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Abstract We investigated microbial life preserved in a
hydrothermally inactive silica—barite chimney in compari-
son with an active barite chimney and sediment from the
Loki’s Castle low-temperature venting area at the Arctic
Mid-Ocean Ridge (AMOR) using lipid biomarkers. Carbon
and sulfur isotopes were used to constrain possible meta-
bolic pathways. Multiple sulfur (8**S, A*’S) isotopes on
barite over a cross section of the extinct chimney range
between 21.1 and 22.5 %o in 6348, and between 0.020 and
0.034 %o in A*S, indicating direct precipitation from
seawater. Biomarker distributions within two discrete
zones of this silica—barite chimney indicate a considerable
difference in abundance and diversity of microorganisms
from the chimney exterior to the interior. Lipids in the
active and inactive chimney barite and sediment were
dominated by a range of '*C-depleted unsaturated and
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branched fatty acids with 8'°C values between —39.7 and
—26.7 %o, indicating the presence of sulfur-oxidizing and
sulfate-reducing bacteria. The majority of lipids (99.5 %)
in the extinct chimney interior that experienced high tem-
peratures were of archaeal origin. Unusual glycerol
monoalkyl glycerol tetraecthers (GMGT) with 0-4 rings
were the dominant compounds suggesting the presence of
mainly (hyper-) thermophilic archaea. Isoprenoid hydro-
carbons with 8'°C values as low as —46 %o also indicated
the presence of methanogens and possibly methanotrophs.
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Introduction

The capacity to survive under extreme conditions is a
fundamental requirement for life at deep-sea hydrothermal
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vents (Kelly et al. 2002). These specific environments
provide microhabitats for a diversity of heat-adapted pro-
karyotes gaining energy by the oxidation and reduction of
inorganic compounds like elemental sulfur, hydrogen,
nitrate, various metal oxides and sulfides (Amend and
Shock 2001; Miroshnichenko 2004; Schonheit and Schéfer
1995). The extreme thermophilic chemolithoautotrophs
that are deeply rooted within the universal phylogenetic
tree are the main primary producers, thus being funda-
mental for all other organisms inhabiting deep-sea vent
ecosystems (Reysenbach and Cady 2001). The most critical
metabolic requirement at very high temperatures is the
maintenance of functional lipid membranes. Especially
within the archaea, there are members having the highest
growth temperatures known to date at 121 °C (Kashefi and
Lovley 2003). This resilience may be partly due to their
unique membrane lipids composed of glycerol dialkyl
glycerol tetraethers (GDGTs). GDGTs are membrane-
spanning lipids composed of isoprenoid chains linked to a
glycerol backbone by ether bonds, resulting in higher
rigidity and sustaining membrane fluidity also at high
temperatures, pressures, heavy metal contents or low pH
(Boyd et al. 2011). Therefore, archaeal lipids may be better
suited to extreme environments than the ester-type bilayer
lipids of bacteria or eukarya (Van de Vossenberg et al.
1998). Since the discovery of the first deep-sea hydro-
thermal vents about 30 years ago (Corliss et al. 1979),
many more active sites have been discovered on modern
spreading centers mainly on mid-ocean ridges and in back-
arc basins. They are typically associated with polymetallic
massive sulfide deposits formed by the mixing of hot
anoxic vent fluid and cold oxic seawater (Herzig and
Hannington 1995; Tivey 1995). Diffuse venting occurs at
the margins of existing high-temperature upflow, and
minerals precipitated at low temperatures (generally

<10-50 °C) typically consist of amorphous Fe—-Mn oxides,
barite, and silica (Herzig and Hannington 1995). The
massive chimney structures of both high- and low-tem-
perature vents harbor diverse microbial communities
ranging from mesophiles to hyperthermophiles. However,
vent chimneys finally become hydrothermally inactive
leading to a drastic change in community structure as a
result of extinct energy sources (Suzuki et al. 2004; Kato
et al. 2010). The diversity and abundance of microbial
communities in active vent structures have been reported
using culture-independent approaches (Kormas et al. 2006;
Schrenk et al. 2003; Takai et al. 2001). Our knowledge
about microbial communities in inactive chimneys or even
past traits of microbial life is still fragmentary (Kato et al.
2010; Suzuki et al. 2004). Organic geochemistry offers a
complementary view on active and fossil microbial com-
munities. However, biomarker studies on modern or
ancient hydrothermal vent systems are still sparse
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(Blumenberg et al. 2007, 2012; Gibson et al. 2013; Ja-
eschke et al. 2012; Lincoln et al. 2013). Our current
knowledge is mainly based on lipid analysis of isolated and
enriched microorganisms, while it is unclear how their
activity compares to those of complex natural communi-
ties. Moreover, the preservation potential of specific bio-
marker lipids in the geological record is as yet unknown
(Blumenberg et al. 2012). Our study aims at getting
insights into microbial life preserved in an extinct silica—
barite chimney of unknown age as well as in an actively
venting barite chimney and sediment from a low-temper-
ature diffuse venting area discovered in close vicinity to
Loki’s Castle main black smoker vent field at the Arctic
Mid-Ocean Ridge (AMOR), using a combination of
organic and inorganic geochemical methods.

Materials and methods
Study area and sampling

Loki’s Castle is a deep-sea hydrothermal vent field that was
discovered in 2008 at the AMOR at 73°30'N and 8°E
(Fig. 1) (Pedersen et al. 2010). It is located at 2400 m
depth on an axial volcanic ridge at the southern end of the
Knipovich Ridge, which is one of the slowest spreading
ridge segments on Earth (~6 mm a~'). The main vent
field is composed of four active black smoker chimneys
distributed on two mounds of hydrothermal sulfide deposits
that are around 150 m apart. The vent fluids with temper-
atures of 310-320 °C and pH of 5.5 are characterized by
high concentrations of methane, hydrogen, and ammonia,
indicating a sediment-influenced hydrothermal vent system
(Lilley et al. 1993). A low-temperature diffuse venting area
located at the eastern flank of the sulfide mound hosts a
dense field of small (<1 m), active (white) and inactive
(brown) barite chimneys (Fig. 2). The barite chimneys are
characterized by several porous branches and are typically
covered by white cotton-like bacterial mats. The adjacent
black anoxic sediment is densely populated by tube-
building polychaetes, i.e., Nicomache lokii sp.nov, pro-
viding a stable substrate for a range of invertebrates in this
vent field (Kongsrud and Rapp 2012). The temperature of
clear shimmering fluids locally seen to emanate from this
low-temperature field was measured to be approximately
20 °C, while ambient deep water was —0.8 °C (Pedersen
et al. 2010). The vent fluid chemistry of these low-tem-
perature fluids indicates a mixing of seawater with at least
10 % high-temperature fluid, but an additional contribution
of microbial sulfate reduction in the sub-seafloor of the
hydrothermal mound was suggested based on multiple
sulfur isotope analyses (Eickmann et al. 2014). For this
study we subsampled a white porous barite chimney that
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Fig. 1 Location of the Loki’s
Castle hydrothermal vent field
(LCVF) in relation to other
known vent fields along the
Arctic Mid-Ocean Ridge
system. JMVEF: Jan Mayen vent
field, GVF: Grimsey vent field,
KVF: Kolbeinsey vent field.
Map was created using the ODV
software (Schlitzer 2013)

Greenland

Fig. 2 a Small (<1 m) active (white) and inactive (brown) barite
chimneys associated with white microbial mats and siboglinid
tubeworms at the low-temperature diffuse venting area at Loki’s
Castle; b cross section of the extinct chimney. The internal structure
is dominated by amorphous silica and exhibits several small channels.
The outer rim is dominated by white porous barite. Squares indicate
where subsamples were taken
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was actively venting (GS09-ROV7-1: exterior branch;
GS09-ROV7-2: interior part with black flow channel
material), soft black surface sediment (GS10-ROV4) as
well as a massive barite-bearing silica chimney (GS10-
ROVS) (Table 1). The silica—barite chimney was about
40 cm in length and 10 cm in diameter and already inactive
when sampled (Fig. 2b). Two discrete zones were taken for
further analysis, a white porous outer layer (GS10-ROV8-
1) and the dense interior zone (GS10-ROVS-2). No central
fluid conduits were visible; however, several small chan-
nels were identified within the structure. Weathering/oxi-
dation features were visible at the outer rim of the chimney.
All samples were collected with a Bathysaurus XL remote
operating vehicle (ROV) using an aluminum scuffle box
and stored at —20 °C.

Bulk analyses

Freeze-dried, crushed, and powdered chimney samples
were subjected to X-ray diffraction (Bruker, AXS D8
Advance apparatus) to determine the mineral composition.
Total organic carbon abundance (TOC) and carbon and
sulfur isotope ratios (33Croc and &S, respectively) of
bulk chimney material (Table 1) were measured after
decarbonation on a ThermoFisher Flash-EA 1112 ele-
mental analyzer coupled via a Conflo IV interface to a
ThermoFisher Delta V isotope ratio mass spectrometer.
The system was calibrated with the reference materials
NBS22 (8"3C = —30.03 %0) and IAEA CH-6 (8'°C =
—10.46 %o) for carbon, and NBS 127 (5**S = +21.1 %o),
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Table 1 Dive i.nformation and Year-dive TOC 3"*C 3%s Vent type—sample material
bulk data of chimneys and number- (%) (%0) (%o)
sediment from Loki’s Castle subsample
low-temperature vent field at the
Arctic Mid-Ocean Ridge 2009-GSROV7-1 0.20 -17.9 24.7 A—white porous barite (exterior chimney branch)
2009-GSROV7-2 0.37 —28.7 29.8 A—white barite, flow channel material (chimney
interior)
2010-GSROVS-1 0.75 —12.5 18.5 I—white porous barite and Fe-oxides (chimney
exterior)
2010-GSROV8-2 0.07 —24.8 n.a. I—amorphous silica (chimney interior)
n.a. not analyzed, A active, 2010-GSROV4 1.36 —26.1 —4.9 Black sediment below chimneys

I inactive

IAEA-SO-5 (8**S = +0.49 %o) and IAEA-SO-6 (3**S =
—34.05 %o) for sulfates. Measurements were performed at
the Geological Institute of ETH Zurich, Switzerland. All
analytical results are reported in the usual d notation, in per
mil relative to the Vienna Pee Dee belemnite (VPDB)
standard for carbon and the Vienna Canon Diablo troilite
(VCDT) standard for sulfur.

Multiple sulfur isotopes (8°*S, A*S) of barite

A transect of ten subsamples across the extinct silica—barite
chimney was analyzed for 8**S and A*S. For all samples
barite was extracted and converted to silver sulfide (Ag,S)
using Thode solution (HI + HCl + H3PO,) (Thode et al.
1961). Approximately, 2 mg Ag,S was subsequently con-
verted to sulfur hexafluoride (SFg) via fluorination in nickel
tubes (Ono et al. 2006). The SF¢ was cryogenically and
chromatographically purified before introducing into a
ThermoScientific MAT 253 mass spectrometer via a dual
inlet system and the 328, 338 and 3*S isotopes were measured
simultaneously. The results are reported in the d-notation:

%S = |:<3XS/3ZSSampIe) - <3XS/3ZSV—CDT>] /(SXS/3ZSV—CDT)
% 1000(%,)

where XS is 328, 33S or *S. The Vienna Canyon Diablo
Troilite is defined by IAEA S-1 (8%°S = —0.055 and
3**S = -0.300 %o), which was used as standard (Ono et al.
2007). A¥S values were calculated from &°°S and §**S
values:

APS = 6™8-1000 x ( (14 6%5/1000)"""-1)

Multiple sulfur isotope measurements were performed at
the Institut fiir Geologie und Paldontologie in Miinster,
Germany. All samples were reproduced within 0.3 %o for
5**S and 0.02 %o for A*S (15).

Lipid extraction, derivatization, and fractionation

Freeze-dried and homogenized sample material (GS10-
ROV8-1: 3.3 g; GS10-ROV8-2: 47.7 g; GS09-ROV7-1:
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147.8 g; GS09-ROV7-2: 25.2 g; GS10-ROV4: 18.6 g) was
ultrasonically extracted 3x using methanol (MeOH),
dichloromethane (DCM)/MeOH (1:1 by volume), and
DCM. The bulk of the solvent was rotarily evaporated and
the total lipid extract (TLE) further dried over a Na,SOy4
column. An aliquot was methylated with MeOH/HCI
(10 % wi/v) at 70 °C for 2 h to convert fatty acids into their
corresponding methyl esters (FAMEs) and silylated with
bis(trimethylsilyl) trifluoro-acetamide (BSTFA) in pyridine
at 60 °C for 20 min to convert alcohols in trimethylsilyl
(TMS) ether derivatives. The position of the double bonds
in the fatty acids was determined by analysis as their
dimethyl disulfide (DMDS) adducts according to Elvert
et al. (2003). Briefly, an aliquot of the sample dissolved in
50 pl n-hexane was treated with 100 pl DMDS and 20 pl
of iodine solution (6 % w/v in diethyl ether). The reaction
was carried out in 2 ml screw-cap glass vials at 50 °C for
48 h. The mixture was cooled and diluted with 500 pl n-
hexane. The excess of iodine was reduced by addition of
500 wl sodium thiosulfate (5 % w/v in MilliQ water). The
organic phase was removed and the aqueous phase
extracted twice with 500 pl of n-hexane. Combined
organic phases were evaporated under a stream of nitrogen
and diluted with 100 pl n-hexane prior to GC-MS analysis.
An aliquot of the TLE was chromatographically separated
over activated using n-hexane/DCM (9:1 v/v) and DCM/
MeOH (1:1 v/v, 3 column volumes) to elute the apolar and
polar fractions, respectively. The polar fractions containing
GDGTs were redissolved in HPLC-grade n-hexane/iso-
propanol (99:1 v/v) and filtered through a 0.45 pm PTFE
filter prior to HPLC/APCI/MS analysis.

Analysis and identification of biomarkers

High-performance liquid chromatography—mass
spectrometry (HPLC-MS)

GDGT analysis was performed using high-performance
liquid chromatography/atmospheric pressure chemical
ionization—mass spectrometry (HPLC/APCI-MS) with a
Thermo Surveyor LC system coupled to an LCQ Fleet ion
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trap mass spectrometer equipped with a PAL LC auto-
sampler and Xcalibur software, as described by Hopmans
et al. (2000). Normal phase separation was achieved with an
Alltech Prevail Cyano column (150 mm x 2.1 mm; 3 pm)
maintained at 30 °C. The flow rate of the n-hexane:iso-
propanol (IPA) (99:1) mobile phase was 0.3 ml min~"', is-
ocratically for the first 5 min, thereafter with a linear
gradient to 2 % IPA in 30 min, and a column cleaning step
with 10 % IPA in n-hexane. The injection volume was
20-50 pl. Scanning was performed over the m/z ranges
650-656, 740-746, 1016-1054 and 1280-1318. The rela-
tive abundances of GDGTs were calculated using peak
areas of the [M+H]™ ions vs. those of the Cyy-diol internal
standard (m/z 743). GDGTs were identified and distin-
guished via their MS? spectra. MS? experiments were per-
formed with conditions according to Knappy et al. (2009).
Briefly, eluting species were monitored using the positive
ionization mode of the APCI source. Conditions for APCI-
MS were as follows: vaporizer temperature 300 °C, sheath
gas (N,) flow rate 40 (arb. units), auxiliary gas (N,) flow
rate 5 (arb. units), capillary temperature 200 °C, capillary
voltage 23 V, corona discharge current 5 pA. Positive ion
MS spectra were obtained by scanning a narrow mass range
from m/z 1220 to 1350. MS? spectra were recorded using
the data-dependent ion scan feature, in which the base peak
of an MS scan is selected for collision-induced dissociation
(CID) in MS? (collision energy was set at 30 %).

Gas chromatography—mass spectrometry (GC-MS)
and GC-isotope ratio mass spectrometry (irm) MS

Compound identification was done by combined gas
chromatography—mass spectrometry (GC-MS). GC-MS
was conducted using a Hewlett Packard 6890 gas chro-
matograph equipped with an on-column injector. A fused
silica capillary column (HP-5, 30 m length, 0.25 mm inner
diameter, 0.25 pm film thickness) with helium as a carrier
gas was used. The gas chromatograph was interfaced to an
HP 5973 mass selective detector (MSD) with a mass range
of m/z 50-800. The samples were injected at 60 °C. The
GC oven temperature was subsequently raised to 120 °C at
a rate of 10 °C min~' and then to 320 °C at 4 °C min~".
The temperature was then held constant for 20 min. The
structural characterization of lipids was evaluated by
comparing their mass spectral fragmentation pattern with
published spectra. Carbon isotopes were measured using a
Thermo Scientific system with a Trace GC Ultra, a GC
IsoLink interface, a Conflo IV, and a Delta V Plus isotope
ratio monitoring mass spectrometer. The GC equipped with
a DB-1 fused silica column was programmed as described
above. Each sample was measured at least twice. 8'°C
values are expressed in %o relative to VPDB. Correction
was done for carbon added during derivatization. The

reproducibility based on multiple analysis of samples was
better than +1 %o.

Results and discussion
Reconstruction of chimney formation and cooling history

The inactive chimney recovered from the low-temperature
area at Loki’s Castle (Table 1; Fig. 2) consisted almost
entirely of amorphous silica and barite, while Fe-oxides
were minor constituents of the outer rim, and sulfides were
lacking. The amorphous silica was largely intergrown with
barite. The precipitation of silica is controlled by the pH,
temperature, and pressure of the fluids. The formation of
amorphous silica in hydrothermal systems is most likely
the result of a combination of mixing between seawater and
a hydrothermal fluid and subsequent conductive cooling of
this mixture (Hannington and Scott 1988; Herzig et al.
1988; Shanks et al. 2007). To precipitate amorphous silica,
a hydrothermal fluid with a temperature of ~350 °C and a
high Si content is required (Herzig et al. 1988). The Si
concentrations of the Loki’s Castle high-temperature
hydrothermal fluids (305-317 °C), which emanate ~50 m
in the westerly direction from the low-temperature venting
area, ranges from 14.6 to 16.3 mmol kg~' (Baumberger
2011; Pedersen et al. 2010). When these ascending silica-
saturated fluids discharge into the cold seawater, amor-
phous silica precipitates to form small chimneys. The
chimney formation is most likely facilitated along cracks or
fractures in the seafloor. Once the amorphous silica solid-
ifies at the seafloor, a barrier between the hydrothermal
fluid and surrounding seawater is established that precludes
further mixing between both fluids. Hence, this barrier
enhances further silica precipitation that results in fast
chimney growth (Shanks et al. 2007). The existence of
small flow channels in the silica matrix suggests that the
silica-barite chimney is an actively venting chimney.
Furthermore, the lack of sulfide minerals indicated that the
fluid from which the silica precipitated was below 350 °C,
which is insufficient for leaching metals from basalts or
sulfide precipitation below the seafloor (Janecky and Sey-
fried 1984).

Most of the signatures from the interior and exterior of
the inactive silica chimney fell in a tight range for both
5*Sparite (+21.1 to +22.5 %0) and A>Sp,ie (40.019 to
40.034 %o) (Table 2; Fig. 3). This multiple sulfur isoto-
pic composition indicates a major if not exclusive contri-
bution of seawater sulfate (6345 = +21.3 %o, A*S =
+0.050 %o). Seawater penetrated into the silica matrix
likely along cracks, former flow channels and along pores,
followed by barite precipitation. The homogeneity in the
sulfur isotopic composition close to the seawater value
suggests no further modification of the original seawater
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Table 2 Multiple sulfur isotope compositions of barite from the
inactive chimney (GS10-ROV8, subsamples 1-10), ambient seawater,
and microbial mats from active barite chimneys normalized to the
VCDT scale

Sample Material 534S (%o) A>S (%o)
GS10-ROVS-1* Barite n.a. n.a.
GS10-ROV8-2° Barite 9.7 —0.014
GS10-ROV8-3° Barite n.a. n.a.
GS10-ROV8-4° Barite 22.3 0.024
GS10-ROV8-5° Barite 21.6 0.034
GS10-ROVS8-6° Barite 21.1 0.031
GS10-ROVS8-7° Barite 22.5 0.019
GS10-ROV8-8° Barite 21.0 0.025
GS10-ROV8-9® Barite 21.3 0.020
GS10-ROV8-10* Barite 22.5 0.029
GS09-CTD7-2¢ Seawater 21.3 0.020
GS09-CTD84¢ Seawater 21.2 0.040
GS10-ROV5BS-1 Barite/mat 21.1 0.020
GS10-ROV5BS-2 Barite/mat 20.4 0.013

n.a. not analyzed, BS biosyringe

? Chimney exterior

b Chimney interior

¢ Data from Eickmann et al. (2014)

signature (Paytan et al. 2002). In contrast, the porous outer
barite layer of the inactive silica—barite chimney reveals a
slightly lower sulfur isotope ratio (8**S = + 18.5 %o;
Table 1) than ambient seawater sulfate, suggesting the
admixture of sulfate from a different source. This value
resembles values recorded for barite from modern hydro-
thermal settings (Noguchi et al. 2011; Paytan et al. 2002;
Torres et al. 2003) as well as for barite from a similar
silica—barite chimney from the Sumisu Rift (Urabe and
Kusakabe 1990). Moreover, the multiple sulfur isotopic
composition for most of the barite in the chimney is similar
to that from microbial mats associated with actively vent-
ing barite chimneys from the same low-temperature vent
area at Loki’s Castle (Fig. 3). Hence, barite with a marine
sulfur isotopic composition seems to be the dominant type
in the Loki’s Castle vent field. A 5**S value of +9.7 %o and
a A®S value of —0.014 %o recorded for a barite subsample
from the chimney interior are distinctly different in its
multiple sulfur isotopic composition and could be indica-
tive of mixing between a hydrothermal fluid and seawater.

In contrast to the silica—barite chimney, the sulfur iso-
tope signatures from an actively venting barite chimney
collected in the same low-temperature area cannot be
explained by simple mixing of seawater with hydrothermal
fluid, as has been reported by Eickmann et al. (2014). The
3**S values of bulk material from the barite chimney were
24.7 %o in the exterior branch (GSO07-ROV7-1) and 29.8 %o
in the interior part (GS09-ROV7-2), thus substantially

@ Springer

0.1
0.05 -
T —e—, é%;g
[¢]
0
<&
0
I 3o
~ *
) -0.05 ¢
3 *
)
<
i
0.1 e
\$d
<& Extinct silica-barite chimney o O
-0.15 { ¢ Active barite chimney (exterior)
< Active barite chimney (interior) <
O Barite in microbial mats
O Seawater
-0.2 T T T T T T
5 10 15 20 25 30 35 40
0%8 (%o)

Fig. 3 &°*S versus A*S values for sulfate from the inactive barite-
bearing silica chimney (open diamonds; this study), microbial mats
associated with actively venting barite chimneys (open circles; this
study), an active barite chimney GS09-ROV7 (filled diamonds), and
ambient seawater (filled circles) from the Loki’s Castle vent field
(data from Eickmann et al. 2014). The solid line represents mixing of
basaltic sulfide and seawater sulfate, whereas the dashed line shows
isotope composition of H,S that is in isotope equilibrium with
seawater sulfate as a function of temperature (see Ono et al. 2007)

heavier compared to the extinct silica—barite chimney
(Table 1). This contrast became even more evident by
multiple sulfur isotope analysis of subsamples from the
exterior and interior of the same chimney. 8°*S values up to
436.1 %0 and A>S values as low as —0.159 %o were
recorded from the interior part of the barite chimney
(Fig. 3) and are clearly different from ambient seawater,
thus indicating that barite precipitated from a fluid that had
been modified by microbial sulfate reduction in the
underlying sediment (Eickmann et al. 2014). Further sup-
port for sulfate reduction was provided directly from the
adjacent black sediment, which had a 8>Sy value of
—4.9 %o (Table 1). There, abundant framboidal pyrite with
a distinct sulfur isotopic composition (8**S = —16.4 %o,
A®¥S = 40.115 %0) also pointed to a biogenic origin
(Eickmann et al. 2014). In the following sections, we will
explore major microbial signatures in the barite and silica
structures as well as in the sediment by means of biomarker
lipid and compound-specific carbon isotope analysis.

Heterogeneity of microbial signatures in the silica
and barite chimney structures

Biomarker lipid analysis of inactive and active chimney
material and black sediment showed substantial differences
in biomarker content per gram dry weight, ranging from
0.9 to 7.5 ug g~ '. The microbial communities, as reflected
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Table 3 Abundances (ng g ' dry material) of biomarkers extracted from silica and barite chimneys as well as hydrothermal sediment from
Loki’s Castle low-temperature vent area

Core lipid class Compound (m/z) Si-Ba chimney, inactive Ba chimney, active Black
sediment
ROV8-1 ROV8-2 ROV7-1 ROV7-2 ROV4
Exterior Interior Exterior Interior
GTGT 1304 2.68 10.07 0.14 nd 0.20
Iso-GDGT GDGT-0 (1302) 284.86 544.84 12.68 323.31 27.43
GDGT-1 (1300) 20.55 148.03 2.25 42.68 1.35
GDGT-2 (1298) 14.28 217.73 2.85 45.64 0.55
GDGT-3 (1296) 17.99 312.42 1.16 17.07 0.36
GDGT-4 (1294) 46.98 380.63 0.38 nd nd
Crenarchaeol 104.90 3291 0.87 129.46 20.72
(1292)
Cren isomer (71292") 1.04 nd 0.01 0.96 0.08
GMGT GMGT-0 (1300) 195.26 1123.81 nd nd 0.65
GMGT-1 (1298) 29.63 341.93 nd nd nd
GMGT-2 (1296) 23.35 318.44 nd nd nd
GMGT-3 (1294) 11.02 140.85 nd nd nd
GMGT-4 (1292) 73.32 535.71 nd nd nd
Br-GDGT (1022) 3.50 10.20 0.16 nd nd
(1020) nd nd nd 11.93 0.41
(1018) nd nd nd 10.70 0.35
(1036) 5.18 10.92 0.23 2.27 nd
(1034) nd nd nd 12.40 0.94
(1032) nd nd nd nd 0.20
(1050) 247 5.66 0.16 nd nd
Isoprenoid hydrocarbons/ Crocetane nd 147 nd nd nd
diethers PMI nd 29 nd nd nd
Archaeol nd 478 10.4 nd nd
sn-2-OH-Ar nd 102 nd nd nd
Fatty acids i-Cis.0 165.4 nd 7.7 15.90 152.7
ai-Cys.o 199.8 nd 7.9 29.94 150.1
Cis.0 nd nd 35 17.12 nd
i-Ci6:0 126 nd 33 18.76 nd
Ci6:107¢ 2084.7 nd 366.6 869.91 892.4
Ci6:1050/ 303.4 nd 459 117.31 286.0
Cig:0 1587.7 nd 105.3 99.62 344.5
10-Me-C.0 354.1 nd 3.1 27.07 89.7
Ci7:1w6 nd nd 9.5 nd nd
i-C17.0 171.8 nd nd 33.70 56.7
ai-Cy7,9 261.9 nd nd nd nd
Ci7.0 nd nd 6.2 nd nd
Cig2 nd nd 14.7 nd nd
Ci8:109¢ 260.4 nd 32.0 10.05 176.4
Cis:107c/t 676.8 nd 139.1 252.84 385.3
Cis.0 444.7 nd 80.0 65.3 148.7

nd not detected, PMI pentamethylicosane, GTGT glycerol trialkyl glycerol tetraether, GDGT glycerol dialkyl glycerol tetraether, GMGT glycerol
monoalkyl glycerol tetraether (‘H-shaped’ GDGT)
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by lipid biomarkers, also differed substantially (Table 3).
In the extinct silica-barite chimney, where the mineral
composition indicated a zonation into distinct habitats for
microorganisms, total lipid concentration was about 1.5
times higher in the exterior zone (7.5 pg~') than in the
chimney interior (4.9 pg g~'). This represents a high
microbial density in the extinct chimney, which is higher
than those of both the actively venting barite chimney and
the sediment from the same vent field (Table 3), in
agreement with findings by Kato et al. (2010).

Reconstruction of potential source organisms in the
inactive silica—barite chimney indicated the dominance of
bacteria in the exterior zone, where fatty acids contributed
89 % to the total lipid pool. Archaea were the predominant
organisms in the chimney interior as revealed by a domi-
nance of archaea-specific tetraether lipids (Table 3).
Microbial activity is likely to be higher in the exterior parts
that are exposed to seawater than in the chimney interior
reflecting the availability of organic carbon, sulfide sulfur,
and oxygen as favorable carbon and energy sources
(McCollom and Shock 1997; Kato et al. 2010). This is in
contrast to the active barite chimney, where highest bio-
marker concentration was found toward the interior
(2.2 ug g~ ") and close to the fluid flow channels, while it
was 0.85 pg g~ in the highly porous outer branch of the
barite. Bacteria were the dominant organisms in the active
barite contributing 97.5 % of the total lipids in the exterior
and 62.5 % in the interior. Similarly, high abundance and
dominance of bacteria were also observed in the black
sediment, where the total concentration of detected lipids
was 2.8 ug g~ ', and of these 98.1 % were bacterial. The
carbon isotope composition of the total organic carbon
(8"Croc) was —12.5 and —17.9 %o in the exterior chimney
barite, while it was distinctly more negative in the interior
parts of both chimneys (—24.8 and —28.7 %o, respectively)
as well as in the black sediment (—26.1 %o) (Table 1).
These differences could point to carbon sources with dif-
ferent 5'°C contents or a change in the dominance of the
carbon fixation pathway within the microbial community.
The actual biomarker inventory of the chimneys and sedi-
ment includes compounds beyond fatty acids and ether
lipids, such as high abundances of C,;—C,9 sterols detected
mainly in the black sediment and the interior of the active
barite chimney. These eukaryotic sterols are most likely
derived from the rich vent fauna, i.e., tube-building poly-
chaetes that are thought to be grazers and were indepen-
dently determined to have a 813CBiomaSS of —22.5 %o
(Kongsrud and Rapp 2012). While these compounds
undoubtedly contribute to the bulk 613CT0C signatures, we
focus here on the major microbial core lipids detected in the
low-temperature vent habitat at Loki’s Castle.

When CO, was the primary carbon source for microbial
biosynthesis, the isotopic offset with bulk biomass varied
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between 5.8 and 22 %o for all samples. At the fluid pH of
5.5, over 80 % of the dissolved inorganic carbon (DIC) will
be in CO, form. The relatively small offset between CO,
and biomass in the exterior of the two chimney samples
may point to the dominance of a carbon fixation pathway
that does not discriminate strongly against '*C, such as the
reductive tricarboxylic acid cycle or the 3-hydroxypropio-
nate cycle (House et al. 2003).

Distribution and origin of archaeal and bacterial
tetraether lipids

HPLC-MS analysis of chimney material revealed the pre-
sence of isoprenoid mono-, di-, and trialkyl tetraether lipids
(Fig. 4), as well as archaeol and hydroxyarchaeol, indicat-
ing diverse consortia of archaea in the samples from the
low-temperature venting area (Table 3). GMGTs (‘H-
shaped” GDGTs) with up to four cyclopentane rings were
the dominant compounds detected in the interior of the
inactive silica—barite chimney, contributing nearly 60 % to
the total tetracther core lipid pool (Fig 5). The relative
distribution of GMGTs was similar in the chimney exterior
to this sample, but had lower total abundances (Table 3).
An isoprenoid cross-linking in archaeal tetraether lipids was
suggested to provide more rigidity to the cell membrane at
high temperatures (Schouten et al. 2008a; Uda et al. 2004).
Indeed, these rather unusual lipids were so far reported for
cultivated isolates of extremophilic archaea that can grow at
temperatures well above 100 °C (Knappy et al. 2009, 2011;
Morii et al. 1998; Schouten et al. 2008a; Sugai et al. 2004)
as well as in a black smoker chimney wall (Jaeschke et al.
2012). Among the archaea detected in black smokers of the
main vent field of Loki’s Castle, hyperthermophilic sulfur-
reducing Thermococcaceae were dominant (28.4 % of the
total 16S rRNA pool). Other less abundant archaea belon-
ged to the classes Methanococci, Archaeoglobi, Thermo-
protei, and Thermoplasmata (Jaeschke et al. 2012).
Reduction of elemental sulfur is one of the most common
reactions by which many different isolates of thermophilic
archaea can be grown in the laboratory (Amend and Shock
2001; Blochl et al. 1995; Schonheit and Schéfer 1995). The
oxidation and reduction of elemental sulfur and reduced
inorganic sulfur species are some of the most important
energy-yielding reactions for microorganisms living in
sulfide-rich deep-sea hydrothermal vent ecosystems,
including both heterotrophic, mixotrophic, and chemo-
lithoautotrophic carbon dioxide-fixing species (Kletzin
et al. 2004), and likely very ancient metabolisms (Canfield
and Raiswell 1999). GMGTs have also been reported as the
main membrane lipids of Methanothermus (Koga and Morii
2005). Methanogenic archaea and especially the (hyper-
)thermophilic members of the genera Methanopyrus, Met-
hanobacterium, Methanothermus, and Methanococcus
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Fig. 4 HPLC/APCI/MS base peak chromatogram showing the dis-
tribution of tetraether lipids detected in the a exterior and b interior of
an inactive silica—barite chimney. Different lipid classes were
distinguished via their MS2 spectra. Low abundances of branched
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structures of tetraether core lipids detected in the extinct silica—barite
chimney (see text). GTGT glycerol trialkyl glycerol tetraether; GDGT
glycerol dialkyl glycerol tetraether; GMGT glycerol monoalkyl
glycerol tetraether (‘H-shaped” GDGT). The position of the covalent
bond in the GMGTs is tentative (Morii et al. 1998)
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produce significant amounts of H,S in the presence of S°,
while the rate of methanogenesis is reduced (Stetter and
Gaag 1983). Members of thermophilic Thermoprotei and
Methanobacteria have also been suggested to be the likely
source for GMGT’s (predominantly GMGT-0) detected
at Lost City (Lincoln et al. 2013). The presence of metha-
nogenic archaea would also partly explain the high
abundances of GDGT-0 and archaeol (including hydroxy-
archaeol) detected in the interior zone of the chimney
(Table 3) (Koga and Morii 2005; Koga and Nakano 2008).
GMGT-0 present in marine and lacustrine sediments also
suggests a non-hydrothermal (7 < 35 °C) source for this
compound (Schouten et al. 2008b). Indeed, GMGT-0 was
detected in low abundance (1.2 % of total tetraether lipids)
in the black sediment of the low-temperature vent field,
while GMGT’s were generally absent in the active barite
chimney (Table 3; Fig. 5). Thus, GMGT-0 may be pro-
duced by some benthic archaea as suggested by Schouten
et al. (2008b), while GMGTs with up to four rings as
detected in the extinct silica—barite chimney are most likely
derived from a different group of hyperthermophilic
archaea.

Despite enormous differences in total abundances, iso-
prenoid GDGTs with 0—4 rings were present in high rela-
tive abundances accounting for 39 % in the silica chimney
and up to 92 % in the porous barite chimney branch
(Table 3; Fig. 4). All major archaeal groups have the
potential to synthesize GDGTs detected in the samples;
thus it is difficult to link them to specific source organisms.
However, GDGT-0 is the main membrane lipid of metha-
nogens, while methanotrophic archaea of the ANME-1
phylogenetic cluster may be an important source of
GDGTs 1-4 (Blumenberg et al. 2004; Pancost et al. 2000;
Schouten et al. 2003). Indeed, 16S rRNA gene sequence
analysis revealed that anaerobic methanotrophs (ANME) of
the ANME-1 clade and the GOM-arcl group were domi-
nating in the white chimney barite, while the microbial
community structure was more diverse in the fluid flow
channels within the barite (Steen et al. 2011). However, the
highly porous barite chimney structure suggests that the
presence of ANME-1 archaea may be restricted to anoxic
microniches.

While GDGTs 0-3 were abundant in all samples,
GDGT-4 was only detected in the extinct silica—barite
chimney as well as in the outer branch of the active barite
chimney (Table 3). In general, the number of cyclopentane
rings incorporated in tetraether lipids increases with
increasing growth temperature (i.e., Boyd et al. 2011;
Schouten et al. 2002; Uda et al. 2001). Indeed, abundances
of ring-containing GDGTs and GMGTs are substantially
higher in the warm interior zone compared to the outer
zone (Fig. 5). Moreover, the dominance of GDGTs 1-4
over crenarchaeol in the chimney interior may indicate a
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strong input of (hyper-)thermophilic Crenarchaeota, which
has been reported for hot springs (Burgess et al. 2012;
Pearson et al. 2004; Zhang et al. 2006), while crenarchaeol
(including its regio-isomer) and GDGT-0 were detected in
higher relative abundance in the chimney exterior as more
commonly observed for cultivated Thaumarchaeota (see
section below). However, despite the possibly high tem-
peratures in the chimney interior, we did not detect
GDGTs/GMGTs with more than four rings. GDGTs with
up to eight rings were reported for Yellowstone hot springs
with temperatures of up to 83 °C (Schouten et al. 2007).
Thus, the specific lipid distribution in thermophilic archaea
may reflect the adaptation to the extreme local conditions
controlled by pH, pressure, or heavy metal content. Lai
et al. (2008) showed that the tetraether to diether ratio
increased with increasing growth temperature in Archaeo-
globus fulgidus, while the number of rings did not exceed
two pentacycles. Indeed, besides higher abundances of
ring-containing GDGTSs in the warmer interior zone of the
chimney, archaeol (including sn-2-hydroxyarchaeol) was
detected accounting for 12 % of the total lipids, while it
was lacking in the chimney exterior (Table 3). Archaeol,
an isoprenoid diether, was also detected in the exterior
branch of the active barite in similar concentration as
caldarchaeol (Table 3). Archaeol is rather unspecific as it is
produced by various archaeal groups including methano-
gens (Koga and Morii 2005; Koga and Nakana 2008),
while hydroxyarchaeol was reported as a major lipid of
ANME-2 archaea (Blumenberg et al. 2004).

Crenarchaeol was detected in all samples with highest
relative abundances in the black sediment (39 %) and
chimney barite with flow channel material (22 %), while it
contributed only 4 % to the tetraether pool in the outer
branch of the active barite chimney (Table 3). In the
extinct silica-barite chimney, crenarchaeol was abundant
in the exterior zone (12.7 %), while it was a minor com-
pound in the interior part (0.8 %). The crenarchaeol regio-
isomer was also detected in all samples except for the
interior of the extinct silica—barite chimney. Marine group I
Thaumarchaeota (MGI) may be the likely source for
crenarchaeol detected in our samples (Steen et al. 2011).
Crenarchaeol has been postulated as a specific biomarker
for ammonia-oxidizing archaea (AOA) including marine
group I.1a and terrestrial group I.1b (De la Torre et al.
2008; Pitcher et al. 2010). Initially thought to be produced
solely by mesophiles, crenarchaeol synthesis was later also
confirmed for thermophiles (De la Torre et al. 2008;
Pearson et al. 2004; Zhang et al. 2006). High ammonia
(and methane) concentrations detected in the vent fluids of
Loki’s Castle, which strongly indicate a sedimentary
component below the volcanic ridge (Pedersen et al. 2010),
may support the presence of (thermophilic) AOA in this
system. Low abundances of crenarchaeol detected in the
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chimney interior that most likely experienced high tem-
peratures may be derived from uncultivated representatives
of hyperthermophilic Crenarchaeota rather than MGI. This
could also explain the lack of the crenarchaeol regio-
isomer.

Branched GDGTs (brGDGT) with 0-2 rings were also
detected in all samples with 0.6-6.3 % of total tetraethers,
however, with different distribution patterns of the indi-
vidual isomers (Table 3). Both the active and inactive
chimney barite contained brGDGTs without additional
rings, while they were detected with one and two rings in
the black sediment. The active barite chimney with black
channel material contained brGDGTs with 0-2 rings. This
may indicate an adaptation of the organisms to the very
local environmental conditions within the black sediment,
the flow channels and chimneys. Initially, brGDGTs were
predominantly found in soils and also abundant in coastal
marine settings, and their synthesis was attributed to
anaerobic soil bacteria (Weijers et al. 2007), possibly Ac-
idobacteria (Sinninghe Damsté et al. 2011). So far, there is
no reported evidence for the in situ production of brGDGTs
in the open oceans, deep-sea sediments, or even hydro-
thermal vent sites; however, biosynthesis in the water
column by yet unknown organisms has already been pro-
posed (Schouten et al. 2013 and references therein).
Indeed, brGDGTs were recently detected in hydrothermal
sediments and chimneys from the Eastern Lau Spreading
Center and the Lost City Hydrothermal Field, the latter of
which is distant from any potential inputs of terrestrial
organic matter (Hu et al. 2012; Lincoln et al. 2013). Pos-
sible source organisms in the chimneys and sediment at
Loki’s Castle may be members of uncultivated thermo-
philic Acidobacteria that are often reported as part of
hydrothermal vent microbial communities (Lopez-Garcia
et al. 2003). This, however, needs further investigation of
the specific membrane composition of cultivated isolates
from this deep-sea vent site.

GDGT-based proxies

Both isoprenoid and branched GDGTs form the base for
the TEXgq temperature proxy (Schouten et al. 2002) and
BIT index (Hopmans et al. 2004), which is a measure for
terrigenous input to marine sediments. Temperatures cal-
culated using the original equation of Schouten et al.
(2002) were 19.3 °C for the black sediment and ranged
from 27.2 to 29.1 °C in the chimneys. BIT index values
ranged from <0.1 in the sediment to 0.4 in the chimneys.
Because the crenarchaeol regio-isomer was lacking in the
extinct silica chimney interior, no temperature estimate
was available. The calculated sediment temperature is
actually close to the value of ~20 °C measured in situ
directly on the seafloor (Pedersen et al. 2010). However,

actual fluid temperatures in the chimneys may be higher
than that. The TEXgq temperature proxy is typically used in
paleoceanography for the reconstruction of sea (sub-)sur-
face temperatures (SST), but its applicability was recently
also tested for deep-sea hydrothermal sediments and
chimneys (Hu et al. 2012; Lincoln et al. 2013). Annual
mean SSTs at the study area in the Norwegian-Greenland
Sea are approximately 6°. Therefore, the TEXgq proxy
seems to yield reliable ‘in situ’ temperature estimates for
sediment and likely also for chimneys in this low-temper-
ature vent area, which is in contrast to findings from other
hydrothermal environments (Hu et al. 2012; Lincoln et al.
2013).

Origin and carbon isotopic composition of isoprenoid
diethers and hydrocarbons

GC-MS analysis of the chimney material revealed other
isoprenoid compounds of archaeal origin such as archaeol,
sn-2-hydroxyarchaeol, crocetane, and pentamethylicosane
(PMI) as the predominant compounds of the hydrocarbon
fraction. They were only detected in the interior part of the
extinct silica—barite chimney with concentrations of 478,
102, 147, and 29 ng g~ !, respectively (Table 3). Crocetane
and sn-2-hydroxyarchaeol seem to be related to ANME-2
archaea (Blumenberg et al. 2004), while PMI was reported
to be synthesized by methanogens (Risatti et al. 1984). The
co-occurrence of PMI and crocetane with archaeol and
hydroxyarchaeol was first reported for the Napoli mud
volcano and highly depleted '*C values indicated that
methanogenic archaeca were operating in reverse, thus
anaerobically oxidizing methane (AOM) (Pancost et al.
2000). Anaerobic, methanotrophic archaea were indicated
as source organisms for these highly '*C-depleted com-
pounds with values as low as —120 %o in sediments, and
modern and ancient cold seep environments (Bian et al.
2001; Blumenberg et al. 2004; Elvert et al. 1999; Thiel
et al. 1999).

In the samples from Loki’s Castle, the 13C contents of
individual biomarkers had values of —44.8 %o for croce-
tane and —46.3 %o for PMI (Table 4) indicating a similar
carbon source. Archaeol was also detected in the exterior
branch of the active barite chimney and had a 8'*C value of
—37.4 %o. Unfortunately, no 8">C netane Value is available
from the low-temperature fluid, but the 813Cmm]n,ane was
—28 %o in the main black smoker fluid (M. Lilley, personal
communication). The s8¢ pic of this low-temperature
fluid (at low pH most DIC is present as CO,) was —6.7 %o
(T. Baumberger, personal communication), which is dif-
ferent from the main black smoker field where values range
between —11.9 and —10.3 %o (Baumberger 2011). The
depletion of '*C in the lipids relative to DIC as a likely
carbon source by 31—40 %o points to the presence of
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Table 4 Stable carbon isotope ratios (813C, %o VPDB) of selected
compounds present in the silica and barite chimneys and hydrother-
mal sediment from Loki’s Castle low-temperature vent area

Compound ROV8-1 ROVS8-2 ROV7-1 ROV7-2 ROV4
i-Cis.0 —27.4 nd -37.0 —34.2 —343
ai-Cys.g —26.8 nd —36.7 —344 -33.0
Cis.0 —-27.9 nd nv nv —32.2
i-Ci6.0 —27.7 nd nv nv —30.8
Ci6:107¢ —25.5 nd —34.7 —-353 —-31.4
Cilé: 1050/ —27.0 nd -37.0 —39.7 -33.9
Ci6:0 —233 nd -31.9 -35.1 -31.9
10-Me-Cy4.9 nv nd —35.7 nv —31.8
Ci7:1we nd nd —-36.7 nd nd

i-Ci7.0 nv nd nd nv —34.1
ai-Ci7.9 nv nd nd nv nv

Ci7.0 nv nd nd nv —34.8
Cigo nv nd —334 nd nd

Ci8:109¢ —26.3 nd —-36.4 —33.2 —33.2
Cis:107¢/ —27.5 nd -33.9 -35.9 -33.0
Cis.0 —24.8 nd —26.7 —27.9 —32.8
Crocetane nd —44.8 nd nv nd

PMI nd —46.3 nd nd nd

Archaeol nd nv —-37.4 nd nd

TOC —12.5 —24.8 —17.9 —28.7 —26.1

Fluid characteristics were T = ~20 °C; pH = 5.4 (Pedersen et al.
2010)

DIC = 4.4 mmol kg™' and 8'°C = —6.7 %o (T. Baumberger, per-
sonal communication)

Values represent averages of at least two runs that were reproducible
within 1 %o

nd not determined; nv no value due to low concentration or co-elution

methanogenic or methanotrophic archaea. When the
methanogenic archaea Methanosarcina barkeri was grown
in culture with Hy/CO,, the newly synthesized PMIs and
archaeol were isotopically more negative than the starting
CO, by as much as 47 %o (Londry et al. 2008). B3c-
depleted GDGTs indicative of anaerobic methanotrophy
were reported for hydrothermal sediment of the Guaymas
Basin and a carbonate reef from the Black Sea with iso-
topic differences of ca. 20 and 35 %o, respectively,
assuming methane as the substrate (Blumenberg et al.
2004; Schouten et al. 2003). However, assimilation of
primarily DIC instead of methane by thermophilic ANME-
1 archaea was recently reported for hydrothermal sedi-
ments of the Guaymas Basin (Kellermann et al. 2012).

Distribution and carbon isotopic composition of bacterial
fatty acids

Bacterial fatty acids were the most abundant lipids detected
in the active barite chimney, the barite exterior of the
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inactive silica—barite chimney, and the black sediment
(Table 3). Except for the interior part of the extinct silica—
barite chimney saturated, unsaturated and branched fatty
acids in the C;5 to C;g carbon range were detected in all
samples. Fatty acids were dominated by Cig.147¢
(31.4-56 %) and Cig.147c (10.2-16.9 %) that may be
derived from sulfur-oxidizing bacteria in this H,S-rich
setting, while generally less abundant Cig. sc
(4.6-10.7 %) and Cig.;moc (3.9-6.6 %) have also been
reported as signature lipids of sulfate-reducing bacteria
(SRB) (Elvert et al. 2003, 2005; Guezennec et al. 1998;
Zhang et al. 2005). Branched (iso- and anteiso-) Cs
(2-9 %) and C; fatty acids (2-7 %) as well as the 10Me-
Cie.0 fatty acid (0.4-5.3 %) may also indicate the presence
of sulfate-reducing bacteria (Dowling et al. 1986; Zhang
et al. 2005). A respective signal for microbial sulfate
reduction based on multiple sulfur isotope data, however,
was only discernible for the black sediment and the active
barite chimney (Eickmann et al. 2014). Saturated C¢
(6.4-23.9 %) and C;g (5.5-9.7 %) fatty acids are common
in many bacteria, and thus rather unspecific. The lipid
pattern in the barite exterior of the extinct silica—barite
chimney is very similar to that in the active barite chimney
of the same low-temperature vent area, thus indicating
similar assemblages (Table 3). The white cotton-like mats
associated with actively venting barite chimneys on the
other hand were dominated by Cig.iq7¢c (70 %), while
Cig.o 8 %), Cis:1w7c (8 %), and Cip (5 %) fatty acids
were less abundant (data not shown). 16S rRNA gene
sequence analysis showed that these mats were dominated
by Sulfurimonas, sulfur-oxidizing chemolithoautotrophs
belonging to the e-Proteobacteria (Steen et al. 2011).
Excess H,S in the low-temperature hydrothermal fluids
provided by microbial sulfate reduction in the sub-seafloor
of the barite field potentially fuels sulfur oxidation in the
chimneys and associated mats (Eickmann et al. 2014).
Hydrothermal fluids circulating through basalt are gener-
ally enriched in sulfur compounds, and thermodynamic
models predict that sulfur oxidation provides the highest
amount of energy for microbes at lower ambient temper-
atures (<35 °C) (McCollom and Shock 1997).

The 8'3C of individual fatty acids ranged from —23.3 to
—27.9 %o in the inactive chimney barite, and from —26.7
to —39.7 %o in the active chimney barite and sediment
(Table 4). All fatty acids were depleted in '>C compared to
bulk organic carbon, about 3—6 %o for GS09-ROV7-2 and
higher for the other samples (9-16 %o). Lipids are gener-
ally recognized as lacking '>C compared to bulk biomass
(Hayes 2001), but this difference in offset points again to
the distinct communities that inhabit the different loca-
tions. The 8'C values of Cig.105c fatty acids were about
2-4 %o lower than those of Cg4.147. fatty acids. The gen-
erally depleted 8'°C values of unsaturated fatty acids are in
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the same range of values observed for SRB grown auto-
trophically (Londry et al. 2004). In one species of SRB (D.
acetoxidans), the 8'>C values of Cj4.; and Cg.; fatty acids
varied significantly with the position of the double bond, an
observation that was attributed to the selectivity of the
enzyme introducing this double bond (Londry et al. 2004).
In that case, the unsaturated fatty acids with the double
bonds closer to the aliphatic end of the molecule were more
depleted in '*C in agreement with the signature that was
observed here. The study by Londry et al. (2004) demon-
strated that in certain microorganisms the biosynthesis of
unsaturated fatty acids can lead to structurally related
compounds having markedly different 8'*C signatures.
The isotope values reported for fatty acids indicative of
SRB in methane seeps are frequently much more negative
(Iess than —80 %o) than those observed in our samples
(Elvert et al. 2003). Methane, CO,, and biomass can all be
extremely depleted in '*C in AOM environments (Alperin
and Hoehler 2009). However, at Loki’s Castle the bacteria
may not be directly linked to AOM, although some
members may use carbon sources originally derived from
methane, such as DIC (CO, from methane oxidation) or
recycled biomass (from methanotrophic organisms).

Conclusions

Our biomarker and isotope inventories of samples from the
Loki’s Castle low-temperature diffuse venting area reveal
substantial differences in chimney formation and lipid
composition of microbial consortia. Multiple sulfur isotope
data from an inactive silica—barite chimney suggest that
barite precipitated from ambient seawater sulfate. Minor
admixture of oxidized sulfur species from hydrothermal
fluids is suggested, but no evidence for microbial sulfate
reduction is discernible. This is different from the active
barite chimney, where barite precipitated from a fluid that
was affected by microbial sulfate reduction in the sediment
below. Our biomarker data indicate the presence of diverse
consortia of archaea and bacteria in the hydrothermal
sediment and chimneys, most likely involved in the
effective cycling of sulfur species as well as oxidation of
methane and ammonia. Bacteria seem to be the dominant
microorganisms in the active and inactive chimney barite
and in the sediment as indicated by abundant unsaturated
and branched fatty acids. However, the predominance of
archaeal GMGTs with up to four rings in the silica-rich
interior of the extinct chimney indicates the presence of
hyperthermophilic archaea in the chimney when it was still
emanating hot fluids. These findings were unexpected, as
temperatures in this area were generally thought to be
much lower. This indicates the heterogeneity of flow pat-
terns, temperatures, and chemistry of ascending fluids at

this vent site. Further oxygen isotope analyses on purified
silica fractions are needed to calculate a reliable formation
temperature of the chimney and verify high temperatures as
indicated by the presence of GMGTs. Moreover, lipid
analysis and age determination of other extinct chimneys
from this heterogeneous vent area will give information
about the preservation potential of biomarker lipids and
help interpret fossil microbial communities.
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