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Abstract:

Marine sediments at ocean margins vent substantial amounts of methane® 2. Microbial oxidation of the
methane released can trigger the ;:)recipitation of carbonate within sediments and support a broad
diversity of seafloor ecosystems® *. The factors controlling microbial activity and carbonate
precipitation associated with the seepage of submarine fluid over geological time remain poorly
constrained. Here, we characterize the petrology and geochemistry of rocks sampled from metre-size
build-ups of methane-derived carbonate chimneys located at the Amon mud volcano on the Nile deep-
sea fan. We find that these carbonates comprise porous structures composed of aggregated
spherules of aragonite, and closely resemble microbial carbonate reefs forming at present in the
anoxic bottom waters of the Black Sea’. Using U-series dating, we show that the Amon carbonate
build-ups formed between 12 and 7 thousand years ago, contemporaneous with the deposition of
organic-rich sediments in the eastern Mediterranean, the so-called sapropel layer S1. We propose that
the onset of deep-water suboxic or anoxic conditions associated with sapropel formation resulted in
the development of intense anaerobic microbial activity at the sea floor, and thus the formation of
carbonate chimneys.

Main

Fluid venting at methane seeps sustains a broad diversity of ecosystems, which rely on energy
derived by chemosynthetic microbes from the oxidation of reduced chemical compounds®. The key
biogeochemical process in these environments is the anaerobic oxidation of methane, mediated by a
consortium of methanotrophic archaea and sulphate-reducing bacteria, which produce dissolved
bicarbonate and hydrogen sulphide®. At
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cold seeps, AOM typically proceeds in anoxic sub-surface sediments, leading to increased
alkalinity levels in pore waters and, as a consequence, often to carbonate precipitation. The
occurrence of authigenic carbonate deposits at the seafloor, or in sedimentary records, is
therefore often related to the paleoseepage of methane-rich fluids at continental margins.
Although microbia activity and carbonate precipitation represent a net sink for methane
(CH,) at seeps, substantial amounts of CH4 can be expelled into the water column and
potentially to the atmosphere™’. Such methane leakage from the ocean represents a
potentially important component of the global carbon cycle, and has been linked to past
abrupt climate change®. However, the processes controlling the activity and variations of cold
seeps on continental margins are still insufficiently understood. At a global scale, enhanced
fluid flow at continental margins is thought to correlate with periods of low sea-level®*° and,

on active margins, with regional tectonic activity™.

Large seafloor deposits of authigenic carbonates were discovered recently at Amon MV, on

the Nile deep-sea fan***®

(Fig. ). Amon is alarge, ~ 3 km wide, active mud volcano, as
indicated by its rough surface morphology, high thermal gradient, presence of gas-charged
sediments, dense bacterial mats, and intense emission of hydrocarbon-rich fluids***. In its
western flank, Amon MV is cross-cut by a mgjor linear depression, about 6-10 m deep, which
corresponds to the seafloor expression of a deep-seated fault (Fig. 1). The depression is the
location of active fluid venting and is filled with reduced sediments associated with bacterial
mats of sulfide oxidizers and chemosynthetic tubeworms™*°. In the west, the depression is
bordered by a large carbonate-paved area, the extent of which can be inferred from the
backscatter map derived from a near-bottom high-resolution survey at Amon MV*® (Fig. 1B).

While authigenic carbonates within or in the immediate surrounding of the depression

correspond to cm-thick slabs or small concretions within the sediment, the deposits
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outcropping west of the depression are typically characterized by meter-tall carbonate

buildups (Fig. 2).

We have anadlysed severa carbonate samples recovered from both the depression
(carbonate slabs/concretions) and the outcrop area (buildups #1 to #4) at Amon MV (Table
S1). These samples were collected during the BIONIL cruise in 2006 (R/V Meteor), using a
remotely operated vehicle (ROV). The studied carbonate slabs are composed of homogenous
microcrystalline cements of mainly high-Mg calcite (BN-122-CC2) and aragonite (BN-122-
CC3) (Table S2). In contrast, the carbonate outcrops correspond to chimney-like buildups
with prominent protuberances that are sometimes pierced with cm-size holes (Fig. 2C). The
outcrops are coated with athin layer of black (Mn) and orange (Fe) oxyhydroxides. The outer
surface of the buildups corresponds primarily to microcrystalline aragonite and high-Mg
calcite cement (Fig. 2C; Fig. 3). In contrast, their hollow interior part is mainly composed of
mm-size aragonite spherules covered with aragonite needles (Fig. 2C). The very negative
carbon isotopic compositions (8**C) of the bulk carbonate samples (from -40.2 to -26.8 %o
VPDB; Table S3) clearly indicate that Amon dlabs and chimneys both derive from the

microbial oxidation of hydrocarbon-rich fluids.

The carbonate buildups discovered at Amon MV resemble in macro- and microscale
morphology the microbia carbonate deposits that form at present in the anoxic waters of the
Black Sea>™™°. Many of the large carbonate-paved areas at submarine seepage sites are
thought to have been exposed on the seafloor after initial formation within anoxic sub-surface
sediments, in response to e.g. sediment winnowing, erosion by bottom currents®, or sediment
instability”. This is because oxidation of methane-rich fluids in oxic bottom waters usually

prevents carbonate precipitation due to release of dissolved CO, and decreasing pH. One
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notable exception is the occurrence of chemoherm structures that may grow into oxic bottom
waters at highly active seepage sites”?, such as the Hydrate Ridge”®. These chemoherms
typically form large carbonate mounds up to 30-meter high that are covered by microbial
mats, which sustain local anoxic conditions at the seawater-carbonate interface. When
seepage occurs in an anoxic marine environment, however, anaerobic microbial activity and
subsequent carbonate precipitation can extend more freely into bottom waters. In the anoxic
waters of the Black Sea, microbial communities form nodular structures at the seafloor that
progressively calcify as they grow upward within the water column®. This can lead to the
formation of chimney-like edifices, with holes through which gas bubble streams escape that
closely resemble those observed at Amon MV (Fig. 2C). Such carbonate buildups associated

with living microbial mats are currently only known from the anoxic Black Sea.

The carbonate slabs a¢ Amon MV display carbonate contents typically below < 89 wit%,
which reflect the presence of an additional detrital sedimentary component. In contrast, the
chimney samples are composed almost exclusively of pure carbonate (mean value: 96.7 + 2.2
wt%; Table S2). This suggests that while the thin carbonate slabs probably formed within
sub-surface sediments at Amon MV, the overlying carbonate edifices most likely developed
above the seafloor, similar to what can be observed in the Black Sea at present. Among the
other similarities observed between the Amon and Black Sea carbonate buildups, both appear
to be anchored on spherical disc-shaped carbonate plates at the seafloor (Fig. 2A/B; ref. 18).
In the Black Sea, the inside structures of the microbial reefs typically correspond to sponge-
like porous carbonates*”*#, which form irregular cavities similar to those described at Amon
MV (Fig. 2C). The calcification processes described in the anoxic Black Sea aso produce
spherical crystal aggregates'™®*®, similar to the yellowish aragonite cement described above for

the Amon buildups (Fig. 2C).
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The age of the studied carbonate precipitates was determined using U/Th dating
techniques® (Table 1). The carbonate slab BN-122-CC3 is the most recent, ~ 1.3 ka (thousand
years before present). This corresponds with it being collected from within the depression, i.e.
the most active present-day seepage area in southwestern Amon MV (Fig. 1). Despite the
relatively large uncertainties in the age of some samples (Table 1), our U/Th data indicate that
al other Amon MV carbonate buildups formed between about 12 and 7 thousand years ago.
In detail, there is significant age heterogeneity at the buildup/sample scale. For example, the
age for the outer part of sample BN-122-CC4 (buildup #1) appears to be older (~ 11 to 10 ka)
than that for its inner part (~ 9 to 7.5 ka; Fig. 3). This observation provides evidence for a

nearly continuous period of carbonate buildup formation.

The time interval of carbonate buildup formation at Amon MV appears thus to be largely
contemporaneous with the formation of the most recent Mediterranean sapropel S1 (~ 6-11
ka?®). Sapropel intervals correspond to the deposition of organic-rich sediments in the eastern
Mediterranean Sea.  The high Cyq contents in sapropel layers (i.e. typically higher than 2
wt%) are a consequence of both high marine productivity and enhanced preservation due to
bottom-water anoxia®®?’. It is generaly assumed that the onset of anoxia in eastern
Mediterranean deep waters at that time was related to intensifying monsoon rainfall in East
Africa, leading in turn to enhanced freshwater discharge from the Nile River and water
column stratification in the eastern Mediterranean Sea”’. While the general water column
oxic/anoxic boundary was located around 1800 meter-depth during the sapropel period®,
oxygen depletion also occurred at intermediate water depth (~ 900/1200 m) in the
southeastern Mediterranean. This is supported by micropaleontological investigations, which

indicate that benthic ecosystems collapsed in this area at the onset of sapropel S1 (ref. 28).
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The rare earth element composition of Amon carbonates also provides information on bottom-
water redox conditions at the time of carbonate precipitation. The Amon buildups exhibit Ce-
anomalies ranging from 0.63 to 0.91 (see Table $4), higher than values for cold seep
carbonates formed under oxic conditions (Ce/Ce* ~ 0.2-0.5), but similar to those collected
from the oxygen-depleted environments of the Black Sea® (see Supplementary Information).
Considering all the above, therefore, this suggests that suboxic/anoxic conditions also

prevailed in bottom waters at Amon MV during the sapropel time interval.

Over geological time, fluid seepage at Amon MV has probably been mainly driven by
density gradients and fluid-sediment interactions deep within the volcano’s plumbing system.
On shorter timescales (thousands of years), however, our results suggest that variation of the
dissolved oxygen contents of bottom waters played arole in controlling sub-surface microbial
activity patterns and related carbonate precipitation. Under oxic conditions (i.e. at present; O,
bottom water content of ~ 200 pM®®), anaerobic microbial activity is restricted to within the
sub-surface seafloor of the Amon MV, where flat carbonate slabs or concretions form, fed by
methane leakage pathways from deep subsurface reservoirs. Instead, during sapropel S1, the
shift towards suboxic/anoxic bottom-water conditions probably alowed development of
anaerobic microbial communities at the seafloor. At that time, the deposition of large
amounts of freshly deposited organic material and associated microbia degradation may have
aso led to higher rates of methanogenesis in surface sediments, enhancing anaerobic
methanotrophy and sulphate reduction. Consequently, the methane oxidation front must have
migrated from near-surface sediments to overlying bottom waters, thereby supporting the
growth of carbonate chimneys into the water column. After about four thousand years of
near-continuous activity, microbia methane turnover in bottom waters ended with the

compl ete re-oxygenation of the deep eastern Mediterranean basin at ~6 ka (ref. 26).
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The link that we have identified between seawater dissolved O, and the activity of sub-
seafloor microbial communities a8 Amon MV may yield further insight into the significance
of cold seeps to the globa carbon cycle. It was recently proposed that the production of
methane-derived carbonates in marine sediments increased during periods of widespread
oceanic anoxia, acting as amajor carbon sink in the geological past®™. To date, however, clear
evidence for enhanced authigenic carbonate precipitation in ancient anoxic oceans is till
lacking from the geological record. In this context, the Amon MV chimneys hence probably
represent a first fossil example of cold seep carbonate deposits formed within oxygen-
depleted deep waters. On the basis of our results, it is also possible that an enhanced methane
flux would reach the bottom water during an anoxic episode of sapropel formation.
Concordingly, similar enhanced methane fluxes may have occurred repeatedly in ancient
oceans a oxygen minimum zones on margins, and possibly during periods of Black Shales
formation. This could not only have had an impact on sub-seafloor anaerobic microbial
activity at cold seeps, but potentially also on atmosphere-arriving methane fluxes, thus on the

marine and global carbon cycle.

METHODS

Mineralogy

Bulk carbonate samples were washed using ultrapure water, dried, and then crushed in an
agate mortar. The total carbonate content was determined by automatic calcimetry, with an
estimated error of <4% (Table S2). The bulk mineralogy of the carbonate samples was also
characterized by X-ray diffraction (Briker D8 Advance). Bulk mineralogical abundances

were calculated using TOPAS Rietveld analysis (Table S2).
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Major element and stable isotope compositions

The bulk major element and stable isotope compositions were determined by wavelength-
dispersive X-ray fluorescence (WD-XRF, Bruker S8 Tiger) and dual-inlet isotopic ratio mass
spectrometry (DI-IRMS Isoprime), respectively (Table S3). Isotopic compositions are
reported in conventiona delta () units relative to the Vienna Peedee Belemnite reference

(VPDB).

Trace element analyses

About 5 mg of ground bulk carbonate powder were digested with 5% (v/v) acetic acid. Rare
earth and other trace element concentrations were measured with an Element 2 ICP-SFMS at
the Pole Spectrométrie Océan (Brest). The REE and other trace element data are reported in

Table $4 and briefly discussed below in the Supplementary Information text.

Chemical procedures and mass spectrometry

Polished sections of each carbonate sample were examined by optical microscopy to select
sampling areas suitable for uranium-thorium dating, based on the mineralogy and texture of
carbonate growth. For each U-Th measurement, 1-12 mg of carbonate powder were collected
using a MicroMill system (New Wave Research). A mixed 2°U/?*Th spike was added to
each carbonate sample, prior to digestion on hotplate using concentrated HNOs: HCI (agua
regia). Any remaining detrital residue was digested in HF:HCI on hotplate. U and Th were
purified from the bulk carbonate matrix after Fe-oxyhydroxide co-precipitation and chemical
separation using anion exchange method®. The total procedural blanks were negligible

compared to total sample size. U and Th concentrations and isotopic ratios were determined
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at the Pble Spectrométrie Océan (Brest) with a Neptune MC-ICP-MS coupled with an APEX
desolvating nebulizer. Measured isotopic ratios were corrected from mass discrimination
with a standard-bracketing protocol, using IRMM-184 and IRMM-035 standard solutions for
U and Th, respectively. Internal precision obtained on measured **U/?%U and ?*Th/*°Th
ratios were generally better than 3% and 50%., respectively. Measured U and Th

concentrations and isotopic compositions are listed in Table S5.

U/Th dating using isochron methods

Because cold seep carbonate crusts typically contain substantial amounts of clays and other
sedimentary components that are included during the carbonate cementation, isochron
methods are often required to correct measured U-Th isotope ratios from detrital
contamination and calculate carbonate age. The activity ratios used for calculating
carbonate ages are listed in Table S6. Isochron caculations were performed using the
ISOPLOT program (v. 3.71). A two-point isochron approach was used to date the samples,
considering a theoretical sediment end-member at secular equilibrium (activity ratios = 1.0 +
0.5). This end-member was assumed to be representative of the detrital fraction incorporated
by the carbonate samples. Initially, several sediment samples collected during previous
cruises at Amon MV were analysed to determine experimentaly the detrital end-member
required for isochron calculations. These samples were first digested by alkaline fusion, after
spike addition, and then processed using the same procedure described above for carbonate
samples. However, these sediments exhibited relatively high (***U/?*?Th) activity ratios (from
about 2 to 25; Table S5), suggesting the presence of dispersed authigenic carbonate phases in
the sediment (Fig. S1). For this reason, we decided to correct obtained carbonate ages from
detrital contamination using a theoretical end-member at secular equilibrium. Note however

that the isochron ages calculated with our theoretical end-member agree well (within 20%)
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with those inferred from the experimental end-member. In addition, for two carbonate
buildups (#1 and #3), we aso calculated a mean formation age using a conventional isochron
approach, i.e. assuming that all the sub-samples for each of the two buildups had precipitated
at the same time. The mean formation age inferred from this conventional isochron approach
for buildups #1 and #3 was 7.9 £ 1.4 and 6.3 + 0.7 ka, respectively (Fig. S1). These ages
agree relatively well with the two-point isochron ages calculated using a theoretical end-
member, thereby providing further support for their significance. To a large extent, the
associated age uncertainties are dependent on the measured (2°Th/??Th) ratios, ranging from
~ 1% (BN-122-CC4-4) to 69 % (BN-122-CC3-2). An ‘in-house’ standard (NL7-CC2; a cold
seep carbonate crust from the Central Province of the Nile deep-sea fan®) was analysed
repeatedly during the course of this project, which gave an average U/Th age of 1570 + 380 yr
(2 SD; n=9). The associated uncertainty (+ 24%) can be taken as an estimate of the external

reproducibility on the U/Th ages reported in Table 1.
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FIGURE CAPTIONS

Figure 1. Bathymetric map of Amon MV and location of studied carbonate samples. A.

High-resolution shaded bathymetry map. Acoustic evidence for gas bubble emissions in the
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water column at Amon MV are shown in red. The open square represents the inset of the
backscatter map (Fig. 1B). B. 3D view of the southwestern flank of Amon MV, with high-
resolution backscatter draped on the bathymetry. The highly backscattering area (in white)
characterizes the extent of sub-seafloor authigenic carbonates. Yellow patches indicate the
location of studied carbonate samples. The black thick lines correspond to the bathymetric

profilesin the lower panels.

Figure2. Amon MV carbonate chimneys. A,B. Seafloor bottom photographs of Amon MV
carbonate deposits. Buildups #1 (A) and #4 (B). The chimneys are characterized by
prominent protuberances pierced with cm-size holes (fossil fluid conduits) and covered by Fe-
(orange) and/or Mn- (black) oxyhydroxides. The arrows represent the location of the samples
collected with the ROV QUEST4000 during the BIONIL cruise. C. Zoom-in of the carbonate
buildup #1. The hollow interior part of the carbonate chimney is composed of mm-size
aragonite spherules covered with aragonite needles, which represent fossil analogs of the

modern microbial reefs from the Black Sea (anoxic environment).

Figure 3. U/Th agesfor selected polished sections (buildup #1). Thefilled (green) squares
indicate the areas sampled for U/Th measurements (sample BN-122-CC4). The age for the
outer part of sample BN-122-CC4 is older (~ 11 to 10 kyr BP) than that for its inner part (~ 9

to 7.5 kyr BP).
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Table 1. U-Th isotope data and calculated isochron ages for AMON MV carbonate samples

Two-point
Sample Weight 28y (ppm) %2Th (ppb) (*°Th/??Th)  isochron age  Initial 523*U (%o)
(ka)
(mg) *+2s *+2s *2s +2s +2s

Carbonate slabs

BN-122-CC2 2.62 7.69 + 0.06 928 + 8 3.23+ 0.04 89 + 28 153 + 21
BN-122-CC3-1 1.75 3.71+ 0.04 69.3+ 0.8 36+ 0.2 1.3 £ 04 140 =+ 5
BN-122-CC3-2 1.70 3.96 + 0.05 151+ 2 23+ 0.1 1.3 £ 0.9 144 = 7
Carbonate buildup #1

BN-122-CC4_outer part

BN-122-CC4-1 4.12 5.041 + 0.006 452 + 0.2 364+ 0.3 10.0 £ 0.2 176 = 2
BN-122-CC4-3 5.90 3.220 + 0.004 131.7+ 1.0 855+ 0.05 10.0 = 0.9 153 £ 7
BN-122-CC4-5 143 3.97 + 0.06 218+ 3 73+ 0.2 112 + 14 144 + 10
BN-122-CC4_inner part

BN-122-CC4-2 12.38 1.170 + 0.001 9.31+ 0.03 357+ 04 8.9 + 0.2 151 + 2
BN-122-CC4-4 471 4.053 + 0.005 16.1+ 0.1 60.3+ 1.0 74 = 0.1 150 = 1
BN-122-CC5-1 2.27 2,23+ 0.02 221+ 05 258+ 0.7 75 + 04 144 + 3
BN-122-CC5-2 3.30 3.07 £ 0.02 189+ 1.2 414+ 1.7 8.0 £ 0.7 146 + 4
BN-122-CC6-1 5.73 3.055 + 0.004 193+ 0.1 373+ 06 7.3 £ 0.2 150 = 1
BN-122-CC6-2 3.14 2.72 + 0.02 196 + 0.3 355+ 0.8 78 £ 0.2 147 + 4
Carbonate buildup #2

BN-122-CC8 6.30 474 + 0.02 505 + 2 3.75+ 0.03 9.8 + 25 150 + 19
Carbonate buildup #3

BN-123-CC1-1 1.50 6.19 + 0.08 952 + 13 2.73 + 0.03 8.8 + 3.7 143 + 27
BN-123-CC1-2 4.21 9.61+ 0.05 415+ 3 6.23 + 0.06 73 1.0 147 + 8
BN-123-CC2-1 2.16 7.20 + 0.07 633+ 6 3.72+ 0.04 7.7 £ 20 149 + 15
BN-123-CC2-2 1.80 493+ 0.06 1028 + 12 261+ 002 117 £5.1 150 + 37
BN-123-CC3-1 2.00 256 + 0.03 693 + 7 219+ 003 112 + 6.8 148 + 49
BN-123-CC3-2 5.13 3.28+ 0.01 532+ 3 294+ 002 107 = 3.9 151 + 29
Carbonate buildup #4

BN-123-CC4 3.47 5.26 + 0.03 685 + 5 295+ 0.03 84 + 3.1 147 + 22

234 234, 238
u/

Initial 57"U represents the deviation in permil of ( U) from its secular equilibrium value of 1.000,
at the time T of carbonate precipiation, with Initial 8*'U = [{***U/**U); / **U/***U)equ} - 1] x 10°.
Measured values are corrected for detrital contamination and decay of excess 2**U since sample formation.
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