth rate-
dependent ¢,,, the data also suggest that despite current
uncertainties, the degree of direct organic carbon assimila-
tion by Thaumarchaeota is small or negligible. Moreover,
the similar isotopic composition of individual GDGTs
within each sample — crenarchaeol, GDGT-0, and minor
GDGTs (Table S3) — potentially points to a single and
metabolically uniform source, rather than a mixed commu-
nity that contributes differently to the pools of, e.g.,
GDGT-0 and crenarchaeol. Further work is required to
determine if these patterns are ubiquitous throughout the
open ocean, as well as to examine if they differ in coastal
zones or marginal seas. Similarly, additional complemen-
tary work is required to investigate more deeply when or
if metabolic or taxonomic heterogeneity may affect the
potential for a paleobarometer based on e, values.

4.1.1. Carbon fixation in marine Thaumarchaeota

The general '*C-enrichment in archaeal lipids relative to
algal lipids (Hoefs et al., 1997; Kuypers, 2001; Schouten
et al., 2013), and the discovery of the HCOs-specific
hydroxypropionate/hydroxybutyrate (3HP/4HB) carbon
fixation pathway in Thaumarchaeota (Berg et al., 2007,
Konneke et al., 2014), led to a prediction that 3 Capat
values should vary in parallel with 8'3Cpyc values, offset
by a biosynthetic isotope fractionation (Pearson et al.,
2016). Several factors suggested that this autotrophic path-
way might have invariant fractionation. Similar 8'3C values
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Fig. 3. Relationship between ¢, values for crenarchaeol and hydrographic or isotopic water column properties. The strongest correlations
occur between ¢, and variables associated with extent of organic remineralization (A-F). Weaker correlations are observed to NO; and O,
concentrations, and 8'*Cpoc (G-I). Symbol sizes correspond to total GDGT concentration (ng 1') at the corresponding depth. CO, and pH
profiles were averaged from nearest GLODAP stations (see supplement).

for bulk biomass and GDGTs rule out isotopic effects asso-
ciated with variation in metabolic branching points in the
3HP/4HB cycle (Konneke et al., 2012). The specificity for
HCO; led to the prediction that Thaumarchaeota would
not be subject to the p/[COy,q)}-dependent effects observed
in phytoplankton (Laws et al., 1995) because HCOj is the
quantitatively dominant DIC fraction at pH ranges in the
modern ocean. Additionally, some representatives of the
marine group I.la division, which includes N. maritimus,
have an electrochemical potential-driven Na™/ HCOj trans-
porter (Offre et al., 2014; Santoro et al., 2015); however,
transcriptomic and proteomic data indicate the gene
product for this transporter is minimally detected in
N. maritimus (Qin et al., 2018). Consistent with these

physiological expectations, the fractionation observed in a
strictly autotrophic culture of N. maritimus (calculated via
mass balance from measured 3'>C values of biphytane side-
chains of GDGTSs) was ~18.7%o (Pearson et al., 2016) and
fractionation did not vary with increasing HCO5 concentra-
tion in cultures grown at pH 7.5-7.6 (Ko6nneke et al., 2012).
Retrospectively, the lack of variation of the isotope effect
can be understood as originating from the consistently high
CO, (>40 pmol kg~!) and HCO5 (2, 4, and 8 mM) concen-
trations used in these culture experiments.

Previous interpretations of environmental 33Copar
values assumed a constant isotope effect for autotrophic
carbon fixation in marine Thaumarchaeota and therefore
invoked heterotrophy as the cause of variations in observed
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ear. Our current results are better explained without invok-
ing archaeal heterotrophy; at each station sampled here,
values of ¢, decrease with depth predictably in response
to the increase in CO,. Previously, we suggested that
changes in observed &4, values — specifically differences
between those observed in pure culture versus marine sedi-
ments — could be due to thaumarchaeal utilization of iso-
topically light organic compounds (Pearson et al., 2016).
However, when applied to our current findings, this inter-
pretation would require that organic carbon incorporation
occurs predominantly near the base of the euphotic zone
where the electron donor supply (NHYZ) is highest. This
interpretation is hard to reconcile as it would seem energet-
ically advantageous to preferentially use organic carbon
compounds in deeper waters when the NHJ supply is
low. Similarly, a greater need for substrate and energy
could be used to argue that organic carbon assimilation
should be greatest at the oligotrophic Station 7 (the station
with ¢4, values most similar to 8"*Cpoc values), but it still
would not explain why values of ¢4, get smaller (more “au-
totrophic”) in the deeper, more NHj -poor waters. In sum,
the patterns of ¢4, with depth and between stations cannot
be easily reconciled with a scenario of varying degrees of
archaeal community heterotrophy.

Early inquiries into the metabolic capabilities of Thau-
marchaeota revealed that natural archaeal populations
were able to take up labeled amino acids (Ouverney and
Fuhrman, 2000; Teira et al., 2004; Herndl et al., 2005).
However, this approach did not distinguish between uptake
of amino acids as a carbon source versus other cellular uses.
Recognition of the capacity of Thaumarchaeota to oxidize
urea (Tolar et al., 2017; Qin et al., 2017; Santoro et al.,
2019; Kitzinger et al., 2018) suggested the potential for a
broader range of organic nitrogen energy sources. The spe-
cialized machinery used to cleave urea for ammonia oxida-
tion could be applied to cleave other compounds; or
alternatively a promiscuous ammonia monooxygenase
could accept a diversity of substrates, meaning that general
uptake of amino acids could potentially be assigned to
energy metabolism, rather than carbon assimilation.
Recently it also was determined that coastal strains that
were originally thought to be obligate mixotrophs (Qin
et al., 2014) are instead carrying out a hydrogen peroxide
detoxification mechanism in which organic carbon is a nec-
essary co-metabolite but is not incorporated into lipids
(Kim et al., 2016). Significant uptake of '*C-labeled acetate
compared to ')C-labeled inorganic carbon has been
observed in stable isotope probing (SIP) experiments target-
ing the TACK, the super phylum that includes Thaumar-
chaeota (Seyler et al., 2018), although it is unclear if the
relatively short (48 h) incubation times and lack of added
NHZ to serve as electron donor may have impacted the
populations. Additional work using cell-specific approaches
such as nano-scale secondary ion mass spectrometry (nano-
SIMS) may be necessary for a better understanding of the
heterotrophic potential of marine Thaumarchaeota.

4.1.2. Taxonomic sources of GDGTs
Potential variations in the taxonomic sources of GDGTs
have important implications for the paleoceanographic util-

ity of these lipids. Group I.1a Thaumarchaeota are believed
to be the major source of GDGTs in marine systems, and in
particular, biosynthesis of crenarchaeol is currently thought
to be restricted to the Thaumarchaeota and possibly associ-
ated specifically with ammonia oxidation (de la Torre et al.,
2008; Schouten et al., 2008; Pitcher et al., 2010). Recently
Lincoln et al. (2014) proposed that Marine Group II Eur-
yarchaeota are also a significant source of GDGTs in the
water column, garnering some debate (Schouten et al.,
2014). Our data suggest that GDGTs are primarily derived
from a uniform metabolic source due to the similar §'*C
values for GDGT-0 and crenarchaeol. Either the water col-
umn inventory of GDGTs at these locations is derived
almost exclusively from Thaumarchaeota, or the carbon
metabolism of marine communities of Thaumarchaeota
and Euryarchaeota is indistinguishable, since both groups
should contribute significantly to the inventory of
GDGT-0.

In addition to our 8'*Cgpgr data, other arguments may
suggest that major contributions from Euryarchaeota are
unlikely. Molecular surveys show different vertical distribu-
tions of Euryarchaeota and Thaumarchaeota, with Eur-
yarchaeota making up a larger proportion of archaea in
surface waters (Massana et al., 1997, Massana et al.,
1998; Massana et al., 2000) and Thaumarchaeota dominat-
ing at the base of the photic zone and below (Francis et al.,
2005; Beman et al., 2008; Church et al., 2010; Santoro et al.,
2010). A primarily heterotrophic physiology of MG II Eur-
yarchaeota has been inferred from metagenomics (Iverson
et al., 2012; Zhang et al., 2015). Therefore, a significant
source of GDGTs from Euryarchaeota with a different car-
bon source should result in the divergence of GDGT-0 and
crenarchaeol 8'°C values (e.g., Pancost et al., 2000), some-
thing which is not seen in our data. Similarly, a quantita-
tively significant inventory of MG II Euryarchaeota in
surface waters is not consistent with our previously
reported GDGT concentration data, which indicates that
both IPL and core GDGT concentrations in the upper
50 m of the water column generally make up less than 2%
of the total GDGT inventory while concentrations from
80 m and below make up > 98% of the total GDGT inven-
tory (Hurley et al., 2018).

4.2. Thaumarchaeal isotope flux-balance model

Our newly-developed thaumarchaeal isotope model
(Egs. (2) and (3); Pearson et al., 2019) predicts that the
value of ¢, is CO,-dependent due to the interplay between
diffusive entry of extracellular CO, and slow intracellular
conversion of that CO, to the necessary biosynthetic sub-
strate, HCOs3. This model suggests the relationship between
ear and CO, is better represented as curvilinear (Fig. 4 A)
rather than linear (Fig. 3 D). Water column ¢4, values from
the four South Atlantic stations are consistent with the pre-
dicted directionally of the model, i.e., smaller ¢a, values at
high CO; concentrations, while nearly all values fit within
contours that suggest in situ community doubling times
between 2-6 days (Fig. 4 A, grey contours). We suggest
adopting a mean doubling time of 96 h (4 days) as a reason-
able approximation based on these data. A doubling time
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of 4 days is also generally consistent with observed growth
rates in environmentally-relevant cultures of Thaumar-
chaeota (Santoro and Casciotti, 2011). Importantly, the
relationship between water column ¢y, values and CO, con-
centrations is continuous across all sampling stations — all
samples fit within the same curves — suggesting that CO,
concentration is a controlling variable. However, this data-
set describes the relationship over a relatively limited work-
ing range, with values of &5, decreasing by ~4%o0 over a
25 umol kg™! increase in dissolved CO».

We incorporated water column ¢4, values into a previ-
ously published export model (Hurley et al., 2018) to esti-
mate the e, signal exported to marine sediments
(Table S5). This model, based on comparing mass-
weighted export calculations to the GDGT distributions
(GDGT-2/3 ratio) observed in nearest sediments (Tierney
and Tingley, 2015), suggests that GDGTs are primarily
exported from between 80-250 m. We then used the results
of the thaumarchaeal isotope model to convert exported e,
values into an exported CO, signal (Fig. 4 A, colored bars).
Finally, we calculated pCO, levels (Fig. 4 B) based on the
exported CO, signal, and in situ temperature, pressure,
and pH at the depth of export. These estimates show that
exported ¢, values should reflect the depth of maximum
GDGT production, i.e., the largest symbol size for each sta-
tion (Fig. 4 A) and thus dissolved CO; in this depth range.
The CO, concentration values predicted from exported
GDGTs are all <15 pmol kgfl for Stations 2, 7, and 23;
while the value from Station 15 is>20 pumol kg~!. The
reconstructed CO, concentrations from Stations 2, 7, and
23 therefore correspond to calculated pCO, levels of 300—

400 ppm, consistent with pCO, levels of the past century,
while the productive equatorial Station 15 predicts a higher
pCO; level of ~600 ppm (Fig. 4 B). We recognize that CO,
concentrations at our proposed depths of export are higher
than surface concentrations due to remineralization of
organic matter, but we use this approximation as a starting
point for exploring the predictive capabilities of the
ea~CO; relationship.

Our observed water column profiles suggest that if
growth rate and other aspects of community physiology
are relatively constant properties of the marine Thaumar-
chaeota community, ¢a, should be predictable from in situ
dissolved CO, concentrations using a single parameteriza-
tion of the isotope model (Egs. (2) and (3)). To examine this
idea, we used the model to predict the range of global ¢a,
values corresponding to the average dissolved CO, concen-
trations between 80-250 m depth, the predicted export win-
dow corresponding to the primary thaumarchaeal habitat
(Fig. 5). The calculation used a uniform doubling time of
96 h (4 days) and all other parameters were as specified pre-
viously (e.g., Fig. 4). The model predicts that &5, values
should be smaller (19-20%0) in upwelling regions and larger
(>22%o) in gyre regions. Estimates of the net exported signal
(Fig. 5B, filled diamonds; Fig. S6; Table S5) show how the
GDGTs accumulating in sediments could preserve a signal
of dissolved CO, concentrations from the subsurface with
an overall signal range of ~3%. in the modern ocean.
Although small, a 3%o signal is 20 times larger than our
average measurement precision (lg) for water column
83 Cgpar values and 12-15 times larger than our measure-
ment precision for sediment samples, which are more diffi-
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Fig. 4. Sensitivity of ¢4, to CO, concentration. (A) The thaumarchaeal carbon isotope model (Egs. (2) and (3)) is consistent with the observed
relationship between ¢, values for crenarchaeol and CO, concentration in the water column. Symbols sizes represent total GDGT
concentrations (ng 17') at the corresponding depth. Grey contours represent model results corresponding to cell doubling times of 48 h, 96 h,
and 144 h (2, 4, and 6 days). Filled bars represent estimates of the net signal exported to sediments, based on the lipid export model in Hurley
et al. (2018) and an assumed doubling time of 96 h; also see Fig. S6. (B) Exported CO, signal replotted as the resulting estimates of
atmospheric pCO,. Grey contours represent conversion of the CO, model to pCO, based on 15 °C seawater, pH 8.0, a temperature-sensitive
Henry’s Law constant (Zeebe and Wolf-Gladrow, 2001), and assuming equilibrium with the atmosphere. Red shaded area (300400 ppm)

approximates pCO, levels of the past century.
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Fig. 5. Global distribution of predicted ¢, values. (A) Average CO, concentrations from water depths of 80-250 m in the GLODAP database
(small color points). Large open symbols show the locations of the four cruise stations (diamonds) and the sediment core-top locations
sampled in Pearson et al. (2016) (squares). (B) Values of &, predicted from the thaumarchaeal carbon isotope model based on CO,
concentrations shown above and assuming Ty = 96 h (small points). Large filled symbols show the ¢a, values observed for the four cruise
stations (diamonds) and for the sediment core-top locations sampled in Pearson et al. (2016) (squares).

cult to obtain in high purity relative to background carbon
contamination (Pearson et al., 2016; Polik et al., 2018).
The 8'*Cgpgr values from marine sediments reported in
Pearson et al. (2016) provide an independent check on these
predictions. To calculate ¢4, values using 513C values of cre-
narchaeol from previously reported core top sediments, we
located the nearest station with 8'*Cpjc values from the
GLODAP dataset (Table S4). We then calculated DIC spe-
ciation and 513CHCO; values to calculate ¢4, according to
Eq. (1). In concert, we also determined the nearest station
with CO, concentrations from GLODAP, stations which
were typically much closer to the actual sediment sampling
locations; the farthest had a maximum distance of 150 km
from the sediment location (Table S4). We used the average
CO, concentration between 80-250 m for these nearest sta-
tions to model g4, values, again with a corresponding dou-
bling time of 4 days (Fig. 5 B, filled squares). Modeled and
calculated &4, values agree within a 1% error range at all
sediment locations (Fig. 6) except for two samples from a
coastal Washington (WA) margin transect, the shallowest
of which had a water column depth of only 75 m. A more
systematic sampling approach including water column

3"3Cpic, DIC speciation, pH, and temperature — as well
as a much larger suite of core top sediment locations — is
needed to test whether or under what conditions the ¢, sig-
nal preserved in sediments is consistent with predicted val-
ues of ¢, from the 80-250 m horizon of the open marine
water column.

4.3. Prospects for paleobarometry

The range in ea, values we observed in the modern mar-
ine water column exceeds the present range of 8'>Cp;c val-
ues. Therefore, currently ¢, cannot be used directly to
reconstruct values of 8'*Cpyc without also accounting for
the CO, and u dependence of ¢, (Egs. (2) and (3)). How-
ever, under conditions of atmospheric pCO, > 1500 ppm,
for example during the Eocene hyperthermals, the 5, proxy
would approach saturation (i.e., approach its minimum
value) and changes in 8">C values of GDGTs would more
closely reflect the change in total ocean *C inventory, mak-
ing direct reconstruction of 3"3Cpic feasible.

For paleobarometry applications, the results from the
modern marine water column provide initial support for
the use of the thaumarchaeal ¢a, proxy to reconstruct past
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Fig. 6. Values of ¢, predicted from the thaumarchaeal carbon
isotope model (Egs. (2) and (3)) are partially consistent with the
observed &4, values from the sediment core-top locations sampled
in Pearson et al. (2016). Modeled ¢4, values are estimated from the
average CO, concentration between 80-250 m at the nearest
GLODAP station (Table S4) and assuming T4 = 96 h. Sediment
ear values are calculated according Eq. (1), using the average
o8 Chco; value between 80-250 m at the nearest GLODAP station
with 8'*Cpc data. Dashed lines represent a +1%o region around
the 1:1 (solid) line. Uncertainties for the sediment ¢4, values assume
a 513CHC0; uncertainty of 0.3%o.

pCO; levels when atmospheric CO, content was <4 times
the pre-anthropogenic Holocene level (Pearson et al.,
2019), provided CO, concentrations at the depth of GDGT
production and export can be related to atmospheric CO,
levels (Fig. S5). The predictions of the e, model, particu-
larly the sensitivity to CO, availability, is evident across
all water columns sampled here. Values of ¢, are smaller
at higher dissolved CO, concentrations, forming one con-
tinuous relationship spanning ~ 25 pmol kg™' of dissolved
CO,. However the corresponding ~4%o sensitivity in &a;
represents a small working range, particularly considering
an error estimate of ~ 1%o for preliminary ¢4, values recon-
structed from modern sediments (Fig. 6). While the current
water column and sediment core top data define the pre-
dicted global distribution of ¢a, values as having the same
4%o0 range as the specific particulate organic matter data
obtained from the Southwest Atlantic water column, fur-
ther work is needed to refine the full range of possible &a;
values.

Current understanding of archaeal lipid export indicates
that the ea, signal reaching sediments primarily would
reflect the dissolved CO, concentration at the depth of max-
imum GDGT concentrations (Fig. 4). This depth typically
is centered around ~100 m and spans generally 80-250 m
(Hurley et al., 2018). In other organic paleobarometers
based on photoautotrophic organisms, namely the alke-
none and phytane paleobarometers (Laws et al., 1995;
Pagani et al., 2005; Witkowski et al., 2018), conversion
between photic zone dissolved CO, concentrations and

pCO, levels is relatively straightforward. Dissolved CO,
in the surface ocean is assumed to be in equilibrium with
atmospheric CO, and a Henry’s law constant can be used
to convert between the two CO, reservoirs. Relating dis-
solved CO, at the depth habitat of Thaumarchaeota to
pCO;, is more difficult. Dissolved CO, concentrations in this
depth range reflect both atmospheric pCO, levels and CO,
released during the respiration of organic matter. In the
GLODAP dataset, the distribution of pCO, levels calcu-
lated from the concentration of dissolved CO, between
80-250 m is skewed towards higher than modern pCO,
levels, although the median value is the “correct” value
of ~ 390 ppm (Fig. S5). The pCO, values predicted from
exported GDGTs reflect this global distribution (Fig. 4
B). The median value of pCO, levels calculated from dis-
solved CO, in surface waters is ~ 350 ppm (Fig. S5). Esti-
mates from both the surface and subsurface would
therefore approximate pCO, levels over the past century
(300-400 ppm). When selecting stations for GDGT paleo-
barometry, the most critical factor likely will be to avoid
productive upwelling and other known disequilibrium loca-
tions, although this is an important and known challenge
that affects all organic, CO,-dependent paleobarometers.

5. CONCLUSIONS

An isotope flux-balance model based on kinetic model-
ing of 3HP/4HB pathway physiology (Part I companion
paper; Pearson et al., 2019) suggests that carbon isotope
fractionation (es,) in marine Thaumarchaeota should be
sensitive to growth rate (u) and CO, availability under con-
ditions of atmospheric pCO2<4 times the pre-
anthropogenic Holocene level. Here we showed that values
of 8'3Cgpgr from four water column profiles in the South-
west and Equatorial Atlantic Ocean support the premise of
that model in both qualitative trends and absolute magni-
tude. Values of 8'*Cgpgr increase with depth in the water
column, in contrast to the simultaneous decrease in 8'>Cp;c
values. The result is a decrease in the observed total biosyn-
thetic isotope effect (ea;) as CO, concentrations increase
with depth. The ¢4, signal reaching marine sediments there-
fore has the potential to record dissolved CO, concentra-
tions corresponding to the depth of maximum
thaumarchaeal export, i.e., around the base of the photic
zone. CO, concentrations in this portion of the water col-
umn reflect both atmospheric pCO, levels and CO, released
during the respiration of organic matter, but in relatively
open ocean (and non-upwelling) sites, the dominant influ-
ence is the atmosphere. This implies that values of ¢, could
serve as a pCO, paleobarometer.

The greatest uncertainties for calculating ¢, and there-
fore pCO, may stem not from the measurement of the
3'3C value of the archaeal biomass via the lipid crenar-
chaeol, but rather from the challenge of characterizing the
isotopic history of coeval DIC and therefore bicarbonate.
This value would need to be reconstructed from sedimen-
tary foraminiferal calcite or total carbonate data, with con-
comitant assumptions about calcite @CO%W:)HCO;
isotopic distribution, the associated in situ temperatures,
and the specific isotopic properties at the base of the photic
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zone where most thaumarchaeal export production origi-
nates. If these challenges can be overcome, ¢5, may prove
useful for pCO, paleobarometry.
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