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A B S T R A C T   

The impact of hydrothermal systems on surrounding sedimentary microbial communities is not well understood 
and previous work has been limited to high temperature vent sites at slow or ultraslow spreading oceanic centres. 
To build on the current understanding of hydrothermal systems, we explore for the first time the organic 
geochemistry of the only known back-arc basin hydrothermal system outside the Pacific Ocean: the East Scotia 
Ridge (ESR), which belongs to the South Georgia and South Sandwich Islands Marine Protected Area. Lipid 
biomarkers contained in sediments and hydrothermal sulphides along two hydrothermal vent fields north and 
south of the ESR, respectively, revealed the impact of hydrothermal activity, including both high temperature 
and low temperature diffusive venting, on sedimentary microbial communities. In the vent field north of the ESR, 
elevated ring indices of glycerol dialkyl glycerol tetraethers (GDGTs) and proportions of monoalkyl glycerol 
tetraethers (GMGTs), and a high ratio of total fatty acids (FAs; free plus polar lipids) to putative phytoplankton 
biomarkers in sediments suggest that high-temperature hydrothermalism has a local impact on surrounding 
sediments through the input of plume dwelling archaea and bacteria. This impact seems to be restricted to the 
periphery of the vent source, in agreement with the limited dataset available from slow or ultraslow spreading 
centres. Likewise, elevated FA to phytoplankton biomarker ratios within a diffusive hydrothermal field south of 
the ESR suggest an additional input of bacterial biomass relative to background sediments. Our results indicate 
that low temperature diffusive venting might have a higher impact than previously thought, being locally 
important in supporting the food chain in deep-sea environments. The distribution of tetraether lipids suggests 
that a higher proportion of thermophilic archaea thrive in the interior of sulphide chimneys, whereas total FA 
concentrations and distributions suggest that most bacteria inhabit the exterior chimney layers, where tem-
perature is cooler than the innermost layer in contact with the hydrothermal fluid. Furthermore, differences in 
total FA concentrations suggest that chimney wall thickness is a control on bacterial abundance through the 
availability of a higher or lower diversity (and volume) of microhabitats. Our results also indicate that bacteria 
adapt to increasing temperatures by decreasing their degree of unsaturation. By comparison to GDGT data from 
other settings, it seems that overall ring indices in hydrothermal deposits are governed by growth temperature, 
although they might also reflect ecological factors. Our results suggest that hydrothermalism shapes microbial 
communities within chimneys and surrounding sediments following broadly similar patterns regardless of the 
type of spreading centre they are located at.   

1. Introduction 

Hydrothermal vents are formed where hot, mineral-rich water 
resulting from seawater percolating through cracks and fissures in the 

subsurface and heated and chemically modified through interaction 
with the host rock, enters into contact again with cold seawater. Deep- 
sea hydrothermal vents occur along spreading centres and subduction 
zones (Beaulieu et al., 2013, 2015). In these areas, reduced gases, metals 
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and other compounds and elements (e.g. nitrogen, sulfur) dissolved in 
the vent fluids can be used by chemosynthetic microorganisms as an 
energy source (Linse et al., 2019; Dick, 2019). In deep environments, 
these microorganisms might be the foundation of food webs (Govenar, 
2012) and, therefore, hydrothermal systems are important in supporting 
deep sea communities (Dubilier et al., 2008; Middleburg, 2011). Since 
their discovery in the 1970s, several studies have explored these systems 
and their impact on the deep sea (Comita and Gagosian, 1984; Simoneit 
et al., 2004; Fuchida et al., 2014; Marsh et al., 2012, 2013; Hawkes et al., 
2013; Rogers et al., 2012; James et al., 2014; Zwirglmaier et al., 2015; 
Husson et al., 2017; Watanabe et al., 2019; Linse et al., 2019). Some of 
them have focused on understanding microbial diversity by using 
culture-dependent and independent approaches (Kormas et al., 2006; 
Flores et al., 2011; Jaeschke et al., 2012; Reeves et al., 2014; Ding et al., 
2017). A few studies have applied lipid biomarkers to reconstruct mi-
crobial communities in a diversity of habitats within deep sea hydro-
thermal systems, including chimneys, sediments, vent fluids and benthic 
fauna (Schouten et al., 2003; Phleger et al., 2005; Blumenberg et al., 
2012; Hu et al., 2012; Jaeschke et al., 2012, 2014; Lincoln et al., 2013; 
Kellermann et al., 2012; Méhay et al., 2013; Lei et al., 2016; Li et al., 
2018; Li et al., 2020; Pan et al., 2016; Sollich et al., 2017; Umoh et al., 
2020; Bentley et al., 2022). These geochemical approaches have 
contributed to better understanding of the functioning of these systems. 
Most of these studies, however, focused on high temperature hydro-
thermal systems at slow or ultraslow spreading centres areas, and less is 
known about the organic geochemistry of hydrothermal systems in in-
termediate and fast spreading areas and that of low temperature hy-
drothermal vents. Furthermore, the limited number of organic 
geochemical studies focused in sedimentary microbiology show that 
hydrothermal activity has an effect on microbial communities in some 
settings (e.g. Guaymas Basin, Schouten et al., 2003; Bentley et al., 2022; 
Hellenic Arc, Sollich et al., 2017), whereas this impact appears to be 
small in other locations (central and Southwest Indian Ridges: Pan et al., 
2016; Umoh et al., 2020; Arctic Mid-Ocean Ridge: Jaeschke et al., 2014). 
Finally, half of those organic geochemical studies focused on archaeal 
communities and less attention has been given to bacterial communities. 

We surveyed lipid biomarker distributions in an intermediate 

spreading centre within the Scotia Sea (Southern Ocean): the East Scotia 
Ridge. For the first time, we explore the lipid composition of the only 
known back-arc basin hydrothermal system outside the Pacific Ocean 
(Diehl and Bach, 2020; Diehl and Bach, 2021). By looking at lipid bio-
markers we evaluate the impact of high-temperature focused venting 
and low-temperature diffusive venting on sedimentary microbial di-
versity and biomass, including bacteria. We also provide the first in-
sights into the microbial assemblages inhabiting different parts of a 
black smoker structure at the ESR. Furthermore, we perform a com-
parison with archaeal membrane lipid data available in the literature to 
decipher major controls on archaeal communities in hydrothermal de-
posits at a wide scale. This research builds on the scarce information 
available for one of the largest Marine Protected Areas (MPA): the South 
Georgia and South Sandwich Islands MPA. 

2. Methods 

2.1. Study site 

The ESR is an intermediate rate back-arc spreading centre located 
between the Scotia Plate and the South Sandwich Plate, in the East 
Scotia Sea (Southern Ocean; Fig. 1). Spreading started more than 15 Ma 
ago (Larter et al., 2003) and currently occurs at rates which vary from 65 
to 70 mm yr− 1 (Thomas et al., 2003). The ridge is comprised of nine 
main segments (E1 to E9; Livermore et al., 1997; Larter et al., 1998) 
separated by non-transform discontinuities (Livermore, 2003). Plates E2 
and E9, located to the north and south of the ESR, respectively (Fig. 1), 
have been shown to be hydrothermally active (Rogers et al., 2012) and 
are the focus of this study. In this area the seafloor is bathed by Weddell 
Sea Deep Water (Naveira-Garabato et al., 2002), although partially 
mixed with Lower Circumpolar Deep Water at E2. E2 has a rough ba-
thymetry characterized by a series of staircased, terraced features 
divided by scarps and by a steepsided fissure that runs from north to 
south (Rogers et al., 2012). E9 is comparatively flat (Hawkes et al., 
2013): the ridge axis presents many fissures that run north--
northwest–south-southeast through flat sheet lavas (Rogers et al., 2012). 

The vent field at the E2 segment is located between 56◦ 5.2′ S and 56◦

Fig. 1. Location of the ESR, E2 and E9 segments.  
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5.4′ S and between 30◦ 19′ W and 30◦ 19.35′ W at a depth of approxi-
mately 2600 m (Rogers et al., 2012). In this area a structure composed of 
four chimneys up to 10-m high, called “Dog’s Head”, emits black smoker 
fluids at temperatures up to 351 ◦C and a pH ~3.0 (James et al., 2014, 

Figs. 2A and 3). 
The vent field at the E9 segment is located between 60◦ 02.5′ S and 

60◦ 03.0′ S and between 29◦ 59.0’ W and 29◦ 58.6 W at a depth of around 
2400 m (Rogers et al., 2012). Within this field there are two main areas 

Fig. 2. Hydrothermal vents, and sediment sampling sites in E2 (A) and E9 segments (B). White dots represent venting sites, while black squares represent sediment 
sampling sites. Panel C shows proportional abundances of GDGTs (first bar), proportional abundances of total identified tetraethers (second bar) and FA proportional 
abundances (third bar) for each sediment sample. Panel D shows ratios of total FA to total phytoplankton sterols (FA/S), ratios of total FA to total phytoplankton 
markers (FA/M), TEX86-derived sea surface temperature (SST, in ◦C) and RIs for each sediment sample analysed. NA means not available. 
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Fig. 3. Panel A shows a photomosaic of the “Dog’s Head” structure from Marsh et al. (2013), with sampling locations (ROV video grabs). The white vertical scale 
lines indicate the length of sections retrieved from chimneys 1 and 3 (S1: 24 cm; S3: 40 cm). Panel B shows images of the samples analysed at each sampling location. 
The black scale below each image represents 3 cm. Panel C shows proportional abundances of GDGTs (first bar), proportional abundances of total identified tet-
raethers (second bar) and FA proportional abundances (third bar) for each sulphide sample. FA accounts for the total FA concentration in each sample (in μg g− 1) and 
RI accounts for ring index. NA means not available. 
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of high temperature hydrothermal activity (Fig. 2B). In the northern-
most area of the field (E9 north; E9N hereafter), black smoker fluids of 
up to 383 ◦C (and pH ~ 3.5) are emitted from a 10-m multiple vent 
chimney called “Black and White”. In the southern area (E9 south; E9S 
hereafter), fluids are expelled at high temperature (348-351 ◦C, and pH: 
3.1–3.6; James et al., 2014) at three sites: (i) “Ivory towers”, a complex 
comprised of two black smokers; (b) “Pagoda”, a chimney located 50 m 
south of “Ivory Towers”; and (c) “Launchpad”, a site to the east of 
“Pagoda” where fluids pool beneath a series of flanges (see Fig. 2B). 
Within the E9 vent field, areas of low temperature (5–20 ◦C, pH: 5.9–7.6; 
Marsh et al., 2012; James et al., 2014) diffusive venting occur at “Car-
wash” and “Garden” (E9N), and at “Marshland” (E9S). The geochemistry 
of ESR vent fluids is described in detail in Hawkes et al. (2013) and 
James et al. (2014). 

2.2. Sediment and chimney samples 

Sediment and chimney samples were collected from E2 and E9 seg-
ments on the RRS James Cook (JC42 cruise) during the austral summer 
of 2010 using the remotely operated vehicle (ROV) ISIS. We note that E2 
and E9 are bare-rock hydrothermal systems, covered by a thin sediment 
layer. The thin sediment coverage at the northern segment, E2, allowed 
the collection of 1 surface sample (132 SS; Fig. 2A) using an ROV- 
mounted scoop. The sample was retrieved from the base of the high 
temperature vent structure “Dog’s Head”, described in section 2.1. 

Five sediment samples were recovered from the E9 segment using an 
ROV-mounted push corer. Samples were collected as close as possible to 
the vent sites where sediment thickness was sufficient for sampling 
(Fig. 2B). At E9N, two sediment cores were recovered 47.7 m northwest 
of the “Black and White” high temperature vent (E9N PUC1) and 24.5 m 
to the southwest of “Garden” diffusive venting site (E9N PUC3). At E9S, 
one sediment core was recovered from the “Marshland” (E9S PUC1) low 
temperature diffusive site and two sediment cores were retrieved 45.5 m 
southwest of “Launch Pad” (E9S PUC2) and 10.8 m southeast of 
“Pagoda” (E9S PUC3) high temperature vents (Fig. 2B). Sediment sam-
ples were wrapped in aluminium foil, and frozen at − 20 ◦C until anal-
ysis. Sediment core tops (top 2 cm) were used for this study. 

Chimney material was collected from different parts of the “Dog’s 
Head” black smoker structure only (Fig. 3). The uppermost sections of 
two active chimneys, chimney 1 (S1) and chimney 3 (S3), were collected 
using an ROV manipulator arm. Using the same approach, a fragment 
from a section of an inactive black smoker (132-04) was retrieved from 
around the half-height of the “Dog’s Head” edifice (Fig. 3A), and another 
(132-06) was collected from the base of the structure. Samples were 
stored at 4 ◦C until laboratory analysis. 

S1 was further sectioned into three sets of fragments representing: (i) 
the uppermost part of the main chimney, which is actively venting 
(sample S1_A); (ii) the end of an extinct, in-filled chimney that branched 
off chimney 1 (S1_B); and (iii) part of the main chimney 20 cm from the 
top (S1_C). Samples S1_B and S1_A contain all zones within the chimney 
wall. Sample S1_C comprises the chimney wall, but the inner layer in 
contact with the vent fluid represents a small portion of the sample 
(Fig. 3B). 

2.3. Mineralogy 

The mineralogy of “Dog’s Head” structure has been described pre-
viously by James et al. (2014) and here we report additional mineral-
ogical analyses of samples 132-06 and 132-04. Polished blocks and thin 
sections were made from these samples and analysed using a combina-
tion of transmitted and reflected light, with a microscope-mounted op-
tical camera used to image the sample mineralogy. Porosity was visually 
estimated from reflected light optical observations of polished blocks. 

2.4. Biomarker analysis 

Lipids were extracted from chimney and sediment samples following 
a modified Bligh and Dyer (1959) method. Freeze dried samples (~5–8 g 
for sediments; ~10–18 g for chimneys) were grounded to fine powder 
and sequentially extracted using a single-phase mixture of MeOH, CHCl3 
and aqueous 50 mM phosphate buffer water (2:1:0.8; v/v/v). Phases 
were separated by adding CHCl3 and buffer water, and the phase con-
taining the lipids was collected. Activated copper turnings were added to 
the total lipid extract (TLE) and left for 24 h to remove elemental sulfur. 
The TLE was saponified during 1 h at 70 ◦C using 0.5M NaOH (95% 
MeOH) to release bound compounds and further transmethylated with 
BF3/MeOH during 30 min at 60 ◦C to convert free fatty acids into their 
corresponding methyl esters (FAMEs). The TLE was further silylated 
with bis (trimethyl) trifluoroacetamide (BSTFA) in pyridine at 70 ◦C for 
1 h to convert alcohols into trimethylsilyl derivatives prior to gas 
chromatography (GC) and GC-mass spectrometry analysis (GC-MS). GC 
and GC-MS were performed on the derivatized TLE as described in 
Hernandez-Sanchez et al. (2010). GC-amenable compounds were 
quantified using hexadecan-2-ol and n-C19 standards that had been 
added to the TLE prior to silylation and GC and GC-MS analyses. 

2.5. Tetraether analysis and indices 

High performance liquid chromatography-atmospheric pressure 
chemical ionization-mass spectrometry (HPLC-APCI-MS) for determi-
nation of glycerol monoalkyl and dialkyl glycerol tetraethers (GMGTs 
and GDGTs respectively) was also performed on the TLE, after filtration 
through a PTFE filter (0.45 μm), and as described in Hernández-Sánchez 
et al. (2014). Quantification of GDGTs was not performed (because at 
the time of these analyses, an internal standard was not widely avail-
able), but we applied a variety of GDGT based indices to explore changes 
in environmental conditions and archaeal ecology. 

The index of tetraethers consisting of 86 carbon atoms, TEX86, is 
widely used as a proxy for Sea Surface Temperature (SST) and was 
calculated for all sediment and chimney samples, as described in 
Schouten et al. (2002): 

TEX86 =
[GDGT − 2] + [GDGT − 3] + [Cren’]

[GDGT − 1] + [GDGT − 2] + [GDGT − 3] + [Cren’ ]
(1) 

TEX86 was translated into SSTs using the formula provided by 
Schouten et al. (2002): 

SST =
TEX86 − 0.28

0.015
(2) 

We have opted not to use more recent calibrations (e.g. Kim et al., 
2010), since we only use these indicative values (TEX86-derived SSTs) to 
distinguish hydrothermal from allochthonous pelagic inputs. 

To evaluate tetraether cyclization, the ring index (RI) was calculated 
as described in Pan et al. (2016): 

RI =
1×[GDGT − 1]+2×[GDGT − 2]+3×[GDGT − 3]+4×[GDGT − 4]

[GDGT − 1]+ [GDGT − 2]+ [GDGT − 3]+ [GDGT − 4]
(3)  

3. Results 

3.1. Mineralogy 

Sample 132-04 is broadly composed of sphalerite (~75%), chalco-
pyrite (~25%) and pyrite (<1%) ore phases and shows well-developed 
mineralogical zonation, which appears to reflect different stages of 
chimney growth (Fig. 1; supplementary information, SI). Different zones 
can be identified: the side of the sample closest to the inner vent surface 
is moderately porous (10–20%) and composed of medium-coarse 
grained chalcopyrite, which radiates into the chimney interior. This 
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zone (1) grades outwards with coarse chalcopyrite protruding into a 
second zone (2), dominantly composed of fine-grained sphalerite ag-
gregates with subordinate fine-grained chalcopyrite and minor anhy-
drite gangue. The next zone (3) is again dominated by sphalerite but 
with more abundant and coarser, medium-grained chalcopyrite, which 
occurs as individual crystals. The outer chimney zone (4) comprises 
fine–medium grained sphalerite aggregates, large quantities of fine- 
grained chalcopyrite and minor fine-grained pyrite, and contains more 
abundant anhydrite gangue than inner zones. Throughout the block 
sphalerite and chalcopyrite are intergrown; where pyrite is present, it is 
intergrown with both of the other two ore phases (Fig. 1A, SI). 

Sample 132-06 is broadly composed of sphalerite (~40%), pyrite 
(~18%), chalcopyrite (~2%) and covellite (<1%) ore phases with sig-
nificant barite (~40%). Although minerals are mixed throughout the 
sample, it has a discontinuous, irregular, banded texture. Sphalerite 
occurs as fine–coarse grained anhedral masses, intergrown with minor 
fine grained chalcopyrite and including framboidal pyrite crystals with 
visible concentric-zoning. Barite has a fibrous texture with thin, elon-
gate grains radiating out from a central point. Covellite is present as 
individual crystalline aggregates and in places appears to be intergrown 
with the sphalerite; it often appears to replace the chalcopyrite (Fig. 1B, 
SI). 

3.2. Biomarker concentrations and distributions in sediments 

GC-amenable compounds identified in sediments include FAs, sterols 
(ranging from 26 to 30 carbon atoms), C27 and C29 12-hydroxymethyl 
alkanoates (HA, from now onwards), C28 1,14-diol, hopanoids 
(17β,21β(H) bishomohopanoic acid (C32) and 17β,21β(H) bishomoho-
panol (C32)), n-alkanols and 1-O-monoalkyl glycerol ethers (MAGEs). 
However, not all compounds were detected in all sediments (Table 1; 
SI). 

Total (GC-amenable) biomarker concentrations vary from 0.97 to 48 
μg g− 1 of dry sediment, being highest in sediments collected from E2 and 
one to two orders of magnitude lower at E9 (Fig. 2A, SI). Within the E9 
vent field, the highest concentrations occur in sediments collected from 
“Marshland” diffusive site (E9N). 

The (GC-amenable) lipid distribution is dominated by FAs at all 
stations, representing 63–98% of the total biomarkers quantified; these 
represent the pooled abundances of free and bound (including polar 
lipid) FAs via the saponification of the TLE. Sterols represent 12% to the 
total biomarker pool at E2 and 14–20% at E9N, while these compounds 
were not detected (or detected in trace amounts; Table 1, SI) in sedi-
ments collected from E9S (Fig. 2B, SI). MAGEs, hopanoids and HA (and 
diol) represent a small proportion of the total biomarker distribution 
(varying from 0 to 4.7%; 0.4 to 6.4% and 0 to 5% respectively) and 
therefore, their distributions are not described in this section. n-alkanol 
proportional abundances are also low (ranging from 0 to 3%), except for 
one sample collected from E9S, where these compounds represent 28% 
of the total biomarkers identified. 

Fatty acids range in carbon number from 14 to 22 at E2 and from 14 
to 28 at E9. Total concentrations are one to two orders of magnitude 
higher at E2 (47 μg g− 1) than at E9 (0.9–8.6 μg g− 1). Within the E9 vent 
field the highest concentrations occur at the “Marshland” diffusive site. 
The fatty acid distribution is dominated by mono unsaturated fatty acids 
(MUFAs) at E2, where they represent 63% of the total fatty acid 
composition, due to the n-C16:1 and n-C18:1 components (Fig. 2C). 
Saturated components are the next most abundant, representing 24% of 
the total fatty acids. Polyunsaturated fatty acids (PUFAs) represent 3% 
of the total, and branched fatty acids represent 10%. The E9 sedimentary 
fatty acid distribution is also dominated by MUFAs, where they range 
from 48 to 60% of the total fatty acids. Saturated components comprise 
28–48% of the total, whereas PUFAs comprise only 0–3% and branched 
fatty acids comprise 0–12%. 

Total sterol concentrations at E2 (1.2 μg g− 1) are similar or an order 
of magnitude higher than at E9N (0.54–1.1 μg g− 1), whereas no sterols 

(or trace amounts: 0.003 μg g− 1) were found at E9S (Table 1, SI). C27 and 
C29 sterols were identified in sediments recovered from the E2 vent field. 
A wider range of sterols (C26 to C30) were detected in sediments from 
E9N, although C27 and C29 components still dominated. 

In addition to the GC-amenable compounds, a range of isoprenoidal 
GDGTs bearing 0 to 3 cyclopentyl moieties (GDGT-0, GDGT-1, GDGT-2 
and GDGT-3; Fig. 2C) and crenarchaeol were detected in sediments 
collected from the E2 and E9 vent fields. GMGTs, in particular GMGT-0, 
with 0 cyclopentyl moieties, was also detected in all sediment samples. 
These core lipids represent a mixture of free and some bound compounds 
after the saponification of the TLE (note that not all GDGTs present as 
intact polar lipids will have been released by a base hydrolysis). As 
quantification of tetraethers was not performed, only GDGT/total tet-
raether distributions and relative abundances are described here. The 
GDGT distribution is dominated by GDGT-0 in all sediments, repre-
senting 68% of the total GDGTs at E2 and 54–58% in sediments recov-
ered at E9 (Table 1 and Fig. 2C). Crenarchaeol is the second most 
abundant compound, comprising 24% of the total GDGTs in sediments 
collected at E2, and 35–40% in sediments from E9. Proportions of 
GDGTs 1–3 in sediments collected from E2 and E9 are much lower, 
ranging from 5 to 8% of the total GDGTs, and are in general similar to 
those found in other marine settings (Schouten et al., 2013). Propor-
tional abundances of GDGT-2 and GDGT-3 are highest in sediments 
collected from E2. GMGT-0 represents 0.80–7.5% of the total tet-
raethers, with the highest proportional abundance in E2 sediments. 

3.3. Biomarker concentrations and distributions in E2 chimney material 

Of the GC-amenable lipids, only FAs were detected in all chimney 
samples. n-alkanes and n-alkanols were identified in 3 out of the 6 
samples, and archaeol in one of the samples (Table 1, SI). Total (GC- 
amenable) biomarker concentrations are generally much lower (by one 
to two orders of magnitude) than those found in sediments, varying from 
0.49 to 1.7 μg g− 1 and being highest in the sample collected from the 
132-04 chimney (Fig. 2A, SI). 

Similar to sediments, the (GC-amenable) lipid distribution is domi-
nated by FAs, representing 73–100% of the total lipids detected. n- 
alkane and n-alkanol proportional abundances are lower (less than 9% 
of the total GC-amenable lipids and often not detected), except for two 
samples collected from chimney 1, where n-alkane and n-alkanol pro-
portional abundances constitute 18% (S1_C) and 12% (S1_B) of the total 
biomarkers quantified, respectively (Fig. 2B, SI). Therefore, their dis-
tributions are not described in this section (but detailed in SI). Archaeol 
accounts for 12% of the total lipids in sample S1_B. 

FAs range in carbon number from 15 to 26. Total fatty acid con-
centrations range from 0.38 to 1.8 μg g− 1, and are the highest in sample 
132-04. The FA distribution is dominated by saturated components in 
most samples collected from “Dog’s Head” structure (except 132-04), 
where they represent 81–100% of the total fatty acids. MUFAs were 
detected in 2 of these samples, and represent around 15% of the total 
fatty acids, and PUFAs were not detected in any of these samples (Fig. 3). 
The fatty acid distribution is remarkably different in sample 132-04, 
dominated by MUFAs, that represent 50% of the total fatty acids 
through the C16:1 and C18:1 components. Saturated components repre-
sent 43% of the total fatty acids, PUFAs represent 2.7%, and branched 
fatty acids represent 4.0%. 

Isoprenoidal GDGTs bearing 0 to 4 cyclopentyl moieties and cren-
archaeol were detected in chimney material. GDGT distributions differ 
from those found in sediments (Fig. 3) and also vary considerably be-
tween samples. GDGT-0 dominates in all samples, comprising 56–100% 
of the total GDGTs (Table 1; Fig. 3C). In contrast to sediments, cren-
archaeol was only detected in samples S3, S1_A, 132-04 and 132-06 
where it accounts for 0.14–15% of the total GDGTs. Proportions of 
GDGTs 1–4 are quite variable among the samples analysed, ranging from 
0 to 44% of the total GDGTs. GDGT-4 is present in 3 out of the 6 samples 
analysed (S1_A, S1_B and 132-04) ranging from 4 to 19% (132-04) of the 
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total. GMGT-0 was detected in all chimney samples, except S1_C, and 
was frequently far more relatively abundant than in sediments, 
comprising 0.76–52% of the total tetraethers identified. Samples 132- 
04, S1_A and S1_B have the highest GMGT-0 proportional abundances; 
in fact, GMGT-0 dominates the total tetraether distribution in S1_B 
(Fig. 3C). 

4. Discussion 

4.1. Lipid sources in sediments and influence from hydrothermalism 

Sedimentary isoprenoidal GDGTs reflect the input of organic matter 
sourced from archaea, as these compounds are one of the main con-
stituents of archaeal membranes (together with archaeol; Koga and 
Morii, 2007). Their distribution ultimately depends on environmental (i. 
e. temperature and pH) and ecological factors, and several indices have 
been developed to help describe the relationship between GDGT distri-
butions and environmental conditions (see section 2.5). As GDGTs are 
ubiquitous in the marine environment, including hydrothermal systems 
(Schouten et al., 2000, 2013; Hernández-Sánchez et al., 2014; Hu et al., 
2012; Pan et al., 2016; Umoh et al., 2020), here we combine these 
proxies with the ratio of GDGT-0 to crenarchaeol (0/cren from now 
onwards) to explore the indigeneity and nature of GDGT distributions in 
sediments. Crenarchaeol is generally considered to be a unique 
biomarker for widespread pelagic Thaumarchaeota, such that 0/cren 
ratios are lower than 2 in marine suspended particulate matter and 
sediments (Schouten et al., 2002, 2013; Hernández-Sánchez et al., 2014; 
Besseling et al., 2020; Guo et al., 2021). Therefore, elevated values 
(>2.0) indicate GDGT sources other than Thaumarcheota (e.g. meth-
anogenic Archaea; Blaga et al., 2009). 

Likewise, FAs are the main components of living cells in a variety of 
marine organisms (excluding Archaea), including phytoplankton, bac-
teria and various faunal groups (Bobbie and White, 1980; Cañavate, 
2019). As such, the use of sedimentary FAs (and their distribution) as 
specific biomarkers is complex. Thus, to determine the most likely 
sources of FAs and establish a link with hydrothermal activity we 
explore allochthonous FA inputs. We do so by comparing FA total 
abundances to lipids that almost certainly derive from phytoplankton: 
specific sterols (e.g. brassicasterol; Hernandez-Sanchez et al. (2010) and 
references therein), C28 alkyl 1,14-diol and C27 and C29 12-hydroxy 
methyl alkanoates (Sinninghé-Damsté et al., 2003). 

4.1.1. Lipid sources in E2 segment sediments 
In sediments recovered from E2 the 0/cren ratio is 2.8, higher than 

values observed for marine Thaumarchaota (0.2–2; Schouten et al., 
2002) and the RI (1.6; Table 1) equals the threshold proposed for hy-
drothermal origin (Pan et al., 2016). Consistent with this, TEX86 yields a 
temperature for overlying surface waters of 12 ◦C (Table 1), several 
degrees higher than annual mean SST (1–2 ◦C; Hogg et al., 2021). This 

value is also elevated relative to TEX86 derived SSTs from western Scotia 
Sea sediments (Ho et al., 2014), which reproduce overlying SSTs. These 
results suggest that, in addition to Thaumarchaeotal lipids derived from 
overlying surface waters, there are other sources of GDGTs. Consistent 
with this, E2 sediments also contain GMGT-0 in higher proportions than 
non-hydrothermal sediments (<6%, Schouten et al., 2008), sediments 
under the influence of low temperature hydrothermalism (1.2% and 
1.3%; Jaeschke et al. (2014) and this study at “Marshland”, Fig. 2C) and 
ESR sediments not impacted by hydrothermalism (0.80%–1.6%; see 
sections 4.1.2 and 4.1.3). The coarse-grained and loosely-packed sedi-
ment layer was, at most, a few centimetres thick (Fig. 3A) and exposed to 
oxic background seawater. Thus, archaea other than methanogens or 
anaerobes (Schouten et al., 2013; Villanueva et al., 2014) could be 
producing the excess GDGT-0 and GMGT-0. 

Elevated TEX86 and RIs could result from archaea growing in situ 
under the influence of advecting high temperature fluids, as recently 
described around a high temperature hydrothermal complex (Cathedral 
Hill) in the Guaymas Basin by Bentley et al. (2022). In situ growth could 
also occur due to the mixture of hot hydrothermal fluids with sur-
rounding cold deep water in the periphery of Dogs Head structure, 
resulting in warmer waters bathing the seafloor in an area of minimal 
sediment coverage. It was not possible to measure in situ temperature at 
the sampling site (probe failure), but the presence of anemones indicates 
temperatures below 24 ◦C (Marsh et al., 2015). Similar temperatures do 
not seem to impact tetraether distributions (RIs, TEX86, proportional 
abundance of GMGT-0) in sediments at diffusive vent sites (Jaeschke 
et al. (2014) and E9S, see next section). Therefore, we propose that 
although some in situ production might take place in E2 sediments, most 
excess tetraether lipids derive from buoyant plume-dwelling archaea, 
growing at elevated temperatures (reflected by TEX86, RI and elevated 
proportional abundances of GMGT-0) reaching the base of “Dog’s Head” 
structure, where sediments were taken from. This hypothesis is in 
agreement with GDGT distribution in E2 sediments clustering with those 
of hydrothermal deposits (section 4.2.1; Fig. 4). 

Similarly, the ratio of total FA to total phytoplanktonic sterols con-
centrations (~350; Table 2; Fig. 2A and B) is around 50 times higher 
than those of marine phytoplankton (Jónasdóttir, 2019). This FA excess 
could be due to the presence of anemones in E2 sediments (Fig. 2A) 
partly scooped together with the sediment at the time of sampling. 
However, this seems unlikely given the absence of anemone parts in E2 
sediments, and similar sterol total abundances in E9N sediments, where 
anemones were absent. Therefore, most FAs appear to derive from other 
sources, likely bacteria from “Dog’s Head” hydrothermal fluids, given 
our observations for tetraethers. 

4.1.2. Lipid sources in E9 segment sediments 
In contrast to E2, GDGT distribution in sediments recovered from the 

E9 segment are consistent with being derived solely from overlying 
waters. 0/cren ratios and RIs fall within the range observed in typical 

Table 1 
GDGT proportional abundances, GDGT-derived indices and GDGT-derived SST in ESR sediments and chimneys.   

Proportional abundance Indices 

Sample ID GDGT-0 GDGT-1 GDGT-2 GDGT-3 GDGT-4 Cren Cren’ 0/cren RI TEX86 TEX86-derived SST (◦C) 

E2 SS 0.68 0.045 0.024 0.014 0.000 0.24 0.000 2.8 1.6 0.46 12 
E9N PUC1 0.56 0.038 0.009 0.002 0.000 0.39 0.000 1.4 1.3 0.24 − 2.5 
E9N PUC3 0.57 0.050 0.013 0.003 0.000 0.35 0.000 1.6 1.3 0.25 − 1.4 
E9S PUC1 0.58 0.036 0.011 0.003 0.000 0.36 0.000 1.6 1.4 0.29 0.78 
E9S PUC3 0.54 0.040 0.012 0.003 0.000 0.40 0.000 1.3 1.3 0.27 − 0.28 
E9S PUC2 0.56 0.045 0.015 0.004 0.000 0.38 0.000 1.5 1.3 0.30 1.3 
S1_A 0.61 0.066 0.070 0.047 0.13 0.076 0.000 7.9 2.7 0.74 30.3 
S1_B 0.90 0.019 0.019 0.020 0.039 0.000 0.000  2.8 0.67 25 
S1_C 1.00 0.000 0.000 0.000 0.000 0.000 0.000     
S3 0.68 0.064 0.078 0.054 0.000 0.12 0.000 5.5 1.9 0.79 34 
132–06 0.78 0.040 0.024 0.000 0.000 0.15 0.000 5.3 1.4 0.81 35 
132–04 0.56 0.075 0.088 0.090 0.19 0.001 0.000 390 2.9 0.71 28  
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marine sediments. Similarly, TEX86 derived SSTs range from − 2.5 to 1.3 
◦C (Table 1; Fig. 2A), reproducing (within error; ±2 ◦C) annual mean 
SSTs (− 1 to 0 ◦C; Hogg et al., 2021). GMGT-0 proportional abundances 
also are within values observed in marine sediments (<6%), although 
we note that those are typically attributed to a benthic source (Schouten 
et al., 2008). 

Total FA concentrations are lower than in E2 sediments and quite 
variable across the different sites sampled, with ratios of FA/phyto-
plankton sterols at E9N (7.3 and 19; Table 2) being similar to those of 
marine phytoplankton (Jónasdóttir, 2019). Phytoplankton specific ste-
rols were detected in trace amounts at one of the southern sites and were 
absent at the other two; consequently, ratios have not been calculated 
for E9S sediments. However, ratios of FAs to phytoplankton markers 
(which includes sterols, HA and diol), exhibit a strikingly similar trend 
to ratios of FAs to phytoplankton sterols where those were estimated, 
with the ratio at E2 (ratio of 190) being higher (15–49 times) than values 
at E9 N (4 and 13); at “Marshland” (E9S) the ratio is 120, similar to that 
observed at E2. This suggests that at “Marshland” excess FAs are sourced 
from bacteria growing in situ due to the impact of the diffusive vent fluid. 
Furthermore, total FA concentrations are 7–10 times higher than in the 
sediments collected from other sites at E9S, located in the proximity of 
but outside venting points. Thus, at least one E9 site - “Marshland” - 

contains evidence for elevated bacterial inputs, but not archaeal ones. 

4.1.3. Influence of hydrothermalism in ESR sediments 
Our results suggest that along the ESR, high temperature venting 

strongly impacts archaeal lipid distributions in E2 but not E9 sediments 
due to the proximity of E2 sediments to the venting source. Although we 
have not quantified archaeal biomarkers, the sum of GDGT chromato-
gram peak areas per gram of sediment, used as a rough approximation of 
archaeal biomass, is two to three times higher at E2 than at E9 sediments 
(Table 2, SI). This suggests that high temperature venting enhanced 
archaeal growth in proximal E2 sediments. High temperature hydro-
thermalism also enhanced bacterial biomass (based on FA concentra-
tions). Collectively, this suggests an important but highly localised 
impact from high temperature hydrothermalism on sedimentary mi-
crobial communities at the ESR, in agreement with previous (but 
limited) observations at slow or ultraslow spreading centres. In contrast, 
low temperature diffusive venting has a more limited impact on E9 
sedimentary microbial communities, resulting in increased bacterial 
biomass grown in situ but with no apparent impact on archaeal diversity 
(TEX86 derived SSTs similar to those of overlying waters and 0/cren <2) 
or biomass (total GDGT chromatogram peak areas per gram of sediment 
are similar at all E9 sites). We attribute this to the low temperature of the 
fluid (5–20 ◦C). 

4.2. Lipids in hydrothermal deposits 

4.2.1. Global comparison of GDGT distributions 
GDGTs in sulphides show a remarkably different distribution relative 

to ESR surface sediments (Fig. 3). GMGT proportions are also much 
higher. In this section we review data available from the literature in 
order to identify GDGT sources in ESR chimneys and to further decipher 
the main controls on GDGT distributions in hydrothermal chimneys at a 
wide scale. 

By performing cluster analysis on GDGT proportional abundances 
(Fig. 3, SI) five different groups were identified (Fig. 4). Group 1 com-
prises a single sample collected from the Mid Atlantic Ridge (MAR; 

Fig. 4. Ternary diagram showing the distribution of GDGT-0, crenarchaeol and the sum of GDGTs (1–4) in SPM (Turich et al., 2007; Schouten et al., 2012; 
Hernández-Sánchez et al., 2014; Basse et al., 2014; Kim et al., 2016), sediments (from compilation by Tierney and Tingley (2015) where data was available), and 
hydrothermal chimneys/deposits in different locations (ESR, Mid Atlantic Ridge (MAR), Arctic Mid Oceanic Ridge (AMOR), Southwest Indian Ridge (SWIR); note 
that LR refers to low temperature). Numbers refer to each of the groups identified by cluster analysis for hydrothermal samples. SPM and sedimentary data have been 
plotted for comparison and were not used to define the different groups. Data plotting between groups 3, 4 and 5 represent North Pacific and Bering Sea sediments 
(Ho et al., 2014), while SPM data plotting within group 3 represent Atlantic Ocean SPM (Basse et al., 2014). In both settings GDGTs have been proposed to derive 
from methanotrophic or methanogenic archaea. 

Table 2 
Ratios of total FAs to total phytoplankton sterols and to total phytoplankton 
markers in sediments.   

Sample ID 

Ratio E2 
SS 

E9N 
PUC1 

E9N 
PUC3 

E9S 
PUC1 

E9S 
PUC3 

E9S 
PUC2 

FA/phytoplankton 
sterols 

350 7.3 19    

FA/phytoplankton 
markers 

190 4.7 13 120   

aPhytoplankton sterols and phytoplankton markers used to estimate ratios are 
marked with an asterisk in Table 1 (SI). 
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CS04); it contains the highest proportional abundance of crenarchaeol, 
likely resulting from the deposition of planktonic Thaumarchaeota over 
this chimney after its collapse (Li et al., 2018). Group 2 comprises the 
interior of an inactive chimney at the Arctic Mid Oceanic Ridge (AMOR; 
ROV8-2; Jaeschke et al., 2014); it has the lowest and highest propor-
tional abundance of GDGT-0 and GDGTs 1–4, respectively, likely 
reflecting a strong input of thermophilic Crenarchaeota (Jaeschke et al., 
2014). 

Group 3 is characterised by elevated proportions of GDGTs 1–4 
(30–50%) and includes samples S1_A and 132-04 (ESR) together with 
deposits collected from the MAR (CS03), the Southwest Indian Ridge 
(SWIR; SW33, SW37, SW45 and SW46; Pan et al., 2016) and the AMOR 
(ROV7-1). Li et al. (2018) concluded, based on 16S rRNA analyses, that 
the dominance of GDGT-0 in a mature MAR chimney (CS03) is due to 
hyperthermophilic Euryarchaeota, while crenarchaeol derives from 
thermophilic Thaumarchaeota. Sample S1_A (ESR) has a similar 0/cren 
ratio suggesting similar communities. Sample 132-04 has much higher 
0/cren and 1–4/cren ratios (390 and 305 respectively) than S1_A, 
indicating even lower contributions of Thaumarchaeota, but they have 
nearly identical GDGT 1–4 distribution (RIs), which suggests similar 
GDGT sources. The inclusion of low temperature SWIR deposits in this 
group likely results from the dominance of non-thermophilic Eur-
yarchaeota (based on 16S rRNA gene analysis; Peng et al., 2011), 
yielding high 0/cren ratios (but low RIs). 

Group 4 includes sample S3 (ESR), together with those collected 
from the SWIR (TVG1, SW31, SW36, SW41), the AMOR (ROV8-1, ROV7- 
2), and the MAR (CS02). All of them are characterised by relatively high 
proportions of crenarchaeol (~10–40%). 0/cren ratios (<2) and similar 
RIs in samples TVG1 (SWIR) and ROV7-2 (AMOR) indicate GDGTs are 
likely sourced from pelagic Thaumarchaeota. Elevated 0/cren ratios in 
the remaining samples suggest additional archaeal groups contributing 
to the GDGT-0 pool. Sample S3 includes the inner layer of chimney 3 
(composed of massive chalchopyrite; James et al., 2014), which suggests 
that higher abundances of thermophilic communities in the interior of 
the chimney leads to the excess of GDGT-0 (and elevated 1–4/cren ra-
tios). 16S rRNA analyses indicate that phylotypes associated with 
Methanosarciniales dominated the archaeal clone libraries in sample 
SW36 (SWIR; Li et al., 2013) and suggest that besides Thaumarchaeota, 
Euryarchaeota, mostly Methanosarciniales (mesophiles; Villanueva 
et al., 2014), are the main GDGT producers in SWIR samples. We note 
that sediments collected from E2 also plot within this group, consistent 
with some hydrothermal input of archaea to sediments proposed in 
section 4.1.1. 

Group 5 includes samples S1_B, S1_C and 132-06 (ESR) and samples 
collected from the SWIR (TVGa, TVGb) and the MAR (CS01), all char-
acterised by their elevated GDGT-0 proportional abundance. Cren-
archaeol was not detected in samples CS01, S1_B or S1_C indicating that 
all GDGTs are being produced by archaeal groups other than Thau-
marchaeota. Li et al. (2018) postulated that GDGT-0 dominates in 
sample CS01 mainly due to (thermophilic) Euyarchaeota (based on 16S 
rRNA analysis), which could also apply to samples S1_B and S1_C. 
Sample 132-06 shows a 1–4/cren ratio similar to group 1 but a 0/cren 
ratio two times higher. This might indicate a similar community (pelagic 
Thaumarchaeota) producing GDGTs 1–4 and additional sources of 
GDGT-0 possibly due to higher contributions of archaea that produce 
GDGT 0. 

Crucially, the ESR chimneys and sediments are scattered across three 
of the five clusters identified in our global analysis. They do not group 
independently nor do they exhibit any specific features that distinguish 
them from previous studies. This confirms that ESR archaeal commu-
nities – at least as inferred from GDGT distributions – are similar to (or as 
heterogenous as) those at slow or ultraslow spreading centres. 

4.2.2. Tetraether sources in “Dog’s Head” structure 
The above comparison suggests that the outer part of the wall of 

“Dog’s Head” chimney 1, represented by sample S1_C, is dominated by a 

community that produces GDGT-0 only (Euryarchaeota) and that 
(hyper) thermophilic archaea producing GDGTs 0–4 and crenarchaeol 
likely thrive within the interior of the chimney (S1_A and S1_B). A 
similar community also inhabits chimney 3. At the base of “Dog’s Head” 
(sample 132-06) most GDGTs seem to derive from pelagic Thaumarch-
aota, with excess GDGT-0 derived from other archaea. This is reflected 
by lower RIs in that sample (132-06) than in samples S1_A, S1_B and 
132-04 where RIs are similar, indicating similar vent temperatures at 
chimneys 1 and 132-04. A lower RI suggests lower archaeal growth 
temperatures in chimney 3. 

GMGT-0 proportional abundance supports the proposed GDGT 
sources. Although the data set is small, we observe a positive relation-
ship (r2 = 0.65; p < 0.05; Fig. 4, SI) with RIs. This suggests that GMGT- 
0 is produced by (hyper) thermophilic archaea in “Dog’s Head” struc-
ture, and that their proportional abundances increase with temperature, 
being highest within the interior part of chimney 1 and lowest or not 
detected in the outer part of the chimney wall or at the base of the hy-
drothermal edifice (samples 132-06 and S1_C). Crucially, this suggests 
that GDGT/GMGT distributions reflect not only the archaeal community 
structure but also the temperature at which that community is growing – 
consistent with observations from cultures (Uda et al., 2004; Boyd et al., 
2011; Elling et al., 2015) and geothermal systems (Kaur et al., 2011, 
2015; Jia et al., 2014). 

4.2.3. Controls on GDGT distributions in hydrothermal deposits 

4.2.3.1. Temperature. The number of rings in archaeal membrane lipids 
increases with growth temperature in cultures (Uda et al., 2004; Boyd 
et al., 2011; Elling et al., 2015). Although this relationship is not un-
equivocally seen in the field (Pearson et al., 2004), where additional 
factors (e.g. pH) might also control GDGT distributions (Paraiso et al. 
(2013) and sections below), it has also been observed in some 
geothermal springs (Wu et al., 2013; Kaur et al., 2015). This also appears 
to be true in deep sea hydrothermal systems, where RIs are highest at 
ESR and AMOR inactive chimneys, and lowest in samples where GDGTs 
are proposed to be sourced from pelagic Thaumarchaeota. These results 
suggest temperature as a major driver in shaping archaeal communities 
in deep hydrothermal deposits. 

In general, the highest RIs result from the presence of GDGT-4. In 
addition to ESR chimneys, up to now GDGT-4 has only been detected in 
chimneys at the AMOR (Jaeschke et al., 2012, 2014), and in hydro-
thermal deposits enriched in Fe and/or Si collected from the SWIR (Pan 
et al., 2016). At the AMOR, barite and silica chimneys as well as black 
smokers were formed at high temperatures (320–350 ◦C; Jaeschke et al., 
2012, 2014), similar to those of vent fluids discharged at the ESR 
(323–351 ◦C; James et al., 2014). In contrast, SWIR deposits analysed by 
Pan et al. (2016) precipitated at lower temperatures (38.8 and 81.8 ◦C; 
Li et al., 2013; Pan et al., 2016). Although these do have lower RIs 
(1.7–2.46) than those in AMOR (1.95–2.91) and ESR (2.75–2.88) 
chimneys, it is unclear what drives the production of GDGT-4 in the 
SWIR. GDGT-4 was not detected in sulphide- and Si- rich SWIR chim-
neys, which result from higher (300–350 ◦C) and lower temperature 
hydrothermal activity, respectively (Li et al., 2018), but was detected in 
samples that formed at lower temperatures (Pan et al., 2016). Likewise, 
this compound was not detected in high temperature sulphide chimneys 
(>300 ◦C; Li et al., 2018) or lower temperature carbonate chimneys 
(34–70 ◦C; Lincoln et al., 2013) at the MAR. These observations suggest 
that temperature is not the main control on the presence/absence of 
GDGT-4 in hydrothermal deposits. The absence/presence of GDGDT-4 in 
certain settings could also result from archaea using membrane lipid 
architecture strategies, other than increasing the degree of cyclization, 
to cope with heat stress (e.g. bulking, GMGTs) as observed by Sollich 
et al. (2017). 

4.2.3.2. pH. pH could also control GDGT distribution in thermophilic 
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archaea, with RIs increasing as pH decreases (Boyd et al., 2011, 2013; 
Wu et al., 2013; Kaur et al., 2015). At the AMOR, pH is higher (5.5) than 
at the ESR (3.02–3.05; James et al., 2014) and lower RIs are expected. 
However, slightly higher RIs are found, indicating that pH is not directly 
driving the differences in RIs between these settings. There are no pH 
data available for the SWIR, but it is known that hydrothermal samples 
precipitated both under high temperature (sulphide chimneys) and 
lower temperature for the Lei et al. (2016) and Pan et al. (2016) data 
sets, respectively. Fluids venting from high temperature black smokers 
at the AMOR and ESR are acidic (Jaeschke et al., 2012; James et al., 
2014), whereas diffusive venting allows hydrothermal fluids to mix with 
seawater leading to lower temperatures and higher pH. Therefore, 
higher pH is associated with precipitation of low temperature deposits 
(Pan et al., 2016) relative to sulphides (Lei et al., 2016) at the SWIR. 
Nonetheless, RIs are lower in the sulphides, suggesting that the pH 
control on GDGT distributions is also minimal at the SWIR. We 
acknowledge the limitations of our comparison, noting that the dataset 
discussed is small, and a range of other factors have not been constrained 
(e.g. growth rate, redox status; Hurley et al., 2016). As such, we do not 
conclude that pH exerts no control on GDGT distributions but that this 
control is subordinate to ecological and temperature factors. 

4.2.3.3. Ecological controls on GDGT distributions. Unexpected patterns 
in RIs and the occurrence/absence of GDGT-4 could reflect different 
archaeal assemblages rather than growth temperatures or pH, with 
archaea able to synthesize GDGT-4 growing only in certain settings (or 
niches within the same setting). Ecological variation arises from inter-
secting changes in the growth environment and where GDGT-4- 
producing archaea are able to grow RIs do appear to reflect growth 
temperature as discussed above; however, GDGT-4 is produced not only 
by thermophiles but also by mesophyles, at least in low temperature 
SWIR deposits. Intersecting changes in the growth environment will be 
profound given the variability in chemistry and redox gradients in deep 
sea hydrothermal systems (as reflected in the various mineralogies 
sampled) and could explain higher RIs in low temperature opal deposits 
relative to sulphide chimneys at the SWIR. However, GDGT-4 has been 
detected within both sulphide and silica-barite chimneys at the AMOR, 
and within sulphides collected at the ESR. The conditions of the growth 
environment could also impact GDGT distributions through their effect 
on growth rates, with differences in energy conservation strategies 
leading to lipid remodelling within membranes (Hurley et al., 2016; 
Sollich et al., 2017). A combination of these factors could explain the 
presence/absence of GDGT-4 in hydrothermal deposits. 

GDGTs with more than 4 rings were not observed at the ESR, 
although vent temperatures reach values up to 351 ◦C (James et al., 
2014). This is striking as GDGTs with up to 8 rings have been described 
in hotsprings, despite temperatures being much lower (75 ◦C; Schouten 
et al., 2007). This has also been remarked by Jaeschke et al. (2014) for 
chimneys at the AMOR. Zeng et al. (2019) identified two GDGT syn-
thases (GrsA and GrsB) essential for ring formation and proposed that 
the number of rings in GDGTs depends on the number of synthase ho-
mologues in their genome (e.g. Archaea producing 1–4 rings have one 
homologue) and on the expression of GrS genes. They further hypoth-
esize that multiple Grs genes that lead to the production of up to 8 rings 
could be differentially expressed under varying environmental condi-
tions, which supports our observations. An intriguing line of future work 
will be to ascertain why the presence or expression of Grs genes does not 
appear widespread in deep sea hydrothermal systems. 

4.2.4. GC-amenable compounds in sulphides 
The absence of sterols (potentially sourced from plankton and/or 

fauna) indicates that FAs in sulphides derive from bacteria. FA con-
centrations are similar in chimneys 1 and 3 indicating similar bacterial 
biomass. Total FA concentrations are around 100 ng lower in sample 
S1_C than in S1_A, suggesting that most bacteria thrive in the outer part 

of the chimney where temperature is lower, as observed in other settings 
(Hedrick et al., 1992; Schrenk et al., 2003; Edwards et al., 2005; Kormas 
et al., 2006; Jaeschke et al., 2012; 2014). Total FA concentration is even 
lower in sample S1_B than in S1_A and S1_C, indicating lower bacterial 
biomass. 

FAs in ESR sulphides have chain lengths ranging from 16 to 25 
carbon atoms. Saturated components (mainly C16:0 and C18:0 alkanoic 
acids) dominate in chimneys 3 and 1, as observed in other settings 
(MAR, Simoneit et al., 2004; Blumenberg et al., 2012; AMOR, Jaeschke 
et al., 2014) and suggesting similar communities. Sample 132-06, at the 
base of “Dog’s Head” has a similar distribution. Within chimney 1, only 
shorter chain fatty acids (C15, C16 and C17) are detected at the vent exit 
(S1_A), indicating different bacterial assemblages. 

Branched (iso and ante iso C17) FAs and MUFAs (C16:1 and C18:1 
alkanoic acids) also occur in samples S3 and S1_B. A higher degree of 
unsaturation is an adaptation to lower temperatures in bacteria (Siliakus 
et al. (2017) and references therein), and the presence of these com-
pounds might be an adaptation to lower temperature (lower RI) in 
chimney 3. This is also a possibility for the extinct chimney represented 
by sample S1_B, which likely is dominated by a lower temperature “solid 
community” that uses minerals as energy sources rather than the orig-
inal “fluid community” that utilized energy from chemicals in the hy-
drothermal fluids (as demonstrated by Hou et al. (2020)). This could 
also explain the lower FA concentration in sample S1_B, indicating lower 
bacterial biomass relative to its active homologues (S1_A and S1_C). 

Total FA concentration in sample 132-04 is one order of magnitude 
higher than in chimneys 1 and 3, indicating much higher bacterial 
biomass. The dominance of C18:1 (32%) alkanoic acid, followed by C16:0 
(26%) and C16:1 (17%) components, also suggests different bacterial 
assemblages. While chimneys 1 and 3 are composed mainly of chalco-
pyrite and anhydrite (James et al., 2014), the 134-04 chimney is 
composed of sphalerite (75%) and chalcopyrite (25%). Additionally, the 
wall of chimney 132-04 is thicker, and the massive chalcopyrite rich 
layer coating its inner side represents a much lower proportion of the 
wall; thus, this sample includes a higher portion of zones beyond this 
layer, where temperature was lower. Moreover, chimney 132-04 shows 
a well-developed mineral zonation (see section 3.1) similar to that 
observed by Schrenk et al. (2003) as well as a similar diversity of FAs. 

Schrenk et al. (2003) showed that bacterial biomass was highest in 
the outer zone of the wall and decreased towards the interior, indicating 
that most bacterial biomass was located beyond the hot, inner chalco-
pyrite layer. Our data aligns with that, such that the thick chimney wall 
of 132-04 results in both cooler and more diverse chimney environments 
available for bacteria to thrive and associated higher fatty acid con-
centrations and proportions of unsaturated components. In contrast, the 
steeper temperature gradient across the thinner wall of chimney 1 yields 
a lower volume of less diverse habitable microenvironments, which 
leads to a less diverse microbial community that mainly synthesizes 
saturated compounds. Moreover, across the entire chimney dataset, 
bacterial biomass inferred from FAs appears to be lower where archaeal 
biomass inferred from GDGTs is highest. 

5. Conclusions 

Hydrothermalism strongly impacts sedimentary microbial commu-
nities at the ESR, an intermediate rate spreading centre. High temper-
ature focused venting affects sedimentary microbial diversity and 
biomass via the input of hydrothermal fluid dwelling archaea and bac-
teria. The impact of high temperature hydrothermalism in the periphery 
of the vent source at the ESR is in agreement with previous (but scarce) 
observations at slow and ultraslow spreading centres: bacterial and 
especially archaeal growth is stimulated in both sediment-rich and 
sediment-lean areas around the vent. Intriguingly, low temperature 
diffusive hydrothermal activity at the ESR also leads to distinct 
biomarker signatures and concentrations; although such activity does 
not seem to stimulate archaeal diversity or biomass, it does appear to 
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have an important impact by stimulating bacterial growth. Thus, 
although high temperature venting has a greater impact on sedimentary 
microbial communities, low temperature diffusive venting also affects 
them through elevated bacterial biomass and could be locally important 
in supporting the food chain in deep sea environments, having a higher 
impact than previously thought. 

Our analyses of ESR sulphide chimneys complement those from other 
studies and allow the development of a coherent picture of deep sea 
hydrothermal system microbial communities and lipids. Although all 
settings are characterised by heterogeneous microbial communities 
arising from geochemical and temperature variability, some patterns 
emerge. A higher proportion of thermophilic archaea (relative to total 
archaea) appear to thrive in the interior of chimneys, whereas bacterial 
biomass is constrained to beyond the inner layer of the chimneys in 
contact with the vent fluid; this is especially true in chimneys with thick 
walls through the provision of a higher diversity of microhabitats (with 
different temperatures but also different geochemistry) and volume 
available to be inhabited. Temperature is a strong (albeit not universal) 
control on GDGT RIs and the proportions of GMGTs (although the data 
set is small), and it also appears to be a primary control on bacterial FA 
unsaturation. A direct control on lipid distributions from pH or miner-
alogy is less evident, and this almost certainly reflects the complicating 
role of microbial ecology and growth rates. This similarity between our 
observations and those in other systems as well as the fact that ESR 
GDGT distributions are not unique indicates that hydrothermalism 
shapes chimney microbial communities in broadly similar ways 
regardless of the nature of the spreading centre. 
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