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Introduction, aim, and scope of this thesis

Methane seeps are sites on the seafloor where hydrocarbon compounds including methane are
expulsed from seafloor sediments to bottom waters (Judd and Hovland, 2007). These seafloor seeps
deliver reduced compounds from deeper sediments to shallower parts of the sedimentary column and to
the seafloor, where they provide chemical energy for chemosynthetic life independent of photosynthesis
(Paull et al., 1984, 1985). Since the first discovery of these unusual seafloor ecosystems in the late 1970s,
research on hydrocarbon seeps has been ever increasing over the years, and the fundamental principles of
geophysics and geochemistry, as well as microbial and macrofaunal ecology are believed to be well
understood (Claypool and Kvenvolden, 1983; Brooks et al., 1987a,b). Nonetheless there remain
unanswered questions. This thesis aims at a specific aspect of such hydrocarbon seeps, which has not
been studied as thoroughly as others with respect to seepage chemistry and biology.

Most of the known hydrocarbon seeps today are dominated by expulsions of reduced fluids that
are enriched in methane, and it is believed that the majority of the recognized and identified fossil seep
deposits discovered to date have also been methane-dominated seepage sites (Suess, 2014 and references
therein). However, more and more hydrocarbon provinces around the globe have been and are being
discovered that are not dominated by seepage of methane, but are characterized by a predominance of oil
seepage (Kennicutt et al., 1988; MacDonald et al., 2000). Such oil seeps are meanwhile known from
almost all modern oceans, as well as from the Black Sea and the Gulf of Mexico (Joye et al., 2004; Korber
et al., 2014). Such oil seeps are distinct in character, as the hydrocarbon compounds that are emanated
from the seafloor are typically lower to high-molecular weight compounds such as butane, propane,
naphthalene, and hexadecane, as well as large complex molecules composed of kerogen and bitumen
(MacDonald et al., 2004; Schubotz et al., 2011). It is rather obvious that such seeps influence fluid
chemistry, and above all micro- and macrobiology at seeps in different ways than methane-dominated
seeps would. It is known from modern observations that community structures of chemosynthetic
microorganisms have different tolerance levels for oil, and that macrofaunal assemblages react differently
towards the presence or absence of oil, given that many of the compounds emitted at such seepage sites
are highly toxic to many marine species (Bergquist et al., 2004; Orcutt et al., 2010).

The effect of oil can be easily investigated at modern seepage sites, as seafloor observations with

submersible vehicles can gain much first-hand information, and microbiological sampling is a standard
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procedure for environmental samples at such sites. Since the presence or absence of oil has strong and
long lasting ecological consequences for chemosynthetic marine life today, it seems logical to assume that
oil seepage at ancient seepage sites should have also evoked evolutionary responses and adaptations to oil
from macro- and macrofaunal seep communities. The presence of oil possibly influenced the short- and
long-term evolutionary development of chemosynthetic life. However, the identification of oil seeps in the
rock record is anything but trivial. Most studies that have declared fossil seepage sites as oil seeps have
based their arguments on circumstantial evidence such as the presence of bitumen and bitumen-like
compounds in thin sections, geochemical signatures such as stable C isotopes, and paleontological
considerations (Peckmann et al., 2001, 2007, 2011). However, all of these three methods fall short in one
way or another, and cannot provide solid evidence for the presence of oil at ancient seepage sites
(Peckmann and Thiel, 2004; Birgel et al., 2011).

Trace and rare earth element geochemistry has been applied for decades to a wide range of
geologic materials. The utility of analyzing these elements in marine carbonates has been refined
significantly in the past decades, especially due to improved analytical techniques (e.g. Haley and
Klinkhammer, 2003). Most trace metal analyses on sediments and authigenic carbonates at modern and
ancient hydrocarbon seeps are essentially bulk sampling methods, which can roughly identify and trace
key biogeochemical processes in pore waters that lead to precipitation of carbonates and influenced
microbial activity of the present communities (e.g. Rongemaille et al., 2011). However, phase-specific
analyses allow for a much higher resolution of data that can yield small-scale information on changing
environmental conditions over comparably short timescales (Himmler et al., 2010).

This thesis aims to demonstrate how detailed trace element analyses of different early and later
diagenetic carbonate cement phases in authigenic carbonates at modern and ancient oil and methane
seeps can characterize and distinguish these precipitates derived from ecosystems with varying pore water
chemistry and, possibly, microbial community structures that influenced their formation. Utilizing the
extensive pool of information compiled over the years on aquatic chemistry of trace metals and their
incorporation into carbonate minerals, this work demonstrates how analyses of these elements can
unravel the intricate and interdependent abiotic and microbial elemental cycles in modern and ancient
marine sediments better than ever before. In addition to this thesis, the appendix features three published
manuscripts on modern and ancient cold seeps which emerged as side projects of the PhD. They all focus

on hydrocarbon seepage, and are added as the all contribute to this thesis in terms of general content.
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However, they are not strictly part of the main questions and aims, which is why they are treated

separately.
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Abstract

Hydrocarbon seeps harbor copious chemosynthesis-dependent life, the traces of which are
preserved in the fossil record within authigenic carbonates. These environments are mostly characterized
by seepage of methane-rich fluids, yet an increasing number of crude oil-dominated seeps have been
discovered in recent years. Oil seepage has a profound influence on the local fauna, yet recognizing such
seeps in the rock record remains elusive. This study presents new geochemical data that will allow for a
more confident identification of ancient oil-seep deposits. Geochemical data from modern and ancient
seep limestones reveal that oil-dominated seep carbonates are enriched in rare earth elements and
uranium compared to their methane-dominated counterparts. These trace element patterns have the
potential to serve as a basis for an improved understanding of the adaptation of chemosynthetic life to oil

seepage, and to better constrain the marine carbon cycle in the geologic past.
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Introduction

Hydrocarbon seeps today are known from almost all parts of the world, from high to low latitudes
and shallow seas to the deep ocean (Suess, 2014, and references therein). Seeps harbor lush ecosystems
that depend on chemosynthesis, and have been recognized frequently in the fossil record (Campbell,
2006). The geologic record shows that faunal assemblages and community structures have changed
continuously, and that different taxa have dominated hydrocarbon seeps during different periods in
Earth’s history. For example, dimerelloid brachiopods were abundant at seeps in the Paleozoic and for
much of the Mesozoic (Sandy, 2010), whereas late Mesozoic and Cenozoic seeps were dominated by
chemosymbiotic bivalves and tubeworms (Kaim et al., 2014).

Fluid composition is an important factor governing the distribution and diversity of seep-dwelling
fauna at modern seeps, as varying species have different tolerances and requirements with regard to the
emitting chemicals (Levin, 2005). While most modern seeps are dominated by seepage of methane, an
increasing number of hydrocarbon provinces have been discovered that are characterized by expulsions of
higher hydrocarbons and crude oil (Hornafius et al., 1999; MacDonald et al., 2004; Jones et al., 2014;
Korber et al., 2014). The presence of oil is a crucial factor that determines macrofaunal community
structure, as it can severely impede life at seeps (cf. Bergquist et al., 2004). However, certain epifaunal
bivalves and vestimentiferan tubeworms can cope with larger amounts of oil as opposed to infaunal
species (MacDonald et al., 2004). Similarly, dimerelloid brachiopods would have been better adapted to
oil seeps than many of the modern and Cenozoic seep-dwelling mollusks due to their epifaunal life style.
The presence of oil exerts similar controls on diversity, distribution, and activity of archaeal and bacterial
communities (Orcutt et al., 2010), which contribute significantly to mineral authigenesis at oil seeps (Joye
etal., 2004).

Despite current effort to better understand the ecology of oil seeps, the confident identification of
ancient oil seeps still poses a fundamental problem. Petrography only provides circumstantial evidence
for oil seepage such as the presence of metamorphosed crude oil (referred to as impsonite or
pyrobitumen; Peckmann et al., 2001, 2007). Although stable carbon isotopes appear to be an obvious tool
to discriminate methane from oil seepage, they fall short in many instances due to the unknown degree of
mixing between different carbon sources (Peckmann and Thiel, 2004). Lipid biomarker patterns of

modern oil-seep carbonates are often typified by unresolvable complex mixtures containing partially
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degraded petroleum hydrocarbons, which, however, do not allow to identify microbial oil degradation
with certainty (e.g., Naehr et al., 2009). Biomarkers that can be unambiguously ascribed to oil-degrading
bacteria have yet to be identified. Furthermore, the biomarker inventory of most known Paleozoic and
Mesozoic seep deposits has been erased in the course of burial.

This study presents new tools for identifying ancient oil-seep deposits. This is a big step forward,
since the determination of the composition of fluids at seeps is a prerequisite for a reliable reconstruction
of the early evolution of chemosynthesis-based ecosystems and the mode of adaptation of their fauna. The
new proxy developed here may aid to better constrain the sources and sinks of organic carbon in the

marine carbon cycle.

Oil seeps versus methane seeps — sampling strategy

Carbonate samples from modern methane- and oil-dominated seeps were selected and compared
to putative ancient counterparts to detect variations in their chemical composition. One locality where
prominent seepage of oil occurs today is the Campeche Knolls including the Chapopote asphalt volcano,
southern Gulf of Mexico. These knolls are related to buoyancy-driven salt tectonics and feature seepage of
gas and crude oil, as well as solidified asphalt and carbonate deposits on the seafloor (Briining et al.,
2010). A putative ancient equivalent is a Late Devonian deposit from Morocco dominated by the
dimerelloid brachiopod Dzieduszyckia (Peckmann et al., 2007). The faunal inventory, stable carbon
isotope signatures, and the presence of metamorphosed crude oil have been interpreted as circumstantial
evidence of oil seepage by Peckmann et al. (2007).

The Makran accretionary prism is an accretionary wedge complex located offshore Pakistan at an
active continental margin, where fluid seepage is evidenced by mud volcanoes, mud diapirs, and methane
seeps (Bohrmann et al., 2008 and references therein). Crude oil and higher hydrocarbons are absent,
making this locality an example for methane-dominated seepage associated with massive gas hydrate
deposits close to the seafloor (Romer et al., 2012). As an ancient counterpart, the Oligocene Satsop River
(SR4) deposit described by Peckmann et al. (2002) was selected. SR4 limestones exhibit a paragenetic
mineral sequence typical for seep carbonates, a seep-specific faunal inventory, and characteristic stable
carbon isotope and lipid biomarker patterns (Peckmann et al., 2002; Zwicker et al., 2015), and are

interpreted to be methane-dominated seep carbonates lacking influence of oil.
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Material and methods

Rock samples from seeps in the southern Gulf of Mexico and Makran were collected with R/V
Sonne and R/V Meteor during research cruises SO174 and M74 in 2003 and 2007, respectively
(Bohrmann et al., 2004, 2008). Carbonate samples from the Campeche Knolls were collected from the
Chapopote asphalt volcano and are described by Naehr et al. (2009). Makran limestones were retrieved at
Flare 15 (cf. Himmler et al., 2015). Samples from the Dzieduszyckia and SR4 deposits are detailed by
Peckmann et al. (2007) and Peckmann et al. (2002), respectively. In-situ analyses of Mo, Sr, U, Y, and
rare earth elements (REEs) as well as Si, Al, Fe, Mn, and Mg were conducted by laser-ablation—
inductively coupled plasma—mass spectrometry (LA-ICP-MS) at the Department of Geosciences,

University of Bremen, Germany (see the Data Repository1 for details) on 80—100-pum-thick thin sections.

Proxies for identifying ancient oil seeps

Rare earth element geochemistry is a powerful tool that has been applied in recent years to track
changes in redox conditions and fluid composition during precipitation of seep carbonates (Feng et al.,
2009; Himmler et al., 2010). Carbonates inherit the REE composition of the parent fluid (Webb and
Kamber, 2000) and their reliability as a tracer is due to their apparently conservative behavior during
early and even late diagenesis (cf. Banner et al., 1988). Seep limestones form as a result of microbially
induced changes in pore water chemistry (Ritger et al., 1987), and metal cations including REEs partition
into carbonate minerals in relation to their concentration in the parent fluid (Kamber et al., 2004). The
resistance of REEs during diagenesis and their uniform incorporation into carbonates suggest that seep
limestones reflect the REE patterns of pore waters. As opposed to REEs, there are fewer studies using
molybdenum (Mo) and uranium (U) to trace fluid evolution at modern and ancient seeps (e.g.,
Tribovillard et al., 2013; Hu et al., 2015), most of which use bulk rock or bulk sediment analyses of these
elements to constrain their formation history. In spite of our yet limited knowledge on the behavior of
these elements at hydrocarbon seeps, Mo and U have been successfully applied in skeletal and diagenetic
carbonates to infer the original composition and redox chemistry of ancient waters (Shen and Dunbar,

1995; Voegelin et al., 2009).
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To allow a meaningful comparison of data among all studied seep carbonates, element analyses
were focused on a pure mineral phase present in all samples. This phase is a clear, banded and botryoidal
variety of fibrous aragonite cement (clear aragonite from here on), which is a common constituent of
modern and ancient seep limestones (e.g., Savard et al., 1996; Himmler et al., 2010). Clear aragonite in
the SR4 deposit is partially recrystallized to calcite, in Dzieduszyckia samples aragonite is completely
recrystallized. The phase-specific analytical approach was chosen for two reasons: First, the strong 13C
depletion of clear aragonite confirms its ultimate derivation from microbial anaerobic oxidation of
methane and higher hydrocarbons (Table 1). Any elements incorporated into clear aragonite should,
therefore, reflect pore fluids during active seepage. Second, the choice of this particularly pure carbonate
mineral avoids potential contamination by particulate matter, clay minerals, Fe- and Mn-oxides, or a
combination of these sources (cf. Bau et al., 1996). This is confirmed by the very low contents of Si, Al, Fe,
and Mn that were analyzed together with the trace elements of interest. Indeed, the sum of REEs
including yttrium (JREE+Y), Mo, and U do not correlate among each other, nor do they correlate with
any other measured element including Al, Fe, and Mn in any of the samples (see the Data Repository). We
put forward the exclusive use of phase-specific trace element analysis as a robust approach to reconstruct

the composition and evolution of fluids at hydrocarbon seeps (cf. Himmler et al., 2010).

Seepage system Oil seep Methane seep
Age M odern Late Devonian Modem Oligocene

Locality Chapopote Dzieduszyckia M akran SR4
&1C [9%0] —28.6° —5.8° —54.3° —51.3%
YREE+Y [ppm] 0.797 2.49 0.058 0.360
Mo [ppm] 0.465 0.101 0.961 0437
U [ppm] 5.08 0.897 297 0164

MoU 0.09 0.112 0.323 2.66

Table 1. All data are mean values except 3C values, which are the most negative. Superscripts: a—from
Naehr et al. (2009); b—from Peckmann et al. (2007); c—from Himmler et al. (2015); d—from Peckmann
et al. (2002). REE—rare earth elements. Isotope ratios are given in per mil relative to Vienna Peedee
belemnite. *Chapopote—Gulf of Mexico; Dzieduszyckia—Morocco; Makran—offshore Pakistan; SR4—

Satsop River, Washington State (USA) (see text).
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Clear aragonite of modern and putative ancient oil-seep limestones was found to be enriched in
REEs compared to its counterpart from methane seeps (Fig. 1A). The aqueous behavior of REEs at seeps
is partly controlled by particulate and dissolved organic matter (Himmler et al., 2010), which may serve
as a significant source of REEs to anoxic pore waters (Haley et al., 2004). The relationship between REEs
and organic material in anoxic marine sediments is not straightforward. However, there does seem to be a
consensus that organic colloids and ligands, living and dead microbial mats, and other forms of
particulate and dissolved organic matter readily complex and passively enrich various trace metals
including REEs in natural waters, and that such signatures may be preserved in ancient carbonates (e.g.,
Tang and Johannesson, 2010a; Corkeron et al., 2012 and references therein). Similarly, the presence of
petroleum hydrocarbons in pore waters at oil seeps apparently facilitates complexation and sorption of
REEs from pore waters onto these substances. Trace and rare earth metals are in fact preferentially bound
to metalloporphyrines of natural oils (Duyck et al., 2007), making crude oil itself a potential additional
source of REEs at oil seeps. Our results strongly suggest that the observed Y REE+Y trend among oil-seep
carbonates is related to the presence of crude oil in the parent pore fluids. Due to the lack of correlation of
SREE+Y to all other measured trace metals and the purity of the analyzed mineral phase, we conclude
that pore waters from which clear aragonite precipitated at oil seeps had elevated REE concentrations due
to the presence of petroleum hydrocarbons, and that the aragonite cement incorporated and archived this
signature during precipitation. Recrystallization of aragonite to calcite may have been a process that
contributed to the somewhat higher REE contents of clear aragonite in the oil-derived Dzieduszyckia and
the methane-derived SR4 deposits compared to their modern counterparts. More extensive future work
will allow to better assess the impact of recrystallization on REE contents. Nevertheless, based on the
current data set the applicability of the new proxy is not expected to be compromised by recrystallization

of aragonite.
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Fig. 1. Phase-specific trace element data for clear aragonite. See text for locations. A: Fe

vs. SREE + Y (REE—rare earth elements). B: Mo/U ratios versus SREE + Y.

Interestingly, Mo/U ratios in clear aragonite of oil-seep carbonates are systematically lower than

in the corresponding clear aragonite of methane-seep carbonates (Fig. 1B, Table 1). Molybdenum is

enriched in sediments within the sulfate reduction zone at methane seeps, where hydrogen sulfide

production facilitates local Mo accumulation (Hu et al., 2015). This should, however, lead to similar

enrichments of Mo at oil seeps, where equally vigorous sulfate reduction is known to occur (cf. Joye et al.,
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2004). Apparently, redox-dependent scavenging and enrichment of Mo is not the only key to explaining
differences in Mo/U ratios in clear aragonite. A significant factor that contributes to the different Mo/U
ratios of clear aragonite at the two seep types may be the behavior of U. Uranium input is intimately
linked with the flux of particulate organic matter to marine sediments (McManus et al., 2005), as well as
with petroleum-bearing reservoir rocks including asphalt- and bitumen-rich deposits (Parnell and Eakin,
1987). Such close association may cause higher U concentrations in pore waters at oil seeps, contributing
to the lower Mo/ U ratios in oil-seep carbonates. This hypothesis will have to be tested by future work to
fully understand the involved mechanisms. A further process that may influence the behavior of U at
seeps is reduction of Fe. Soluble U(VI) is reduced to less soluble U(IV) in the iron reduction zone of
marine sediments (Morford et al., 2005). This leads to U enrichment and higher U contents of authigenic
carbonates forming in the iron reduction zone. REE patterns of pore waters and seep carbonates from the
iron reduction zone are typified by enrichment of middle REEs (e.g., Haley et al., 2004; Himmler et al.,
2010; Bayon et al., 2011). However, no such enrichment was observed in any of our samples, which
renders iron reduction an unlikely mechanism for U enrichment. Irrespective of what causes the different
Mo/ U ratios of oil- and methane-seep carbonates, this element ratio has great potential to help unraveling

the effect of fluid composition on the evolution of chemosynthesis-based fauna at seeps.

Summary and conclusions

This study reveals the potential of combining the phase-specific distribution of REEs, Mo, and U
to discern ancient oil seeps from methane seeps. The comparison of modern seep carbonates with their
putative ancient counterparts resulted in the recognition of a new proxy that allows for the discrimination
of the two different types of seepage in the rock record. Authigenic clear aragonite cement of oil-seep
carbonates is enriched in REEs and exhibits systematically lower Mo/U ratios than its counterpart at
methane seeps. We suggest that oil-derived carbonate precipitates from fluids with increased REEs and U
concentrations, which is in turn related to the presence of petroleum hydrocarbons in the parent fluid. A
confident recognition of past oil seepage will help to reevaluate patterns and driving forces of the

evolution of chemosynthesis-based metazoan life over geologic time.
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Appendix

In the scope of this study, we have attempted to discern oil- from methane-seep carbonates by
comparing bulk rock total carbon and total organic carbon contents, as well as their respective stable
carbon isotope values. This effort led to partially counter-intuitive results, indicating that this approach
does not allow for such discrimination. Concept, methodology, and results thereof, along with a

documentation of the data set on element patterns, are outlined in the Data Repository material.
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Abstract

Oil seeps from the southern Gulf of Mexico represent natural laboratories where the effect of
crude oil seepage on chemosynthetic organisms and carbonate precipitation can be studied first hand. The
Bay of Campeche comprises numerous positive seafloor structures such as ridges, crests, and knolls that
are known to emit large volumes of liquid hydrocarbons and asphalt deposits that cover the seafloor.
Carbonates were sampled during RV Meteor cruise 114 from three newly discovered localities named
UNAM Ridge, Mictlan Knoll, and Tsanyao Yang Knoll. Thin section petrography revealed that most
samples are pervaded by large amounts of oil and asphalt. Phase-specific §:3C values range between —30
and —20%o, arguing for oil as the primary carbon source. Raman spectra of oils revealed that
hydrocarbons from all sites are very immature, and are most likely sourced from the same reservoir. Trace

and rare earth element chemistry of carbonate cement phases show varying patterns, suggesting changing
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redox conditions and fluid composition during carbonate precipitation. A comparison of trace elements in
carbonates and associated oils argues that liquid hydrocarbons act as an additional source of trace metals
to pore waters; a signal that is archived by precipitating carbonate cements. Geochemical modeling using
the software code PHREEQC demonstrates how sulfate-dependent oxidation of low- to high-molecular
weight hydrocarbons affects carbonate saturation state, and shows how (1) the oxidation state of carbon
in hydrocarbon compounds, and (2) oxidation rates of hydrocarbons control carbonate saturation and
stability at oil seeps. Crude oil degradation is capable of precipitating carbonate, whose trace metal
inventory archives specific elemental patterns that can be assigned to the presence of heavy hydrocarbons
such as oils and asphalts in pore waters. This study extends the scope of application of phase-specific
trace metal analyses significantly, and suggests that authigenic marine carbonates represent a reliable

archive for pore fluid composition.

Introduction

The seepage of hydrocarbons from marine sediments produced by persistent upward migration of
oil and gas towards the seafloor represents a poorly confined source of fossil organic carbon in the ocean
and the atmosphere (Judd and Hovland, 2007 and references therein). The discharge of hydrocarbons
into the water column at cold seeps produces mud volcanoes, brine pools, gas hydrates, and deposits of
authigenic minerals (Ritger et al., 1987; Kopf, 2002; Bohrmann et al., 2003). Moreover, seepage supports
lush and complex ecosystems based on chemosynthesis that include microbial mats, symbiont-hosted
bivalves and tubeworms, filter-feeding shrimp, grazing crabs, and a consortium of archaea and sulfate-
reducing bacteria performing the anaerobic oxidation of methane (AOM; Boetius et al., 2000; Sahling et
al., 2002; van Dover et al., 2003).

Most seeps at continental margins are dominated by the seepage of biogenic and thermogenic
methane, often fueled by the destabilization of gas hydrates (Claypool and Kvenvolden, 1983; Suess et al.,
1999; Milkov, 2004). However, an increasing number of hydrocarbon provinces have been discovered
characterized not only by seepage of methane, but by expulsions of higher hydrocarbons including various
higher, low molecular weight hydrocarbons and crude oil (Estes et al., 1985; Kennicutt et al., 1988a;

MacDonald et al., 2000; Kvenvolden and Cooper, 2003; Joye et al., 2004; Korber et al., 2014). Such
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hydrocarbon seeps are ideally suited to study the impact of oil seepage on the diversity, activity, and
distribution of microbial communities, as well as the role of oil seepage and degradation on carbonate
authigenesis (Naehr et al., 2009; Orcutt et al., 2010; Birgel et al., 2011; Schubotz et al., 2011a). The
northern Gulf of Mexico (GoM), in particular has served as a natural laboratory for methane and oil
seepage over the last decades, and has resulted in a large amount of studies on hydrocarbon and gas
seepage, chemosynthetic community structure and diversity, and carbonate formation (Bernard et al.,
1976; Pequegnat and Jeffrey, 1979; Paull et al., 1984, 1985; Brooks et al., 1986; Sassen et al., 1993; Aharon
et al., 1997; Fischer et al., 2007; Feng et al., 2009a; Roberts et al., 2010).

The interest in studying oil seeps in particular stems in part from the idea that the presence of
crude oil at cold seeps may have influenced or even governed the course of macrofaunal evolution of
chemosynthetic organisms through geologic time, as the diversity, distribution and life styles of seep
dwelling macrofauna today is partly controlled by the composition of seepage fluids (Sibuet and Olu,
1998). Vesicomyid and bathymodiolin bivalves occur almost ubiquitously at modern seeps, whereas
solemyids, lucinids and thyasirids do not show such a widespread distribution (Levin, 2005). Moreover,
bathymodiolin bivalves exhibit an epibenthic life style as opposed to the endobenthic thyasirids and
solemyids (Le Pennec et al., 1995). Crude oil may be an important factor in determining the macrofaunal
community structure (cf. Bergquist et al., 2004), whereby certain bivalve species (i.e. epibenthic taxa) and
vestimentiferan tubeworms can cope with larger amounts of oil (e.g. MacDonald et al., 2004). Recent
studies show that the presence of oil even governs the chemosynthetic symbiosis between cold seep-
specific mollusks and their bacterial symbionts (Rubin-Blum et al., 2017). Many of the known Paleozoic
and Mesozoic seeps typified by mass occurrences of rhynchonellide brachiopods may have in fact been oil
seeps (e.g. Peckmann et al., 2001a, 2007, 2011, 2013). Brachiopods, which seem to have vanished from
seep ecosystems in the Early Cretaceous (Campbell and Bottjer, 1995), would have been better adapted to
oil seepage than many of the modern and Cenozoic seep-dwelling mollusks due to their epibenthic life
style.

Natural oil discharge from the seafloor in modern oceans manifests itself as oil slicks on the sea
surface, which can be detected and quantified by airborne remote sensing imaging and from space using
radar satellite imagery (Deutsch and Estes, 1980; MacDonald et al., 1993; De Beukelaer et al., 2003).
Initial close-hand investigations of these phenomena in the southern GoM were conducted in 2003 when

the German research vessel (RV) Sonne — en route from Panama and after testing new equipment on
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well-documented gas hydrates on the continental slopes of Texas and Louisiana — headed for Mexican
waters into the Bay of Campeche and the Yucatan Shelf for the first time (Bohrmann et al., 2004). The
findings of this highly successful cruise were quite spectacular: The Bay of Campeche hosts the unusual
“Chapopote Asphalt Volcano”, characterized by extensive eruptions of liquid heavy hydrocarbons,
widespread asphalt flows, seafloor gas hydrate deposits, as well as complex and surprisingly diverse
macrofaunal communities able to defy this putatively hostile environment (MacDonald et al., 2004;
Sahling et al., 2016; Rubin-Blum et al., 2017). Further investigation of these phenomena continued in the
course of R/V Meteor Cruise 67 in 2006 (Weinrebe et al., 2010), which focused on detailed surveying and
mapping of asphalt flows, seismic studies, as well as biogeochemical studies on heavy hydrocarbons and
authigenic carbonates (Ding et al., 2008, 2010; Naehr et al., 2009; Briining et al., 2010; Schubotz et al.,
2011a,b).

Despite the large scientific and economic interest and intense research conducted on natural oil
and gas seeps on the northern GoM continental slope, the southern part of the GoM including the Bay of
Campeche has still received comparatively little attention. The most recent visit to this remarkable
seafloor site was conducted in 2015 on R/V Meteor Cruise 114, and revealed that oil seepage is more
common and widespread in the southern GoM as previously recognized (Sahling and Bohrmann, 2016).
Apart from the Chapopote Asphalt Volcano, additional seafloor hills and crests actively emitting gas and
liquid oil were discovered, as well as voluminous deposits of gas hydrate, lush chemosynthetic
communities, and authigenic carbonates (Sahling et al., 2016). During this cruise the newly discovered
sites were thoroughly sampled, including carbonate outcrops from the seafloor. This communication
focuses on petrographic and stable isotope characterization of authigenic carbonates sampled from three
new seafloor features. We suggest that the voluminous carbonate deposits testify to persistent microbial
metabolisms involved in the degradation of crude oil and gas, and that these processes must have been
active over long timescales. We apply Raman spectra of oil samples to characterize heavy hydrocarbons
within the carbonates. This well-known approach for organic carbon-rich shales and coals has so far not
been applied to modern or ancient oil-seep carbonates. High-resolution phase-specific data of trace and
rare earth elements (REEs) are presented in order to constrain redox conditions and biogeochemical
processes that influenced carbonate precipitation during seepage of oil. These elemental data in concert

with geochemical batch modeling of sulfate-dependent oxidation of low- and high-molecular weight
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hydrocarbon compounds offer new insights into the mode of carbonate precipitation and its relation to

natural crude oil seepage.

Geologic setting

The Gulf of Mexico is a large sedimentary basin covering an area of around 1.5 million kmz. The
formation of the basin was initially triggered by a phase of crustal extension that began in the late
Triassic. Subsequent ocean spreading and rifting until the middle Jurassic opened the Gulf and massive
layers of evaporites were deposited; collectively known today as the Louann Salt (Buffler and Sawyer,
1985; Pindell, 1985; Salvador, 1987). Thermal subsidence in the early Cretaceous provided
accommodation space for large sedimentary sequences that were deposited over the evaporites (Watkins
and Macrae, 1995). The salt deposits are distributed over the entire northern and southern GoM,
suggesting the presence of a large interior sea with limited connection to the neighboring Pacific Ocean
(Salvador, 1991). The deposition of large volumes of evaporites ceased in the Late Jurassic due to
progressive opening of the Gulf towards the Atlantic Ocean, triggering greater influx and exchange of
marine waters (Magoon et al., 2001). In terms of seepage related settings, the GoM can be classified as a
passive continental margin where seepage of reduced fluids is associated with sediment loading,
differential compaction and salt diapirism. The latter process is especially prominent in the Gulf of
Mexico, where salt deposits are overlain by massive successions of continental margin sediments holding
enormous reservoirs of hydrocarbons (Sassen et al., 1993; Roberts and Aharon, 1994; Roberts, 2001).

The southern GoM comprises two prominent active salt provinces, the Sigsbee Knolls and the
Campeche Knolls. The latter are located on the Campeche Bank, which is composed of a sequence of
carbonate and evaporate deposits that was disconnected from the North American Plate during the mid-
to late Jurassic (Moran-Zenteno, 1984). The Campeche Bank is part of the Yucatan platform that
developed during the mid-Cretaceous (Wilson and Ward, 1993), and has remained tectonically stable over
the past 100 Ma. The platform is characterized by large-scale Cretaceous platform margin and ramp
carbonate deposits overlain by a massive succession of up to 10 km thick Cenozoic hydrocarbon-rich
sediments (Magoon et al., 2001). The Campeche Knolls are a distinct set of positive seafloor features
generated by buoyancy-driven salt tectonics that produce a complex network of fluid pathways enabling

the migration of hydrocarbons to the seafloor (Fig. 1, Watkins et al., 1978; Salvador, 1991; MacDonald et
35



al., 2004). These knolls are particularly known for their expulsions of large amounts of gas and heavy

hydrocarbons, whereby the latter are manifested as solidified asphalt on the seafloor (MacDonald et al.,

2004; Briining et al., 2010).

22°N

21°N

20°N

95"W a W 93w
Fig. 1. Study area in the southern Gulf of Mexico, denoting the Chapopote asphalt volcano and associated

seafloor structures including UNAM Ridge, Mictlan Knoll, and Tsanyao Yang Knoll (Sahling et al., 2016).
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Materials and Methods

Sample collection, organic petrography, and organic geochemistry

Rock samples from seep sites in the southern GoM were collected with R/V Meteor on research
cruise M114 in 2015 (Sahling and Bohrmann, 2016). Several samples were collected from recently
discovered localities UNAM Ridge, Mictlan Knoll, and Tsangyao Yang Knoll (Sahling et al., 2016). All
samples were retrieved with a remotely operated vehicle (ROV) MARUM QUEST 3000 using its Orion
manipulator arm. Thin sections (48 x 28 mm) from all samples were prepared by Lab technicians at the
University of Vienna. For stable carbon and oxygen stable isotope measurements a total of 37 samples
were taken from rock slabs using a hand-held microdrill. The powder samples were reacted with
oversaturated 100% orthophosphoric acid at 70 °C in a Kiel II automated reaction system and measured
with a Delta Plus isotope-ratio mass spectrometer (Thermoscientific trade mark) at the Institute of Earth
Sciences, University of Graz. Reproducibility of replicate analyses for standards (in-house and NBS 19)
and sediment samples was better than 1sigma 0.8%o for 813C, and 0.15%. for 6180. All carbonate isotopic
values are quoted relative to the Vienna PeeDee Belemnite (V-PDB).

A qualitative estimation of the fluorescence properties under blue light irradiation was done using
a Zeiss microscope. Due to the instable character of bitumen impregnations in the investigated
carbonates, bitumen reflectance, fluorescence intensity and spectral distribution could not be obtained.
Hence, RAMAN spectra of 3 bitumen samples were measured instead, using a LABRAM (ISA Jobin Yvon)
instrument equipped with a frequency-doubled Nd—YAG laser (100 mW source). Wavenumber
measurements have an accuracy of 1.62 cm-1 at low Dn (Raman shift around o cm—?) and 1.1 cm~ at high
Dn (around 3000 cm™). Spectral fitting was done with the open source IFORS software (Keno Liinsdorf,
University of Gottingen).

Total organic carbon (TOC) content was determined on 26 subsamples from 5 different rock
samples. Subsamples were carefully ground to fine powder using an agate mortar, after which the powder
was decalcified by slow addition of 0.1% hydrochloric acid (HCI) until all inorganic carbonate was
removed. The remaining material was rinsed with dichloromethane-cleaned water, centrifuged, and dried
at 60°C to obtain the non-carbonate residue powder. This powder was then heated to 500°C at a rate of

10°C/min, and subsequently to 1000°C at 70°C/min. A slower rate of heat increase was applied between 0
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and 500°C to prevent incineration of the organic-rich material. Total carbon (TC) content was determined
by measuring the released CO, during heating. A Synthetic Carbon Leco standard was measured prior to
sample analyses and a standard deviation of 0.06% was calculated. The TOC content of bulk rock samples
was obtained by relating TC content of residue powder to the mass ratio of powder prior to and after

decalcification (cf. Smrzka et al., 2016 supplementary material). All TOC data are shown in Table 1.

Locality Sample TOC after HCL [%] TOC whole rock [%]
UNAM Ridge 19317 7.19 45.8
Mictlan Knoll 19336 8.71 50.6
Mictlan Knoll 19327 8.08 50.4

Tsanyao Yang Knoll 19328-4 0.792 29.4
Tsanyao Yang Knoll 19328-8 2.32 33.1

Table 1. Total organic carbon (TOC) of carbonate samples after treatment with hydrochloric acid, and

TOC contents of whole rock samples.

Stable isotope geochemistry

Carbonate powders for stable isotope measurements were derived from polished rock slabs using
a handheld microdrill at low rotational speed. The powders were reacted with oversaturated 100%
orthophosphoric acid at 70 °C in a Kiel IT automated reaction system ,and measured with a Delta Plus
isotope-ratio mass spectrometer (Thermoscientific trade mark) at the Institute of Earth Sciences,
University of Graz. Reproducibility of replicate analyses for standards (in-house and NBS 19) and
sediment samples was better than 1 sigma 0.8%o for §:3C and 0.15%o. for §:80. All carbonate isotopic

values are quoted relative to VPDB.

Trace and rare earth element geochemistry

In situ analyses of trace element concentrations were carried out by laser-ablation ICP-MS at the
Department of Geosciences, University of Bremen, using a NewWave UP 193 solid-state laser coupled to a
Thermo-Finnigan Element 2 HR-ICP-MS. Samples and standards were ablated with an irradiance of

approximately 1 GW cm2, spot sizes of 35 to 100 um, and a laser pulse rate of 5 Hz. Plasma power was
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1200 W, helium (approximately 0.8 L. min-1) was used as sample gas, and argon (approximately 0.8 L
min-1) was subsequently added as make-up gas. All isotopes were analyzed at low resolution with 5
samples in a 20% mass window and a total dwell time of 25 ms for each isotope. Blanks were measured
for 25 s prior to ablation. NIST610 glass was analyzed for external calibration after every 8 to 12 samples
using the values of Jochum et al. (2011).

For data quantification the Cetac GeoProTM software was used with 43Ca as the internal standard.
Because of high Sr concentrations in many samples of this study, the interference of 86Sr2+ on 43Ca2+ was
corrected for all carbonate analyses using a factor derived from regular analyses of a Sr-rich carbonate
standard (MACS-3). Data quality was assessed by regular analyses of USGS reference materials BCR2G
and BHVO2G (basaltic glasses) along with the samples. External precision and accuracy for these
standards are better than 5% for most elements. For consecutive analyses of NIST614 and NIST616
glasses the precision for most REE is better than 5% at the 1 ppm level, and 14 to 55% at the 0.02 ppm
level. As an additional test for the REE and Y, repeated analyses of the glass standards NIST614 (nominal
1 ug/g) and NIST616 (nominal 0.02 pg/g) yielded a precision of about 1-8% and 1-57% (typically around
20%), respectively. As the detection limits of the REE and Y are not well defined owing to their low
blanks, we tentatively assigned 0.001 pg/g as the detection limit. For some elements (e.g., Sm, Eu, Lu),
such low contents correspond to very few counts per second, which results in relative standard deviations
as high as 50%. All element data are shown in Tables 2 and 3 (except for negative values, which are
marked as zero), but we note that values below approximately 0.02 ppm are close to the detection limits.
For rare earth element patterns, absolute concentrations were normalized to the Post Archean Australian
Shale (PAAS) standard, after Taylor and McLennan (1985). Cerium, Europium, and Praseodymium
anomalies are calculated from shale-normalized concentrations as follows: Ce/Ce* = 3Ce/(2La+Nd),
Eu/Eu* = 3Eu/(2Sm + Tb), and Pr/Pr* = 2Pr/(Ce + Nd). Enrichments in light REEs are calculated as
>LREE/Y REE+Y, whereby > LREE is the sum of concentrations of La to Sm.

Sample preparation and measurement procedures on oil and bitumen were conducted at the
Department for Analytical Chemistry, Montanuniversitat Leoben, Austria. Bitumen samples were
digested in duplicate using a high pressure asher (HPA-S, Anton Paar, Graz, Austria). Subsamples of
approx. 0.4 g were digested in quartz vessels during two hours at a temperature of 300 °C and a pressure
of approx. 125 bar, using 6 ml concentrated HNO; and 0.5 ml 30 % m/m H.,O.. The digests were filled up

to a volume of 50 ml with ultra-pure water, decanted from undissolved solid residues, and diluted ten-fold
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again prior to measurement. Measurements were performed according to Walkner et al. (2017) using an
Agilent 8800 Triple Quadrupole ICP-MS (Agilent Technologies, Tokyo, Japan), using O, and NH; (10 %
in He) as reaction gasses in order to remove polyatomic interferences affecting some of the
measurements. A total of 40 minor and trace elements were quantified using aqueous multi-element

standard solutions for external calibration. All element data on hydrocarbons are shown in Tables 4 and

5.
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UNAM Ridge

103
85.1
96.2
116
107
135
137
110
96.2

Clear
aragonite

205

303

Gray 212
aragonite 257
236

215

1216
1600
Micrite 1372
1349
1616

Mictlan Knoll

Mg

119

173

145

164

Clear 147
aragonite 130
121

115

141

162

206

192

237

379

Gray 221
aragonite 227
277

331

215

249

1012
358
488
545
493
415

Oil-
smeared
aragonite

3330

1290

Micrite 4830
15744

21200

Tsanyao Yang Knoll

Mg

825

79.8

50.0

40.6

Clear 355
aragonite 329
51.8

487

383

64.7

205

231

200

168

Gray 155
aragonite 136
125

169

137

131

16863
16559
22545
20749

Micrite

Table 2. Phase specific trace element contents of carbonates. All values in ppm.

143
437
137
195
101

3989
5426
4702
4182
5507

3491

0.354
0.216
0.889
0.712

12104
14690
12514
15224

Si
305
194
182
182
152
765
878
308
177

530
1412
641
929
523
576

10716
14695
12978
11436
14347

Si
700
756
76.0
744

9257

317
128
166
165
159
469
181
201
186
151

156
189
242
185
235
257
172
210
184
168

27573
37349
29242
33450

Mn
107
0.684
0.424
0.914
0.428

0.828
0.983
0.518

3.60
8.59
472

351
3.00

465

16.8
7.02

101
123

2.56
0.748
110
190
241
165

2.76
220
266

0.840
0.559
0.131
0.763
0.803
0.680
0.561
0.652
0.553
0.876

176
157
203
178

Fe
79.6
726

89.1
705

76.7
94.9
839

756
712
775
782
78.1

e
76.1

173
95
281
218
275
330
478
181
195
136

2093
245
252
435

776

1981
7500
26533
31176

773
89.1

729
89.7
95.5

733
7.5
805

68.2
75.1
711
76.9
705
832
633
749
65.7
68.4

8069
9440
11899
13953

Ni
0.515
0.132
0.307

125
0.398
0.568

0.917
0.194

126
174
0.833
124
0.871
194

272
4.25

318
3.94

108
4.65
233
65.9
782

116
167
150
163

0.70

0.195
0.298
b.d.l
0.232
0.234
b.d.l
b.d.l
b.d.l
0.057
0.100

196
255
295
288

7728
7559

Sr
9947
11300
9904
11135
10543
10526
12232

12055
10168

9319
10712

9996
10683
10158
10501
10761

11453

6845
7784
7887
7448

41

0.528
0.582

0.826
0.936
0.936
0.864
0.975

0.359
0.258
109
125
172

0.630
0.595
114
1.46

Ba
9.14
977

9.81
103

106
103
102

148
158

173
155
146

253
293
309
278
318

7.16
7.03
6.98
8.25

6.39
7.03
829
6.43
6.49

129

741
7.49
9.23
8.50

432
189
54.4
178
205

8.24
109
7.44
943
104
791
110

8.69
7.64

8.26
911
8.32
821
822
7.63
8.30
9.90
7.54
9.06

50.2
612
558
60.8

U
252
338

258
3.04

324
3.16
268

553
6.52

6.10
5.01
4.96

124
138
135
121
126

571

204
312

245
328

207
299
162

139
226

155
198
242

374

3.94
3.89

3.30
352
4.02
323
299

186
174
190
172

Sb
0.032
0.001
0.049
0.030
0.011
0.027
0.029

0.034
bd.l
0.020
0.015
0.046
b.d.l
b.d.l
0.015
b.d.l
0.043

0.256
0.209
0.331
0.373

0.586
0.618
0.650
0.519
0.570

0117
0.066
0.086
0.059
0.043
0.173
0.041
b.dl
0.128
0117

6.6
65
158
16.4

0.075
0.066
0.054

0.454
0.181

207
270

246
213
2.86
279

Mo/U
0.124
0.210
0.018
0.035
0.133
0.238
0.115
0.048
0.053
0.134

0.034
0.034
0.060
0.085
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UNAM Ridge

Clear
aragonite

Gray
aragonite

Micrite

La

0.002

0.008

0.004

0.003

0.004

0.017

0.012

0.009

0.017

3.14

2.74

271

3.52

1.89

1.66

251

2.39

Ce

0.008

0.006

0.003

0.001

0.003

0.024

0.028

0.009

0.021

3.48

2.73

2.30

4.19

1.79

1.94

2.93

4.43

351

Pr

0.001

0.000

0.002

0.001

0.002

0.002

0.004

0.003

0.003

0.753

0.623

0.562

0.810

0.364

0.414

0.361

0.532

0.469

Nd

0.006

0.003

0.004

0.009

0.014

0.013

0.006

0.003

0.009

3.03

2.44

2.16

3.29

1.53

Sm

0.007

0.005

0.005

0.000

0.000

0.007

0.000

0.000

0.010

0.462

0.486

0.297

0.581

0.291

0.254

0.321

0.413

0.382

Eu

0.008

0.004

0.012

0.001

0.002

0.002

0.008

0.000

0.016

0.091

0.089

0.087

0.131

0.048

0.041

0.069

0.106

0.113

Gd

0.003

0.000

0.002

0.002

0.002

0.003

0.008

0.000

0.007

0.245

0.293

0.234

0.358

0.173

0.155

0.302

0.395

0.371

0.000

0.000

0.001

0.001

0.001

0.001

0.002

0.001

0.002

0.028

0.038

0.024

0.034

0.023

0.026

0.044

0.060

0.054

Dy

0.000
0.002
0.003
0.005
0.003
0.002
0.004
0.002

0.009

0.168
0.233
0.121
0.203
0.111

0.114

0.292
0.422

0.334

0.037

0.033

0.027

0.041

0.034

0.047

0.048

0.039

0.042

0.884

1.071

0.798

1.197

0.764

0.744

1.80

2.84

2.26

0.002
0.000
0.002
0.000
0.001
0.000
0.000
0.000

0.000

0.032
0.037
0.028
0.042
0.019

0.021

0.061

0.090

0.069

43

Er

0.005

0.000

0.001

0.000

0.000

0.003

0.003

0.002

0.003

0.078

0.102

0.061

0.116

0.061

0.054

0.178

0.276

0.203

Tm

0.000

0.001

0.001

0.001

0.000

0.000

0.000

0.001

0.000

0.008

0.012

0.007

0.011

0.008

0.007

0.027

0.041

0.026

0.003

0.007

0.003

0.002

0.000

0.004

0.001

0.001

0.004

0.047

0.078

0.054

0.095

0.041

0.043

0.169

0.281

0.199

Lu

0.000

0.001

0.001

0.001

0.000

0.001

0.000

0.001

0.000

0.005

0.011

0.007

0.013

0.006

0.009

0.023

0.047

0.033

SREE+Y YLREE/SREE+Y

0.081

0.069

0.071

0.070

0.066

0.125

0.122

0.070

0.145

12.4

11.0

9.45

14.6

7.11

7.55

9.6

14.4

12.4

0.218

0.211

0.205

0.906

0.742

0.187

0.497

0.645

113

0.619

0.435

0.000

0.000

0.916

0.479

0.810

Y/Ho
225
n.d.
n.d.
n.d.
59.8
n.d.
n.d.
n.d.

n.d.

27.5
29.3
28.2
28.4
39.2

34.9

29.6
31.6

32.9

Ba/Sm
1346
2154
1895
n.d.
n.d.
1460
n.d.
n.d.

1036

32.0
325
55.5
29.8
53.3

57.4

78.7
70.9

81.1

Ce/Ce*
1.12
0.493
0.286
0.134
0.210
0.682
1.29
0.604

0.658

0.516
0.478
0.421
0.562
0.469

0.476

0.879
0.887

0.720

Log(Ce/Ce*
0.051

-0.307
-0.544
-0.873
-0.679
-0.166

0.112

-0.219

-0.181

-0.287
-0.321
-0.376
-0.250
-0.328

-0.322

-0.056
-0.052

-0.143

Eu/Eu*
8.97
7.00
11.59
1.52
3.74
1.23
9.50
0.000

7.96

1.25
1.10
1.76
1.43
0.993

0.915

111
1.30

151

Pr/Pr*
0.642
0.223
2.63
1.20
0.779
0.608
1.60
2.90

1.50

1.28
1.33
1.38

1.23

1.19

1.08

1.07

1.03



2.50

Mictlan Knoll

Clear
aragonite

Gray
aragonite

La

0.001

0.001

0.001

0.002

0.002

0.002

0.001

0.003

0.002

0.002

3.55

271

3.25

2.84

3.90

2.97

2.95

4.45

Ce

0.000

0.001

0.001

0.001

0.000

0.000

0.001

0.002

0.001

0.000

4.92

3.76

4.42

417

5.52

4.56

0.391

0.535

Pr

0.001

0.002

0.000

0.001

0.002

0.001

0.000

0.001

0.001

0.001

0.614

0.471

0.574

0.505

0.709

0.572

1.45

212

Nd

0.006

0.006

0.001

0.004

0.001

0.001

0.002

0.006

0.005

0.000

2.28

2.14

1.92

2.44

1.96

0.340

0.451

Sm

0.014

0.000

0.001

0.007

0.000

0.006

0.000

0.009

0.004

0.000

0.423

0.328

0.419

0.343

0.356

0.339

0.094

0.117

Eu

0.002

0.006

0.002

0.002

0.001

0.003

0.003

0.001

0.004

0.001

0.089

0.072

0.097

0.071

0.080

0.077

0.298

0.440

Gd

0.004

0.001

0.007

0.010

0.006

0.005

0.003

0.004

0.004

0.002

0.295

0.231

0.277

0.222

0.268

0.240

0.048

0.061

0.000

0.001

0.001

0.001

0.000

0.001

0.000

0.001

0.001

0.000

0.035

0.028

0.030

0.029

0.030

0.029

0.334

0.443

Dy

0.002
0.001
0.002
0.000
0.004
0.003
0.002
0.001
0.000

0.001

0.172
0.151
0.155
0.141
0.145

0.153

3.15

0.029

0.031

0.035

0.035

0.028

0.032

0.035

0.035

0.033

0.032

0.804

0.756

0.619

0.758

0.600

0.812

0.063

0.100

0.000
0.001
0.000
0.001
0.000
0.002
0.000
0.000
0.000

0.000

0.025
0.027
0.029
0.024
0.022

0.024

44

0.175

0.320

Er

0.001

0.002

0.001

0.001

0.001

0.002

0.000

0.001

0.001

0.002

0.073

0.060

0.052

0.061

0.058

0.066

0.026

0.054

Tm

0.001

0.000

0.001

0.000

0.000

0.000

0.001

0.000

0.002

0.000

0.007

0.008

0.005

0.008

0.008

0.009

0.185

0.370

0.002

0.003

0.000

0.000

0.006

0.001

0.001

0.000

0.001

0.000

0.059

0.047

0.032

0.040

0.030

0.042

0.030

0.059

Lu

0.000

0.000

0.000

0.001

0.000

0.002

0.000

0.001

0.000

0.000

0.008

0.005

0.003

0.007

0.004

0.006

10.1

15.2

SREE+Y
0.062
0.055
0.053
0.066
0.051
0.061
0.049
0.066
0.058

0.043

13.4
10.5
12.1
111
14.2

11.9

0.000

0.000

YLREE/YREE+Y
0.349
0.170
0.098
0.249
0.092
0.166
0.076
0.330
0.203

0.080

0.808
0.929
1.069
0.934
0.748

1.084

30.9

31.6

Y/Ho
n.d.
433
190.6
49.0
65.0
151
107
7.7
n.d.

n.d.

32.12
28.16
21.54
31.98
26.72

33.96

81.8

70.6

Ba/Sm
697
n.d.
7268
1317
n.d.
1577
n.d.
1057
3058

n.d.

16.9
21.4
16.7
241
17.8

18.8

0.831

0.867

Ce/Ce
0.007
0.203
0.539
0.238
0.075
0.012
0.174
0.221
0.105

0.022

0.732
0.719
0.714
0.767
0.754

0.806

-0.081

-0.062

Ce/Ce*
-2.14
-0.693
-0.268
-0.623
-1.12
-1.91
-0.759
-0.655
-0.977

-1.65

-0.135
-0.143
-0.146
-0.115
-0.123

-0.093

1.42

1.35

Eu/Eu*
0.854
154
412
151
5.74
213
14.3
0.650
5.95

5.38

1.25
1.30
1.42
1.22
1.34

1.35

1.02

Pr/Pr*
0.770
1.96
0.045
1.70
11.0
4.02
0.771
1.59
0.772

311

1.08
1.04
1.10
1.05
1.13

1.13



3.17
3.84
2.73

2.85

3.10

3.88
Oil- 3.00
smeared
aragonite  4.05

4.47

3.86

0.372
0.206
Micrite 0.181
0.268

0.337

Tsanyao Yang Knoll

La

0.036

4.39

5.59

3.71

3.99

5.73

6.46

4.82

6.40

6.71

6.16

0.173

0.084

0.088

0.151

0.150

Ce

0.057

0.564

0.645

0.469

0.504

0.817

0.809

0.707

0.907

0.916

0.737

0.072

0.037

0.036

0.053

0.071

Pr

0.006

2.09

2.39

1.85

2.14

3.32

3.59

3.03

3.32

3.60

3.04

0.272

0.167

0.193

0.215

0.308

Nd

0.056

0.395

0.395

0.346

0.336

0.704

0.489

0.439

0.684

0.663

0.718

0.066

0.052

0.027

0.052

0.060

Sm

b.d.l

0.084

0.118

0.078

0.098

0.121

0.127

0.137

0.127

0.126

0.083

0.020

0.007

0.010

0.012

0.013

Eu

0.267

0.300

0.256

0.273

0.440

0.323

0.339

0.353

0.347

0.337

0.061

0.038

0.039

0.047

0.054

Gd

0.023

0.035

0.037

0.028

0.028

0.047

0.025

0.034

0.038

0.046

0.048

0.009

0.003

0.008

0.006

0.005

0.004

0.197
0.176
0.156

0.197

0.266
0.165
0.190
0.169
0.131

0.178

0.047
0.028
0.037
0.050

0.043

Dy

0.030

0.840

0.836

0.623

0.675

1.06

0.676

0.545

0.685

0.745

0.728

0.204

0.140

0.216

0.212

0.222

0.355

0.026
0.031
0.028

0.030

0.041
0.028
0.021
0.089
0.025

0.031

0.013
0.006
0.006
0.009

0.008

0.015
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0.063

0.063

0.050

0.055

0.101

0.042

0.066

0.092

0.085

0.074

0.029

0.013

0.022

0.019

0.030

Er

0.032

0.010

0.012

0.008

0.007

0.017

0.003

0.006

0.009

0.013

0.006

0.002

0.001

0.001

0.004

0.006

Tm

0.002

0.043

0.055

0.032

0.047

0.115

0.066

0.062

0.062

0.070

0.070

0.013

0.016

0.013

0.009

0.036

0.024

0.006

0.008

0.005

0.004

0.013

0.006

0.011

0.013

0.012

0.005

0.002

0.000

0.001

0.002

0.003

Lu

0.009

12.2
145
10.36

11.2

15.9
16.7
13.4
17.0
18.0

16.1

1.36
0.786

0.878

SREE+Y

0.648

0.747
0.678
0.000

0.000

0.860
0.912
0.895
0.904
0.911

0.903

0.704
0.683
0.598
0.668

0.689

SLREE/YREE+Y

0.269

32.38
26.83
22.00

22.26

26.2
23.9
25.8
7.7

29.3

23.2

153
22.7
333
24.4

26.9

Y/Ho

23.6

17.8
21.0
18.6

19.3

18.4
17.7
16.9
10.9
13.9

11.8

136
196
366
191

163

Ba/Sm

n.d.

0.727
0.776
0.708

0.708

0.830
0.789
0.738
0.778
0.743

0.796

0.237
0.200
0.22
0.28

0.212

Ce/Ce

0.603

-0.138
-0.110
-0.150

-0.150

-0.08
-0.10
-0.13
-0.11
-0.13

-0.10

-0.62
-0.70
-0.66
-0.55

-0.67

Ce/Ce*

-0.219

1.24
1.72
1.34

1.73

1.07
1.69
1.87
119
1.17

0.715

1.572
-0.792
1.301
1.251

1.260

Eu/Eu*

2.52

1.09
1.04
1.05

1.01

1.09
0.980
1.07
1.15
1.09

0.999

1.59
1.38
1.20
1.47

1.47

Pr/Pr*

0.540



Clear
aragonite

Gray
aragonite

0.123

0.063

0.014

0.023

0.050

0.020

0.035

0.021

0.084

3.64

4.28

4.69

4.44

4.12

4.94

212

2.81

1.89

0.105

0.056

0.017

0.037

0.041

0.021

0.027

0.019

0.118

6.23

731

8.01

7.99

7.27

8.18

3.58

4.75

2.97

2.80

0.017

0.007

0.002

0.003

0.008

0.007

0.011

0.679

0.790

0.793

0.691

0.694

0.818

0.372

0.514

0.334

0.290

0.093

0.049

0.011

0.016

0.058

0.015

0.023

0.020

0.095

2.290

2.670

2.567

2.427

2.433

2.643

1.481

1.608

1.321

1.003

0.030

b.d.l

0.004

0.011

b.d.l

0.005

0.032

b.d.l

0.010

0.328

0.375

0.296

0.305

0.252

0.305

0.151

0.246

0.137

0.141

0.016

0.003

0.002

0.006

0.049

0.049

0.042

0.023

0.046

0.043

0.035

0.042

0.026

0.015

0.052

0.005

0.002

0.008

0.017

0.015

0.003

0.005

0.048

0.112

0.155

0.106

0.134

0.127

0.176

0.080

0.106

0.079

0.053

0.004

0.001

0.001

b.d.l

0.001

0.001

0.001

b.d.l

0.004

0.020

0.012

0.013

0.015

0.022

0.017

0.009

0.007

0.011

0.009

0.060

0.005

0.011

0.017

0.013

0.005

0.004

0.020

0.083

0.078

0.065

0.051

0.101

0.042

0.028

0.043

0.022

0.066

0.430

0.100

0.066

0.107

0.157

0.166

0.069

0.080

0.208

0.302

0.292

0.255

0.267

0.320

0.256

0.199

0.238

0.192

0.173

0.019
0.001
b.d.l
b.d.l
0.005
0.003
0.004
b.d.l

0.008

0.010
0.013
0.008
0.010
0.009
0.008
0.006
0.013
0.007

0.005
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0.034

0.013

0.001

0.005

0.013

0.007

0.001

0.010

0.017

0.021

0.018

0.025

0.022

0.030

0.018

0.012

0.022

0.010

0.015

0.004

0.002

0.002

0.003

0.004

0.005

0.005

0.003

0.002

0.001

0.003

0.038

b.d.l

0.002

0.006

0.006

0.004

b.d.l

0.003

0.013

0.021

0.021

0.026

0.018

0.009

0.010

0.012

0.023

0.012

0.004

0.005

0.001

b.d.l

0.002

b.d.l

b.d.l

b.d.l

0.001

b.d.l

0.001

0.002

0.001

0.001

0.003

0.003

0.001

0.002

b.d.l

b.d.l

1.031

0.301

0.124

0.231

0.368

0.279

0.207

0.166

0.642

13.8

16.1

16.9

16.4

15.4

175

8.09

10.4

7.01

6.20

0.046

0.299

1.194

0.300

0.336

0.212

1.532

0.000

0.495

119

0.987

0.874

1.03

0.500

0.568

0.822

0.562

23.2

69.8

n.d.

n.d.

32.6

52.3

18.2

n.d.

25.0

29.0

23.2

33.9

25.6

375

30.7

33.6

18.6

27.9

33.9

357.3

n.d.

2334

942.1

n.d.

2174

272.1

n.d.

739

25.2

24.3

28.1

26.9

32.7

25.0

55.1

40.2

55.2

64.3

0.432

0.445

0.629

0.831

0.357

0.511

0.398

0.419

0.617

0.910

0.910

0.940

0.991

0.953

0.916

0.872

0.921

0.810

0.923

-0.364

-0.352

-0.201

-0.081

-0.448

-0.292

-0.400

-0.378

-0.210

-0.041

-0.041

-0.027

-0.004

-0.021

-0.038

-0.059

-0.036

-0.092

-0.035

2.73

2.18

1.49

6.63

0.726

0.506

6.43

1.97

0.944

0.909

0.937

0.489

1.07

0.915

1.48

1.18

112

0.683

0.972

0.715

0.678

0.682

0.428

2.38

1.48

0.608

0.590

1.05

1.05

1.02

0.911

0.963

1.02

0.950

1.09

0.991

1.01



Micrite

5.70

4.40

411

4.66

14.0

10.5

10.1

10.4

1.37

112

1.35

1.10

4.99

3.85

3.58

3.77

1.25

0.817

0.912

0.897

0.27

0.209

0.204

0.215

112

144

0.890

1.02

0.210

0.137

0.149

0.166

1.19

0.886

0.909

1.04

7.14

6.04

7.47

8.02

0.244

0.168

0.200

0.245

0.728

0.540

0.734

0.780

0.092

0.082

0.101

0.124

0.646

0.535

0.618

0.732

0.083

0.081

0.090

0.100

38.990

30.756

31.445

33.240

0.515

0.676

0.000

0.626

29.2

36.0

37.5

32.7

40.2

74.9

61.2

67.8

1.18

1.15

1.19

1.10

Table 3. Phase specific rare earth element contents of carbonates. All values in ppm. Ce/Ce* = Cerium anomalies, Eu/Eu* = Europium anomalies, Pr/Pr* =
Prasaeodymium anomalies.

Locality
UNAM
Ridge

Mictlan
Knoll

Table 4. Elemental composition of hydrocarbon samples UNAM Ridge and Mictlan Knoll carbonates. All values in ppm except *, which are in g/100g.

Locality
UNAM
Ridge

Mictlan
Knoll

Sample
19317
19317
19336
19327

Sample

19317
19317
19336
19327

Al*
3.11
1.93
1.34
0.410

La
9.74
5.22
2.08
1.45

P
68.4
50.3
78.1

129

Ce
17.2
10.3
3.57
2.50

g*

0.897
2.24
2.10

0.922

Pr
1.947
1.20
0.42
0.306

K*
0.515
0.522
0.347
0.106

Nd
6.785
4.224
1.509
1.130

Ti
206
144

89.9
108

Sm
1.10
0.688
0.256
0.201

A% Cr
202 74.0
244 520
401 584
85.7 225

Eu
0.201
0.127
0.052
0.042

Gd
0.792
0.499
0.191
0.164

Mn
154
92.5
28.3
19.0

Fe*

1.93

1.34
0.743
0.277

Co
7.16
4.92
1.80
111

Ni
445
47.5
77.6
21.4

Cu
35.7
34.6
15.8
14.9

Tb Dy Y Ho Er
0.12 0.722 4.06 0.158 0.454
0.076 0.461 2.66 0.102 0.295
0.029 0.172 1.00 0.038 0.111
0.025 0.154 1.08 0.036 0.106

Zn
101
81.9
41.2
224

As
45.6
23.7
2.20
2.05

Se
0.861
1.63
0.812
0.959

Rb
84.0
40.9
20.2
7.89

Sr*
0.015
0.013
0.159
0.329

Tm Yb Lu YREEs+Y
0.07 0.433 0.063 43.9
0.044 0.283 0.042 26.2
0.017 0.112 0.017 9.58
0.016 0.106 0.017 7.33

Ag
0.038
0.121
0.104
0.295

Y/Ho
25.754
26.021
25.975
29.944

Cd
0.100
0.161
0.034
0.326

Ba
51.2
411
345
18.7

Re
0.042
0.092
0.029
0.037

Pb
2.90
2.00
1.92

0.609

YLREE/YREE (Pr/Yb)gy

Table 5. Rare earth element contents of hydrocarbon samples from UNAM Ridge and Mictlan Knoll carbonates. All values in ppm.
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0.839
0.825
0.819
0.762

1.53
1.44
1.29
0.98

Mo
5.38
5.43
2.34
7.36

Ce/Ce*
0.890
0.953
0.854
0.838

0.072

0.059

0.076

0.041

U
3.30
3.60
3.67
10.8

Mo/U
1.63
1.51
0.637
0.680

log/Ce/Ce*

-0.050

-0.021
-0.068
-0.077

1.05 0.965
1.23 1.03
1.09 131
111 1.03
V/Ni V/(V+Ni)
4.54 0.820
5.13 0.837
5.17 0.838
4.00 0.800
Eu/Eu* Pr/Pr*
0.992 1.11
1.01 1.12
1.10 1.13
1.09 1.12



Geochemical modeling

The PHREEQC software code (Parkhurst and Appelo, 1999) was used to simulate sulfate-
dependent oxidation of a variety of organic compounds, and resulting calcium carbonate precipitation. A
simple batch reaction experiment was set up with an input solution of seawater chemistry according to
Nordstrom et al. (1979). A starting amount of calcite was added to the sediments of 0.7 moles. Over the
course of 1 year various hydrocarbon compounds are added to the batch and reduced with sulfate
according to rates and stoichiometry determined from environmental and culture studies of sulfate-
reducing bacteria. Oxidation rates of hydrocarbon compounds were recalculated from literature values
and are shown in Table 6. Hydrocarbon compounds were added to the batch at given rates, where they
equilibrate stepwise with the initial solution producing bicarbonate and hydrogen sulfide while
concomitantly reducing sulfate. The phreeqc.dat database file was used for all calculations. Kinetic calcite
dissolution and precipitation was enabled by using parameters and rate equations determined by
Plummer et al. (1978) as implemented in PHREEQCs phreeqc.dat database file. All solution speciation
calculations were conducted at pressures of 300 bars, equivalent of an approximate water depth of 3000
m, (the water depth at which carbonates were sampled cf. Sahling et al., 2016). Formation of gas phases
CH,, CO,, H,S, N,, H,O, and H, was allowed at 300 bars pressure. To assess the influence of varying
hydrocarbon oxidation rates with sulfate, all models were run over 1 year with constant increase of
oxidation rates (Table 7). An additional set of model runs was conducted where all hydrocarbons are
oxidized at the rate of AOM (4.09*10-9 moles/L/s) to assess the influence of the oxidation of different
hydrocarbons at equal rates on saturation state and precipitation of calcite, as well as on gas production

(Table 8).
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Oxidation Rate

with sulfate  [moles/L/s] ACalcite [g] ASI Calcite SI Calcite Effect on CaCO3 pH
Methane? 4.09-9 0.645 0.393 147 Precipitation 741
Propane” 6.50E-10 0.567 0.423 0.687 Precipitation 7.01
Butane” 6.50E-10 0.541 0.398 0.611 Precipitation 6.96
n-dodecane® 8.44E-09 -2.16 -0.119 -1.27 Dissolution 5.34
Benzene! 7.72e-8 -0.916 -0.831 -0.583 Dissolution 6.01
Toluene® 1.41e-9 -348 -0.526 -1.34 Dissolution 5.39
Xylene! 2.50E-08 -3.00 -0.881 -1.14 Dissolution 5.58
Phenanthrene e
e 3.21E-11 0.213 0.543 0.483 Precipitation 7.16
Hexadecane® 3.91E-11 -0.051 0.321 -0.115 Precipitation 7.03
Naphthalene! 3.85E-11 -0.054 0.251 -0.136 Precipitation 7.08

Table 6. Results from geochemical batch modeling after a run time of 1 year. Hydrocarbon oxidation
rates derived from @Wallmann et al. (2006), PKniemeyer et al. (2007), Kropp et al. (2000), dMusat and
Widdel (2008), ¢Beller et al. (1992), fHarms et al. (1999), sCoates et al. (1996), 'So and Young (1999),
iCoates et al. (1997). “ACalcite” denotes the net calcite precipitation in grams, “ASI Calcite” the change in

calcite saturation index over 1 year of simulation, “SI calcite” and pH are given after 1 year of simulation.
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Oxidation Rate

with sulfate increase ACalcite [g] ASI Calcite SI Calcite Effect on CaCO3 pH
Methane 6x 0.722 0.644 1.49 Precipitation 7.45
Propane 6x -0.245 -0.408 -0.262 Dissolution 6.25
Butane 6x -0.413 -0.447 -0.356 Dissolution 6.18
n-dodecane 2x -1.13 -0.035 -0.631 Dissolution 5.33
Benzene 6X -3.37 -1.24 -1.24 Dissolution 5.51
Toluene 3x -3.44 -112 -1.20 Dissolution 5.36
Xylene 6x -3.24 -1.29 -1.15 Dissolution 5.47
Phenanthrene 24x -0.890 -0.556 -0.571 Dissolution 6.02
Hexadecane 36x -181 -0.445 -0.891 Dissolution 5.78
Naphthalene 48x -1.97 -0.529 -0.932 Dissolution 5.75

Table 7. Results from geochemical batch modeling after 1 year. Rates were increased stepwise from

initial rates shown in Table 6.

Oxidation Rate

with sulfate  [moles/L/s] ACalcite [g]  ASI Calcite SI Calcite Effect on CaCO3 pH
Methane 0.645 0.393 147 Precipitation 741
Propane 0.695 -1.14 -0.282 Dissolution 6.24
Butane -0.865 -1.27 -0.486 Dissolution 6.09
n-dodecane -2.362 -1.28 -1.00 Dissolution 5.70
Benzene -2.505 -1.25 -1.03 Dissolution 5.67
4.09%-9
Toluene -2.625 -1.22 -1.06 Dissolution 5.65
Xylene -2.417 -1.15 -0.988 Dissolution 5.70
Phenanthrene -2.731 -1.05 -1.07 Dissolution 5.64
Hexadecane -3.648 -1.03 -1.29 Dissolution 5.47
Naphthalene -3.212 -1.15 -1.20 Dissolution 5.54

Table 8. Results from geochemical batch modeling after 1 year using rates of methane oxidation from

table 6 for all hydrocarbon compounds.
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Results

Authigenic carbonate from UNAM Ridge, Mictlan Knoll, and Tsanyao Yang Knoll

The carbonate sample from UNAM Ridge (GeoB 19317) was collected at a water depth of 1287 m.
Seafloor outcrops at UNAM Ridge are several meters across and rise up to 2 meters into the water column
(Fig. 2A). Closer investigation with the ROV revealed a chaotic rock fabric with an apparently high
porosity, suggesting low cohesion of the material. Numerous shell fragments are attached to and
cemented by authigenic carbonate. UNAM Ridge carbonates are characterized by a heterogeneous
mixture of rock fragments, mud clasts and small, dispersed asphalt pieces intermingled with the
carbonaceous matrix (Fig. 2C, D). The rocks are penetrated by small, tubular holes several centimeters
deep (Fig. 2B, D). These holes stem from tubeworms using carbonates as substrate for growth while
accessing sulfide from the zone of sulfate reduction. This notion is supported by the direct ROV
observation of tubeworms dwelling directly within the carbonate (Fig. 2B). Macroscopically, the
carbonates can be classified as carbonate breccias, and appear to have cemented a heterogeneous mixture
of background sediment and shell fragments during precipitation. The samples show a black, dark
brownish to reddish staining (Fig. 2C), which may be due to the oxidation of reduced iron and manganese

to Fe— and Mn—(oxy)hydroxide minerals on the surface of the rock upon exposure to oxic seawater.
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Fig. 2. UNAM Ridge. (A) Large carbonate outcrop on the seafloor, (B) close-up image of the outcrop in

(A) showing porous and heterogeneous fabric and tubeworms nesting with small holes and cavities, (C)
sample GeoB 19317 featuring heterogeneous fabric of the carbonate breccia, pencil for scale. (D) arrow

highlights asphalt pieces interspersed with carbonate of sample GeoB 19317.

Two separate sites were sampled for authigenic carbonates at Mictlan Knoll. The first site was a
conspicuous, small circular structure of asphalt embedded the seafloor (Fig. 3A). Within the circular
asphalt rim a further rim of whitish authigenic carbonate was clearly visible. A dense cluster of
bathymodiolin bivalves and tubeworms nested in the center of this tubular structure, whereas the asphalt
surrounding the tube was colonized by sponges and galatheid crabs (Fig. 3A). Carbonate and asphalt are
likely connected to larger pieces buried in the sediments. The first sample (GeoB 19327) measures 10-12
cm in length with a matrix of fine, white authigenic carbonate that is pervaded by finely disperse asphalt
veins, larger drops and smaller specks (Fig. 3B). Parts of the sample are smeared by liquid oil and asphalt

that exhibit a strong smell of heavy petroleum. Thin, entangled tubeworm roots occur within the sample
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that are entwined within the carbonate matrix and penetrate the rock in numerous places. The second
sample collected from Mictlan Knoll (GeoB 19336) was taken from a distinct positive seafloor features
named Hydrate Hill (Sahling et al., 2016). Large and extensive carbonates crop out on all sides of the hill,
forming multiple layers of meter-scale pavements stacked atop each other (Fig. 3C). Below the
outcropping carbonates there are numerous smaller carbonate slabs and crusts scattered about the entire
feature. The collected sample measures around 40 x 30 cm in length and breadth (Fig. 3D). Small chunks
and dispersely distributed veins of asphalt pervade the rock. As recognized in previous samples, this piece
also features numerous small, tubular holes and indentations. Samples from Mictlan Knoll are much

denser and more compact than samples from UNAM Ridge, and are therefore carbonate breccias.
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Fig. 3. Mictlan Knoll. (A) small bathymodiolus mussel nest with sponges, tubeworms, and galatheid
crabs within an asphalt field of active oil and gas seepage, white arrow denotes circular carbonate
precipitate GeoB 19327 shown in (B). Mussels are ~20 cm in length for scale (B) Sample GeoB 19327
retrieved from carbonate precipitates shown in (A). Pure, whitish carbonate is interspersed and smeared
with fresh, liquid heavy oil, as well as roots of juvenile tubeworms, pencil for scale. (C) Extensive
authigenic carbonate pavements at Hydrate Hill among lush fields of tubeworms. Tubeworms are ~
120cm long for scale. (D) Sample GeoB 19336 collected from site depicted in (C) featuring denser and

more compact precipitate littered with small asphalt specks, pencil for scale.
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Tsanyao Yang Knoll was the second new Knoll sampled for authigenic carbonates. It is the
deepest knoll explored so far in the southern GoM, located in a depth of almost 3400 m (Sahling et al.,
2016). Three separate sites were selected for carbonate sampling. The first sample collected (GeoB 19348-
4) is located directly at the base of a massive gas hydrate block colonized by bathymodiolin mussels (Fig.
4A). Isolated carbonate fragments collected using the ROV net turned out to be cm-scaled pieces of nearly
pure, clear whitish aragonite (Fig. 4B). The small pieces from the net all exhibit a whitish to light gray
color and feature very small, mm-sized holes and cavities. The second net sample (GeoB 19348-8) that
contained pieces of carbonate was sampled directly atop a tall gas hydrate pillar; around 3 to 4 meters
above the seafloor directly next to a vent vigorously emitting large quantities of methane gas (Fig. 4C,
Sahling et al., 2016). This sample comprises juvenile tubeworms and mussels directly associated with
freshly precipitated carbonate fragments (Fig. 4D). It was possible to reconstruct the orientation of the
carbonate pieces, as thin films of bacterial mats were observed on one side of the piece, whereas fine, thin

tubeworm roots and juvenile bathymodiolin mussels were attached to the top side of the sample (Fig. 4D).
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Fig. 4. Tsanyao Yang Knoll. (A) Large piece of gas hydrate among carbonate rubble and bathymodiolus
mussels, yellow rectangle denotes sampled area, rectangle is ~20 ¢m in width. (B) Whitish-gray carbonate
piece from net sample GeoB 19348-4 collected from yellow rectangle in (A), pencil for scale. (C) Sample
location GeoB 19348-8 located atop a large gas hydrate pillar hosting a dense aggregate of tubeworms
clusters, bathymodiolus mussels, and authigenic carbonate, yellow rectangle denoted location of net
sample GeoB 19348-8, rectangle is ~1 m in width. (D) Carbonate sample GeoB 19348-8 collected from
yellow rectangle in (C) where original orientation could be reconstructed. Top part of the sample features

juvenile mussels and tubeworm roots, bottom part covered by bacterial mats.
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Thin section petrography

Micrite (i.e. microcrystalline calcite) and two forms of clear aragonite are the main mineral
phases in all samples. Micrite occurs either as fairly homogeneous matrix micrite, or as clotted and
peloidal micrite. Aragonite occurs in two varieties, as clear aragonite and gray aragonite. UNAM Ridge
exhibits the highest amounts of matrix micrite in relation to total volume and contains abundant
nannofossils, primarily planktonic foraminifera that have been subsequently filled by liquid oil (Fig. 54,
B). Clear and gray aragonite is present only in minor amounts, where it is present as rims on the inner
fringes of larger cavities (Fig. 5A, B). In places, larger and smaller clasts made up of well-cemented
microcrystalline carbonate are held together by clear aragonite. Almost all cavities are filled with liquid
oil, which migrated into the rock at a later stage (Fig. 5). Clotted or peloidal micrite is absent from the

UNAM Ridge sample.
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Fig. 5. UNAM Ridge, m = matrix micrite, ca = clear aragonite. (A) thin section scan of sample GeoB 19317
dominated by matrix micrite and large cavities filled by oil. Several cracks filled by clear aragonite. (B)
Planktonic formainifera shells filled with oil within matrix micrite. (C) Paragenetic phase sequence of

matrix micrite, clear aragonite, and liquid oil.
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The two samples from Mictlan Knoll (GeoB 19327 and GeoB 19336) are similar in terms of their
mineral paragenesis. Both samples contain matrix micrite, yet in much lower amounts as UNAM Ridge
(Fig. 6A, D). GeoB 19336 additionally features abundant peloidal micrite, which is absent in GeoB 19327.
Both samples from Mictlan Knoll additionally exhibit gray, diffuse aragonite, which dominates sample
GeoB 19327 (Fig. 6B, C, F). This mineral phase is similar to clear aragonite in its appearance, except that
botryoids are not as large and as clearly developed. What is most distinguishable is that gray aragonite is
covered by gray, diffuse seams and smears, which makes identifying the crystal habit difficult. This seam
is distributed unevenly over the aragonite covering it completely in some instances, whereas leaving other
areas translucent. In sample GeoB 19327 this grayish aragonite is the volumetrically dominant phase. The
macroscopic texture can be described as a matrix of gray aragonite surrounding sporadic occurrences of
matrix micrite and clear aragonite. Clear aragonite forms well defined botryoids measuring several
hundreds of microns in length that either exists in isolation as rims. This sample contains significant
amounts of oil that — as in the UNAM Ridge sample — fills larger cavities where it is preceded by clear or
gray aragonite (Fig. 6C). In places the oil covers clear and gray aragonite. Sample GeoB 19336 from
Mictlan Knoll is completely devoid of liquid oil. It exhibits large amounts of solid bitumen, which is
opaque under the microscope and makes up a quarter of the entire volume in certain thin sections (Fig.
6D). This bitumen is pervaded by fractures possibly derived from post depositional brittle deformation.
Furthermore, sample GeoB 19336 is the only one that features bitumen out of all collected rock samples.
Micrite is difficult to distinguish from diffuse gray aragonite, and is devoid of any fossils in both Mictlan
Knoll samples (Fig. 6E). The other two main phases are clear and gray aragonite, whereby the former
shows similar appearance as in sample GeoB 19327 (Fig. 6E, F). Gray aragonite in sample GeoB 19336

occurs as diffuse but recognizable bands (Fig. 6F).
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Fig. 6. Mictlan Knoll, m = matrix micrite, ca = clear aragonite, ga = gray aragonite, b = bitumen, A-C =
sample GeoB 19327, D-F = sample GeoB 19336. (A) Thin section scan featuring large portions of gray
aragonite and matrix micrite. Small cavities are rimmed by clear aragonite, whereas larger ones are filled
by liquid oil. (B) Cavitiy completely filled by clear aragonite surrounded by small botryoids of gray
aragonite interspersed with liquid oil. (C) Paragenetic phase sequence of gray aragonite, clear aragonite,
and liquid oil. (D) Thin section scan showing large solid pieces of opaque bitumen. Cavities are lined with
clear aragonite surrounded by matrix micrite. (E) Larger crack filled by clear aragonite surrounded by

matrix micrite. (F) Close-up view of gray aragonite and matrix micrite.
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Samples from Tsanyao Yang Knoll differ in several respects. They are devoid of liquid oil and
bitumen. Sample GeoB 19348-4 is dominated by peloidal micrite and clear aragonite, which together
make up the entire rock volume (Fig. 7A). Peloidal micrite forms diffuse clots of various sizes from which
clear aragonite radiates into cavities between the micrite (Fig. 7B). Clear aragonite is present as elongated
fibrous crystals forming botryoids (Fig. 7B, C). This sample is the only one featuring neither matrix
micrite nor clear aragonite. Sample GeoB 19348-8 does not feature peloidal micrite. Instead, it is
dominated by matrix micrite that is pervaded by cracks and cavities (Fig. 7D, E), most of which are filled
by clear and/or gray aragonite cement (Fig. 7D-F). Numerous long cracks that pervade the entire thin
section suggest that it has been ruptured and fractured after cementation. Gray aragonite, in contrast to
all other samples, fills cavities and secondary cracks completely (Fig. 7E), and also occurs together with
clear aragonite in close proximity (Fig. 7F). In contrast to GeoB 19317 from UNAM Ridge, samples from
Mictlan and Tsanyao Yang Knolls are almost devoid for macro or microfossils such as shell fragments or

foraminifera.
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Fig. 7. Tsanyao Yang Knoll. Pm = peloidal micrite, ca = clear aragonite, ga = gray aragonite, m = matrix
micrite, A-C = sample GeoB 19348-4, D-F = sample GeoB 19348-8. (A) Thin section scan dominated by
peloidal micrite and clear aragonite. (B) Magnified view of clear aragonite radiating into cavities from
micritic peloids. (C) Fibrous texture of clear aragonite. (D) Thin section scan showing large portions of
matrix micrite penetrated by numerous cracks filled by secondary clear and gray aragonite. (E) Close-up
view of a crack filled by diffuse gray aragonite surrounded by matrix micrite. (F) Cavity filled by both clear

and gray aragonite.
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Organic petrography and geochemistry

Sample GeoB 19317 contains large bitumen stains which host brownish carbonate crystals.
Bitumen partly shows a network-like texture under white light irradiation, which might be caused by
degassing. Both aggregates with a weak brownish coloration and completely dark fragments occur, with
the dark population dominating. A very light greenish fluorescence was observed under blue light
irradiation, which seems very uncommon following the general classification scheme of solid bitumen.
Both larger bitumen aggregates and smaller, isolated particles in sample GeoB 19336 do not show
fluorescence under blue light irradiation. Larger bitumen aggregates partly contain irregularly distributed
carbonate needles, and show a network-like internal structure, similar to sample GeoB 19317. Sample
GeoB 19348-8 contains bitumen streaks with a brownish coloration. These elongated streaks show a weak
brownish fluorescence. Isolated, smaller bitumen particles mostly show no fluorescence under blue light
irradiation.

Due to the unstable character of the bitumen impregnations, bitumen reflectance, as well as
fluorescence spectra, could not be determined. However, Raman spectra could be obtained for all three
samples in order to reveal possible differences in the maturity or geochemical character of the original oil
prior to degradation. All three samples show a high grade of disarrangement of the organic bonds,
indicated by broad G and D bands at 1350 cm™ and 1600 cm™, respectively (Fig. 8). Furthermore, the
samples show a strong fluorescence background in RAMAN, although this is also related to the relatively
high energy of the used laser (532 nm wavelength). In general, spectra of samples from all three locations

show similar patterns and peak positions.
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Fig. 8. Raman spectra of hydrocarbons from within carbonates from UNAM Ridge, Mictlan Knoll, and
Tsanyao Yang Knoll. Right panel shows three spectra from organic geologic materials gilsonite,

grahamite, and pyrobitumen, after Liu et al. (2013).

Total organic carbon of whole rock samples yielded highest average values of 8.71 and 8.08 %
TOC for Mictlan Knoll samples GeoB 19336 and GeoB 19327, respectively. UNAM Ridge carbonate
samples yielded TOC values of 7.19%, and Tsanyao Yang Knoll samples GeoB 19328-4 and GeoB 19328-8
yielded TOC contents of 0.792 and 2.32, respectively. Pure oil samples yielded TOC contents between 33.1

and 50.6%. All results are shown in Table 1.
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Stable isotopes and total organic carbon

Phase-specific §13C values of most samples are homogeneous and cluster within —30 and —20%o,
whereby 8180 values range between +3 and +5%.. 613C values of clear aragonite and micrite of UNAM
Ridge samples are similar, and lie below —25%.. §13C values of Mictlan knoll micrites are systematically
lower than corresponding clear aragonite, a pattern that is observed for sample GeoB 19348-4 from
Tsanyao Yang knoll. In contrast, clear aragonite from Tsanyao Yang sample GeoB 19348-8 is not only
more strongly 3C-depleted than corresponding micrite, but also yielded the most negative §:3C values of
all measured samples with a mean value of —31.3%.. 6180 values of these aragonites also the most
positive, which yielded mean values of +4.7%o.. All values are shown in a cross plot in Figure 9.

Authigenic carbonates from the Campeche Knolls yield varying amounts of bulk TOC. Both
samples from Mictlan Knoll yielded the highest TOC values on average, amounting to 8.7 and 8.1% for
sample GeoB 19336 and GeoB 19327, respectively. Samples from Tsanyao Yang Knoll show rather
different TOC values. Sample GeoB 19348-4 yielded the lowest TOC values of 0.8%, whereas sample GeoB
19348-8 showed higher values of 2.3 %, still much lower than samples from Mictlan Knoll. Total organic
carbon from the UNAM Ridge sample averaged at 7.2%. Samples from Tsanyao Yang Knoll show the
lowest non-carbonate fraction of 3.3 and 8.6% for samples GeoB 19348-4 and GeoB 19348-8, respectively,

whereas this fraction is higher in UNAM Ridge and Mictlan Knoll samples.

65



4 3 2 1
unaM_| ®19317, ca
Ridge | 419317, m
["A19327, m
Mictlan
Knoll ] @®19336, ca
| A19336, m
" ®19348-4, ca
Tsanyao | A19348-4, m
Yang —
Knoll ©19348-8, ca
| A19348-8, m
A
A ‘.‘
’—\‘AA Ad
A
0 &
A
.Q‘.A
@]

Fig. 9. Stable carbon and oxygen isotope cross plot, ca = clear aragonite, m = microcrystalline calcite.
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Trace and rare earth elements

Authigenic carbonates

Clear aragonites from UNAM Ridge and Mictlan Knoll carbonates generally show similar
contents of trace and REEs, yet with some minor differences. UNAM ridge has roughly twice as much
total REE content as Mictlan Knoll, as well as higher concentrations of Al and Si. Yttrium/Holmium ratios
and Pr/Pr* ratios of Mictlan Knoll clear aragonite are significantly higher than in UNAM Ridge clear
aragonites. All clear aragonites show enrichments in heavy rare earth elements (HREEs) compared to
light rare earth elements (LREEs), with more or less well developed negative Ce anomalies (Figs. 10-12A).
Gray aragonites at both sites show the opposite trend, with a distinct enrichment of LREEs over HREEs
(Figs. 10-12B). Gray aragonites exhibit higher concentrations of almost all trace metals and REEs than
clear aragonite in all samples. Micrite in Mictlan Knoll carbonates has higher concentrations of trace
metals and REEs, as well as higher Mg/Sr ratios than micrite from UNAM Ridge carbonates. While
UNAM Ridge micrite shows rather smooth HREE enriched patters with a slight positive Eu anomaly,
micrite from Mictlan Knoll features flatter PAAS-normalized patterns, with a slight LREE enrichment in
several samples (Figs. 10-12C). Mictlan Knoll features an oil-smeared aragonite phase, which exhibits
significantly elevated concentrations in all trace and rare earth metals compared to clear aragonites.
Similar to gray aragonite, this phase is also characterized by an enrichment of LREEs over HREESs, as well
as a positive La anomaly. Plotting Mo/U vs. Y REE+Y reveals clear differences for clear and gray
aragonites at both sites (Fig. 13A). Gray aragonites exhibit elevated Y REE+Y concentrations, yet Mo/U
ratios vary significantly among the phases and localities. The LREE enrichment is clearly dominant in
gray and oil smeared aragonites compared to clear aragonites from all sites (Fig. 13B). For comparison,
data from the Chapopote asphalt volcano and Makran accretionary prism carbonates (cf. Smrzka et al.,
2016) are shown. Figure 13 allows drawing two distinct lines between oil-derived and methane-derived

aragonite cements, dividing the plot into an oil- and methane-dominated domain, respectively.
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Fig. 10. Results from LA-ICP-MS analyses from UNAM Ridge carbonate. Left panel shows thin sections
with ablation craters in (A) clear aragonite, (B) gray aragonite, and (C) micrite. Right panel shows

corresponding REE patterns normalized to Post Archean Australian Shale (PAAS, Taylor and McLennan,

1985).
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Fig.11. Results from LA-ICP-MS analyses from Mictlan Knoll carbonate. Left panel shows thin sections
with ablation craters in (A) clear aragonite, (B) gray aragonite, and (C) micrite. Right panel shows

corresponding REE patterns normalized to Post Archean Australian Shale (PAAS, Taylor and McLennan,
1985).
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Fig.12. Results from LA-ICP-MS analyses from Tsanyao Yang Knoll carbonate. Left panel shows thin

sections of (A) clear aragonite, (B) gray aragonite, and (C) micrite. Right panel shows corresponding REE

patterns normalized to Post Archean Australian Shale (PAAS, Taylor and McLennan, 1985).
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Plotting the data into a Ce/Ce* vs. Pr/Pr* plot after Bau and Dulski (1996) reveal a large scatter
for clear aragonite data, especially values from UNAM Ridge clear aragonite (Fig. 14). The Ce anomalies in
clear aragonites from Makran and Chapopote, as well as in UNAM Ridge gray aragonites appear to be real
(Fig. 14). However, putative Ce anomalies in gray and oil smeared clear aragonite from Mictlan Knoll are
in fact positive La anomalies. Only those data from Chapopote that exhibit clear negative Ce anomalies
are plotted. Gray aragonites from Tsanyao Yang Knoll exhibit no anomalies (cf. Fig. 12B), which is why
they plot into the center field (I) of the plot (Fig. 14).

Plotting clear and gray aragonite data in a Log(Ce/Ce*) vs. Nd plot after Wright et al. (1987)
reveals that most clear aragonite data, except those for Chapopote, are inhomogeneous. Chapopote clear
aragonite, as well as Mictlan Knoll gray aragonite plot in the oxic section below a log(Ce/Ce*) cutoff value
of —0.1 (Fig. 15A). As mentioned above, only those data from Chapopote are plotted that exhibit clear
negative Ce anomalies. Oil smeared aragonites from Chapopote and Mictlan Knoll plot both below and
above a log(Ce/Ce*) —0.1. Clear and gray aragonites from Tsanyao Yang Knoll plot in the oxic and anoxic
areas of the plot. Microcrystalline calcite from all sites largely plot above the —0.1 value in the anoxic
section of the plot (Fig. 15B). Data of clear and gray aragonite show differing trends when their Ce
anomalies are plotted vs. shale-normalized Pr/Yb ratios (Fig. 15C). Clear aragonites from Mictlan Knoll,
Chapopote, and Makran plot in the seawater-signature area, whereas Ce anomalies are much higher for
gray aragonites that plot closer to, but not categorically in the area determining a positive influence from
shales (after Oliver and Boyet, 2005). Clear aragonite from Tsanyao Yang Knoll plots slightly above the
seawater signature area, whereas gray aragonite plots furthest away from the shale signature area than
any of the other gray aragonites (Fig. 15C). Micrite of all samples exhibits Ce/Ce* values closer to unity,
and plot closer to the shale-signature area (Fig. 15D). All trace and ¥ REE+Y concentration data are shown

in Tables 2 and 3.
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Fig. 13. Trace and REE data from aragonite cements and hydrocarbons, ca = clear aragonite, ga = gray
aragonite. Data from Makran and Chapopote clear aragonites calculated from Smrzka et al. (2016). (A)
Mo/ U ratios vs. Y REE+Y content (modified from Smrzka et al., 2016), (B) LREE enrichment vs. Y REE+Y

content.
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Aragonite cements and oils
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Fig. 14. Cerium and Pr anomalies from aragonite cements and hydrocarbons, ca = clear aragonite, ga =
gray aragonite, I = No anomaly, I1a = positive La anomaly, ITb = Negative La anomaly, IIIa = Positive Ce
anomaly, ITIb = Negative Ce anomaly, after Bau and Dulski (1996). Data from Makran and Chapopote

clear aragonites calculated from Smrzka et al. (2016).
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Aragonite cements and oils
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Fig. 15. (A, B) Cerium anomalies vs. Nd concentrations of aragonite cements, micrites, and hydrocarbons

after Wright et al. (1987), ca = clear aragonite, ga = gray aragonite. Data from Makran and Chapopote

calculated from Smrzka et al. (2016). (C, D) Ce anomalies vs. shale-normalized Pr/Yb ratios of aragonite

cements, micrites, and hydrocarbons after Oliver and Boyet (2005), ca = clear aragonite, ga = gray

aragonite. Data from Makran and Chapopote calculated from Smrzka et al. (2016).
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Hydrocarbons

Four hydrocarbon samples were analyzed for trace and REE content, two from UNAM Ridge, and
two from Mictlan Knoll. Both samples are characterized by high concentrations of Al, K, S, Fe, and Sr,
which are present in amounts of several weight percent (Table 4). Samples from UNAM Ridge feature
higher concentrations of all measured elements except P, V, Sr, Ag, and U compared to samples from
Mictlan Knoll. Molybdenum/Uranium ratios and ¥ REE+Y contents of UNAM Ridge hydrocarbons are
significantly higher than those determined at Mictlan Knoll (Fig. 13A). Vanadium/Nickel ratios are
homogeneous between 4 and 5, as are V/(V+Ni) ratios which are in the range of 0.8 (Table 4, Fig. 16).
Relative enrichments of LREEs over HREEs are significantly higher than in seawater, as well as in most
clear aragonite cements from both sites, and are closer to values determined for gray and oil smeared
aragonites (Table 5). Nonetheless, PAAS-normalized REE patterns are flat, and do not show distinct
anomalies of La, Ce, or Eu (Fig. 17A). Cerium and Praseodymium anomalies plotted into Figure 14A show
that the slightly negative Ce anomalies in all four samples are not real. All hydrocarbon samples plot in
the anoxic area, and in the vicinity of the shale-signature area in Figure 15A and C. Trace and rare earth
metals in oils show that specific elements including Fe, Ba, Co, Zn, and the Y REE+Y correlate with Al

(Fig. 17B).
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Geochemical modeling

Results from batch model calculations using the software code PHREEQC highlight the effect of
hydrocarbon oxidation with sulfate at measured rates from culture and field studies on carbonate
saturation state. Using oxidation rates recalculated from literature values, anaerobic oxidation of
methane, propane, butane, phenanthrene, hexadecane, and naphthalene generally favor calcium
carbonate precipitation to different degrees. Saturation indices of calcite vary between the model runs,
and are generally above zero, favoring precipitation of calcite during oxidation of methane, propane,
butane, and hexadecane over 1 year (Fig. 18A, B). Oxidation of Toluene, n-dodecane, xylene, and benzene
lead to a decrease in calcite SI, as well as to calcite dissolution (Fig. 18A, C) Larger amounts of calcite
precipitate during oxidation of methane, propane, and butane than compared to oxidation of higher
hydrocarbons phenanthrene, hexadecane, and naphthalene (Table 6, Fig. 18B). At 300 bars and using
hydrocarbon oxidation rates from Table 6 no gases are produced in the model runs. However, methane
and carbon dioxide gas reach supersaturation during the oxidation of various compounds (Fig. 19A, B).
While oxidation of heavier hydrocarbons does not lead to gas supersaturation, other compounds trigger

supersaturation of methane and carbon dioxide gases in pore waters.
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Increasing oxidation rates of hydrocarbons over 1 year of simulation yields different results (Table
7). Here, all reactions except AOM favor calcite dissolution (Fig. 20A). Applying AOM rates (4.05%10-9
moles/L/s, Wallmann et al., 2006) to all compounds changes the model outcome. Here, all but the AOM
reaction lead to strong undersaturation and dissolution of calcite (Table 8, Fig. 20B). This modeling setup
also affects gas formation, as at higher oxidation rates methane, carbon dioxide, and hydrogen sulfide gas
is produced over the course of 1 year of simulation (Fig. 21A-C). Hexadecane, n-dodecane, and
phenanthrene produce highest amounts of methane gas, whereby AOM produce almost none (Fig. 21A).
Phenanthrene, hexadecane, naphthalene, and n-dodecane oxidation produce for carbon dioxide gas at
these rates than other hydrocarbon compounds (Fig. 21B), and the most hydrogen sulfide gas is produced
during hexadecane, phenanthrene, and n-dodecane oxidation (Fig. 21C). In contrast, oxidation of low-
molecular weight hydrocarbons including methane, propane, and butane produces very little to almost no

gas using oxidation rates from Table 6 and 300 bar pressure.
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Characterization and origin of hydrocarbons

Constraints on oil maturity

Organic petrography is a well-established and common practice in coal and petroleum geology,
and includes the determination of vitrinite reflectance, fluorescence of organic matter, and thermal and
conodont alteration indices (Hackley and Cardott, 2016). Vitrinite reflectance focuses on the
characterization of macerals — constituents of organic matter such as animal and plant remains in coals
and oil shales (Spackman, 1958; Kruszewska, 1989; Peters and Cassa, 1994) — and can yield information
on the locations and depths at which oils have accumulated in a reservoir (Stach et al., 1982; van
Krevelen, 1993). Bitumen is generated in the process of maturation of deposited organic matter due to the
cracking of chemical bonds in kerogen into liquid oil, or from the chemical conversion of oil to gas
(Suarez-Ruiz et al., 2012). As the carbonate samples from Campeche Knolls do not contain any macerals
of vitrinite, reflectance of solid bitumen was attempted instead. Solid bitumen is a common constituent of
organic carbon-rich rocks that appears as vein and cavity fillings, or as dispersed fine-grained material in
the rock matrix. Solid bitumen reflectance can be calculated using regression equations to determine the
reflectance equivalent from vitrinite reflectance, however this practice has been cautioned due to the
difficulty in distinguishing vitrinite from bitumen, variations in reported vitrinite reflectance and citing
problems of empirical conversion schemes (Schoenherr et al., 2007; Hackley et al., 2013; Petersen et al.,
2013; Zhou et al., 2014). Unfortunately, due to the high instability of the sample material, bitumen
reflectance could not yield usable results.

However, Raman spectroscopy of hydrocarbon compounds within thin sections of UNAM Ridge
and Mictlan Knoll could be conducted successfully. Raman spectroscopy is a rapid, nondestructive and
versatile analytical technique able to identify the structure of organic compounds, and is widely used in
Earth Sciences with applications ranging from hydrocarbon exploration (Dubessy et al., 2001) to
astrobiology (Winters et al., 2013). Specifically in the material sciences Raman spectroscopy has been
employed to organic geologic materials in order to determine the thermal evolution of carboniferous
organic material, changes in structural chemistry of organic matter during catagenesis and metagenesis,
as well as inferring the biogenicity of putative microfossils as old as the Precambrian (Wopenka and

Pasteris, 1993; Kelemen and Fang, 2001; Beyssac et al., 2002; Schopf et al., 2002).
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The first-order Raman spectra of the most simple carbon compound found in the rock record,
graphite, is characterized by a distinct band at roughly 1600 cm-. This band has hence been named G
(graphite) — band, or O (ordered) — band, as it exists in graphite due its vibration mode, specifically due to
in-plane vibrations of aromatic carbon atoms within the graphite structure (Tuinstra and Koenig, 1970).
The second band that appears at 1350 cm- is designated to disordered carbon atoms that are attributed to
structural defects within the organic material, and is commonly referred to as D (disordered) band
(Tuinstra and Koenig, 1970). Both of these spectra are used as a general basis for the identification of a
wide range of organic geologic materials (Roberts et al., 1995; Kelemen and Fang, 2001; Mumm and Inan,
2016). Both the G and the D bands are observable in all investigated carbonate samples, albeit the D
bands are only poorly developed. Increasing peak sharpness of both bands has been interpreted as a clear
indicator of pressure and temperature alteration of hydrocarbon compounds. Specifically, the progressive
disappearance of D bands and decreasing band widths of D and G bands have been assigned to increasing
influence of increasing thermal alteration (Jehli¢ka and Beny, 1991; Pasteris and Wopenka, 1991; Yui et
al., 1996). As changes in band characteristics are derived from alteration of crystal size and the degree of
defects, sharpening and intensification of G and D peaks indicate increasing crystallinity and structural
ordering of carbon atoms within the organic material during progressive alteration and burial (Tuinstra
and Koenig, 1970; Dillon et al., 1984; Yui et al., 1996). In a set of experiments Zeng and Wu (2007)
demonstrated how G and O peak characteristics of kerogen changed significantly from very broad and
barely recognizable peaks to increasingly narrower and well defined bands during treatment with high
temperatures and pressures, and attributed these changes to progressive ordering of kerogen structure at
increasing temperatures. Similar trends for Raman spectra characteristics were also reported for
experiments using bitumen, showing how peaks become more defined at higher temperatures (Zhou et
al., 2014).

The broad G peaks, and the very poorly developed D peaks in all samples (Fig. 8) argue for low
grade alteration and maturation of hydrocarbons archived in authigenic carbonates from the Campeche
Knolls. The observed Raman spectra most resemble those of bitumen heated to no more than 400°C (cf.
Zhou et al., 2014), or that of gilsonite with very low maturity (cf. Liu et al., 2013). Gilsonite is a specific
form of bitumen characterized by high concentrations of Ni petroporphyrins that remain stable due to the
absence of severe thermal alteration (Quirke et al., 1979), and has been classified as an asphaltene-rich

diagenetic precursor of grahamite and impsonite (Curiale, 1986; Hein, 2006). An early study on the
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porphyrine structure in gilsonite suggested that formation temperatures of this bitumen do not exceed
400°C (Sugihara and McGee, 1957), which constitutes the precise temperature limit of Raman spectra for
bitumen observed by Zhou et al. (2014) that most closely resemble the spectra of the present samples.
Moreover, Liu et al. (2013) compiled Raman spectra of various bitumen species from very low mature
gilsonite to pyrobitumen and highly altered anthraxolite. A comparison of the spectra to those compiled
by Liu et al. (2013) shows that the spectra of gilsonite bears strongest resemblance to the spectra of the
investigated bitumens (Fig. 8). However, the available data set does not allow a robust identification of
crude oils as being composed mainly of gilsonite. Specifically, the relatively high sulfur contents of oils,
between 0.9 and 2.2 wt%, argues against the presence of large amounts of gilsonite, which is known to
exhibit lower sulfur contents (Nciri et al., 2014). The comparison of Raman spectra, however, does
suggest that crude oils seeping from seafloor structures at Campeche Knolls experienced very little
thermal maturation, and that heavy hydrocarbons from all three localities were sourced from the same

reservoir.

Carbon sources and oil migration

Trace metal geochemistry of crude oil has a long history and includes the application of a large
number of different techniques (Yen, 1975; Lewan, 1984; Zaki et al., 1989; Lord, 1991; Dreyfus et al.,
2005; Ricard et al., 2011). Specifically, the determination of V, Ni, and sulfur is of particular importance
as their concentration distribution in crude oils yields valuable information on sources, migration
pathways, and modes and intensity of thermal maturation and biological degradation. Vanadium and Ni
are primarily bound in natural oils as metalloporphyrins, which were one of the first compounds
described to be of a definite biological origin (Treibs, 1934, 1936; Baker and Palmer, 1978).
Metalloporphyrins are essentially metallo-organic complexes of V(II) and Ni(II), ultimately derived from
chlorophyll and heme pigments, and are present in crude oil mainly as tetrapyrrole complexes (Lewan
and Maynard, 1982). Tetrapyrrole complexes have high thermal stability, strong resistance to acid attack
and cation exchange reactions (Barnes and Dorough, 1950; Hodgson and Baker, 1957). They are
nevertheless highly prone to aerobic degradation in oxic marine sediments, and are only retained to a
significant degree in anoxic sediments where they can be preserved on geologic timescales (Lewan and

Maynard, 1982). The stability of metalloporphyrins in crude oil enables the use of V and Ni
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concentrations as indicators for catagenetic oil formation, maturation of organic matter, and the
reconstruction of depositional and environmental conditions (Khuhawar et al., 2012 and references
therein).

Although V and Ni concentrations vary somewhat between the studied samples, they are all
within the range of oils reported from various source rocks and depositional environments around the
world (Lewan and Maynard, 1982; Ali et al., 1983; Fabec and Ruschak, 1985; Barwise, 1990). Several early
studies categorized V/Ni ratios of varying types of crude oils and bitumens according to the preferential
enrichment of these two elements within specific source materials. Crude oils and kerogens with a
dominance of V over Ni concentrations have been categorized as marine kerogen, as Ni is preferably
dominant in oils generated from terrestrial and lacustrine source rocks. Low Ni/V ratios below 0.5 are
indicative of being sourced from phytoplankton in organic matter deposited in marine carbonates or
siliciclastics under conditions with high sulfur availability. On the other hand, high Ni/V ratios are
designated for crude oils generated by higher land plant material from angiosperms and gymnosperms, as
well as leaf waxes derived from non-marine lacustrine environments with low sulfur availability (Barwise,
1990). Ni/V ratios of all measured oil samples are all in the order of 0.2, confirming a clear marine origin
of organic matter within the oils as opposed to terrestrial organic material. In a similar fashion Odermatt
and Curiale (1991) found that oils with V/(V+Ni) ratios around 0.5 and below stem from phosphatic
shale- carbonates, whereas oils with ratios above 0.6 were derived predominantly from siliceous
lithofacies (cf. Odermatt and Curiale, 1991 their Fig. 8). Crude oils seeping from Campeche Knolls yield
fairly homogeneous V/(V+Ni) ratios of around 0.8, suggesting that these oils stem from, or were
influenced by, siliciclastic source rocks. V/Ni ratios in oils also yield constraints on their age. Increasing
V/Ni ratios with increasing age were first determined by Ali et al. (1983), who determined V/Ni values
between 2.8 and 3.1 for Cretaceous, and 3.8 and 4.4 for Jurassic oils. Many of the hydrocarbon source
rocks in the southern GoM are Oxfordian limestones interbedded with gray shales and siltstones to
Kimmeridgian argillaceous oolitic limestones with shales, dolomites, and bentonites (Salvador, 1991),
from which oils seep into younger, Cretaceous, platform and shelf carbonate reservoir rocks where they
are efficiently trapped (McFarlan and Menes, 1991; Sohl et al., 1991; Magoon et al., 2001).
Vanadium/Nickel ratios of oils lie between 4.0 and 5.1, which would fit to Jurassic-age source rocks (cf.
Ali et al., 1983), and V/(V+Ni) ratios argue for bedded shales and siltstones as source rocks for the

Campeche Bay oils.
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Anaerobic oxidation of hydrocarbons as a trigger for carbonate authigenesis

Petrography and isotope geochemistry

Most of the known modern and ancient marine hydrocarbon seep deposits worldwide are
associated with the anaerobic oxidation of methane (AOM) in sediments performed by a consortium of
archaea and bacteria (Boetius et al., 2000; Aloisi et al., 2002; Peckmann and Thiel, 2004; Campbell,
2006). However, the impact of microbial anaerobic degradation of higher hydrocarbons and crude oils on
carbonate precipitation is less well assessed. Numerous studies from the northern Gulf of Mexico
hydrocarbon seeps have shown that expulsion of liquid oil is no impediment to the development of lush
chemosynthetic macrofaunal communities (Kennicutt et al., 1988a; Sassen et al., 1993), and can be
decisive in the precipitation of authigenic carbonates (Brooks et al., 1986; Formolo et al., 2004; Joye et
al., 2004; Mansour and Sassen, 2011; Bian et al., 2013). Oil seepage significantly impacts local macro and
microfauna at seeps, and is a governing factor in the distribution of archaeal and bacterial microbial
communities (Orcutt et al., 2010).

The southern GoM is a comparably less well studied area, yet carbonate precipitation at the
Chapopote asphalt volcano shows that similar geomicrobiological processes operate in all parts of the
Gulf. Aragonite cements and microcrystalline calcites are common phases in modern and ancient seep
carbonates, and their phase-specific §3C values are well-established tracers for methane seepage and its
biological oxidation (Beauchamp and Savard, 1992; Savard et al., 1996; Peckmann et al., 2002, 2003;
Naehr et al., 2007). Mineral paragenesis at all new studied sites from the Campeche Knolls is similar: they
all exhibit a matrix of heterogeneous micrite, followed by aragonite cements that precipitated along the
inner walls of cracks and cavities. Nevertheless, there are differences. UNAM Ridge carbonates crop out
as large meter-scale boulders on the seafloor, which is unusual for seep carbonates as AOM is considered
to be confined to anoxic (pore) waters. However, methane-derived carbonates are known to precipitate
into the water column under specific circumstances. The Black Sea in particular features large columnar
carbonate precipitates that grow into anoxic bottom waters, and studies have shown that such conditions
are highly favorable for hosting anaerobic methane metabolizing microbial communities outside the
sediments (Peckmann et al., 2001b; Michaelis et al., 2002; Reitner et al., 2005; Treude et al., 2007).

Ephemeral anoxic conditions due to enhanced primary production in surface waters have also been
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inferred for carbonate chimney formation in bottom waters of the Mediterranean Sea (Bayon et al., 2013)
and from the oxygen minimum zone (OMZ) on the Makran continental shelf (Himmler et al., 2015, 2016).
Excluding the hydrographically exceptional Black Sea, and the locally confined OMZs, Teichert et al.
(2005) suggested a model for carbonate buildups into oxic seawater by the formation of channels
surrounded by anaerobic microbial consortia within emanating reducing fluids, and argued that such a
formation mechanism enables the growth of meter-tall carbonate structures into oxic seawater. Such a
formation mechanism would render carbonate precipitation into bottom waters feasible in almost all
hydrographic and tectonic settings.

UNAM Ridge carbonates, however, do not exhibit features of carbonates growing into anoxic
water column. Rock samples are partially brecciated (Fig. 2C) and feature large micritic clasts and
fragments that almost certainly formed below within the sediments. It is likely that these carbonates were
exposed after precipitation by winnowing, seafloor erosion, pockmark formation, or a combination of
these mechanisms. However, sample GeoB 19348-8 from Tsanyao Yang Knoll features carbonate fabrics
that could argue for partial growth in the water column. These precipitates were collected from the top of
a large gas hydrate structure (Fig. 4C, see also Sahling et al. 2016 their Fig. 4B, C), and grew among a
densely populated chemosynthetic community of mytilid bivalves and vestimentiferan tubeworms fueled
by high rates of bubble emissions from the gas hydrate (Sahling et al., 2016). The lower part of these
carbonates featured microbial mats (Fig. 4D) that most likely grew within the rhizosphere of tubeworms,
which were still attached to the carbonate. This growth mechanism resembles carbonates precipitating in
the direct vicinity of tubeworms in seafloor sediments, except that Tsanyao Yang Knoll carbonates
precipitated exposed to seawater on top of gas hydrate, where oxygen from seawater was possibly
mitigated by biological chemosynthetic activity and vigorous methane flux. Migration pathways for
vigorously seeping gas sourced from the gas hydrate below are evidenced by large cracks (Fig. 7D), which
were then filled by aragonite cement (Fig. 7E, F).

Mean 613C values of asphalts from Chapopote carbonate samples were determined at —27.8%o
(Smrzka et al., 2016 supplementary material), which is in the order of magnitude determined for heavy
hydrocarbon compounds from other parts of the GoM (Mansour and Sassen, 2011; Zhang et al., 2003).
Stable C isotope values of aragonite cements and micrite cluster between —30 and —20%o. (Fig. 9),
suggesting that most of the carbon for carbonate formation was sourced from heavy hydrocarbon and

crude oil degradation (Roberts and Aharon, 1994; Joye et al., 2004; Naehr et al., 2009; Mansour and
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Sassen, 2011). Clear aragonite cement from sample GeoB 19348-8 growing on the gas hydrate edifice at
Tsanyao Yang Knoll exhibits slightly lower 6:3C values than other samples (Fig. 9). This signature agrees
with the visible absence of oil in the sample (Figs. 4D, 7D-F), as well as with the interpretation that this
sample was more strongly influenced by seepage and oxidation of biogenic methane from gas hydrates,
which usually features more negative 6:3C values than heavy hydrocarbons (Whiticar, 1999). However,
513C values of carbonates sourced from biogenic methane usually exhibit highly negative §3C values
beyond —40%o0 and even lower (Ritger et al., 1987; Greinert et al., 2001; Himmler et al., 2015). The
exposure to surrounding seawater bicarbonate may have diluted more negative §:3C values in this sample,

and may have been an additional carbon source for carbonate authigenesis.

Geochemical modeling

Three decades of microbiological studies have confirmed that, specifically sulfate reducing
bacteria not only tolerate, but actively oxidize and metabolize low- to high-molecular weight organic
compounds to end products such as methane and carbon dioxide (Grbic-Galic and Vogel, 1987; Lovley
and Lonergan, 1990; Ackersberg et al., 1991; Beller et al., 1992; Edwards et al., 1992; Coates et al., 1996;
Heider et al., 1999; Widdel and Rabus, 2001). Although a large body of evidence suggests that microbial
oxidation of hydrocarbon compounds fuels carbonate precipitation in the GoM (Joye et al., 2004; Naehr
et al., 2009; Mansour and Sassen, 2011), it is not clear which compounds are oxidized at what rates, and
how they affect carbonate alkalinity and saturation state. Geochemical studies of oily sediments, asphalt,
and seeping crude oil from Chapopote confirm that hydrocarbons are heavily biodegraded (Schubotz et
al., 2011a), suggesting that metabolic products of microbial degradation influence carbonate saturation
and precipitation at the Campeche Knolls. Highly degraded heavy oils were also reported from northern
GoM oil seeps (Kennicutt et al., 1988b), arguing for widespread and active microbial utilization of high-
molecular weight hydrocarbons throughout the GoM. Not all oxidation reactions of hydrocarbon with
sulfate necessarily lead to carbonate supersaturation, which can be estimated by considering oxidation
rates for microbial hydrocarbon degradation (Table 6 and references therein). The large variation in
oxidation rates available from microbiological studies makes it difficult to assess the true degradation
rates of hydrocarbon compounds in marine sediments, as most studies have been conducted either in

culture, or as field studies on anthropogenically polluted sediments (e.g. Rabus et al., 1996; Harayama et
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al., 1999; Tang et al., 2005; Miralles et al., 2007). Nevertheless, information from these studies can be still
considered a first-order approximation of anaerobic oxidation of hydrocarbons in pristine marine
sediments.

Of the many compounds used in the batch models, C1 to C5 hydrocarbons including propane and
butane are confirmed to be present in gas inclusions from asphalts and gas hydrates sampled at
Chapopote (Klapp et al., 2010; Schubotz et al., 2011a). However, it is likely that most compounds
considered here are present within Campeche Knoll sediments and oils, as they are all common
constituents at crude oil seeps worldwide. Heavier hydrocarbon compounds such as phenanthrene,
hexadecane, and naphthalene are degraded at lower rates than low-molecular weight organic compounds
methane, propane, and butane (Zhang and Young, 1997; Galushko et al., 1999; Kniemeyer et al., 2003,
2007; Maillachevuru and Pathan, 2009). This leads to large differences in carbonate saturation state over
time, where rapid oxidation of benzene and xylene leads to carbonate dissolution, and slower oxidation of
naphthalene and phenanthrene favors carbonate precipitation (Fig.18). Not only the reducing state of
carbon in the hydrocarbon compounds, but especially degradation rates exert a major influence on
carbonate saturation state in aqueous solution. Enhancement of degradation rates leads to drastic drops
in carbonate saturation in all model runs except during AOM (Fig. 20A). The sensitivity towards carbon
oxidation state is shown in Figure 20B, where most compounds favor carbonate dissolution at higher
rates (Tables 7, 8). Given the wide range of reported reduction rates of propane and butane (Kniemeyer et
al., 2007), benzene (Kazumi et al., 1997; Musat and Widdel, 2008; Laban et al., 2009), toluene (Beller et
al., 1992; Kleinsteuber et al., 2008), xylene (Edwards et al., 1992; Harms et al., 1999), phenanthrene
(Rothermich et al., 2002; Coates et al., 1996; Tang et al., 2005), and naphthalene (Rockne and Strand,
1998; Coates et al., 1997; Galushko et al., 1999) by sulfate reducing bacteria, the range of oxidation rates
considered by the model setups can be understood in terms of changing environmental conditions in the
sediments that would directly affect metabolic conversion rates of bacteria. Precipitation rates of
carbonate at Campeche Knolls are inferred from results in Table 6 to be on the order of a few tens of
thousands of years to precipitate several kilograms of carbonate. This quantity is similar to numerical
modeling results by Luff and Wallmann (2003), who suggested that meter-scale carbonate pavements
could precipitate over a period of only a few tens of thousands of years.

An important factor in assessing carbonate saturation from batch modeling is the consideration

of gas phases. At an ambient pressure of 300 bars most oxidation rates of hydrocarbons are too low to
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overcome the high pressure, although many of the considered reactions reach saturation with respect to
methane and carbon dioxide (Fig. 19). Gases are produced and emitted at high rates from seafloor
sediments as shown by submersible investigations at Campeche Knolls (MacDonald et al., 2004; Sahling
et al., 2016). Recent analyses of gas compositions of free gas and gas trapped within authigenic carbonates
at Mictlan Knoll and UNAM Ridge showed that significant quantities of gas are also entrapped within
precipitated carbonates (Blumenberg et al., 2017). However, increasing oxidation rates, or a combination
of simultaneous oxidation reactions (which is most certainly the case in Campeche Knolls sediments), can
overcome the pressure constraints and produce free gas of varying composition (Fig. 21). The CH,/CO.
and CH,/H.S ratios of gases produced decrease during oxidation of high-molecular weight compounds
phenanthrene, naphthalene, hexadecane, and n-dodecane compared to the oxidation of methane, pentane
and butane where almost no CO, and H.S gas is produced (Figs. 21, 22). Moreover, progressive and
increasing rates of heavy hydrocarbon oxidation decrease these ratios as shown for naphthalene in Figure
22B. The suppression of calcite precipitation during model runs slightly increases these ratios, as some
CO:. is sequestered into the calcite during precipitation. Given the low amounts of calcite that form during
the model runs (around 0.5 grams of calcite per year, Tables 6-8) these low differences are expected.
MacDonald et al. (2004) found that gases sampled from oily sediments exhibited CH,/CO, ratios of
almost 1, whereas gases sampled from gas hydrate only featured traces of CO, gas. The tendency that
more CO. gas is produced in relation to CH, where much oil is present in in accord with modeled gas
compositions (Fig. 22A).

To summarize, modeling results show that the only reaction to precipitate carbonate in all model
setups is AOM, and that carbonate precipitation at Campeche Knolls is governed by oxidation rate of
hydrocarbons and the oxidation state of carbon within these compounds. Oxidation rates and carbon
oxidation state also control gas formation and govern gas composition, whereby oxidation of low-
molecular weight compounds such as methane, propane, and butane favor carbonate precipitation and
the formation of CH,-rich gases. The tendency of higher-molecular weight compounds to saturate
carbonate strongly depends on oxidation rate: low rates mostly favor carbonate precipitation, whereas

higher rates can rapidly shift the balance towards carbonate dissolution.
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Chemical environment of carbonate precipitation and the influence of hydrocarbons

Carbonate cements as an archive for hydrocarbon-derived trace metals

All clear aragonites feature the lowest content of all measured elements, the lowest Mg/Sr, as well
as lowest Mo/U ratios (Table 2). Such low concentrations have been reported for this phase in previous
studies (Himmler et al., 2010; Smrzka et al., 2016), and argue for highly pure aragonites that have
experienced only very little, if any, conversion to magnesian calcite. Moreover, low contents of Al, Si, Mn,
and Fe, and the lack of correlation between these elements and other trace metals and REEs suggest that
clear aragonite Y REE+Y contents are authigenic, and can be regarded as being uninfluenced by
significant contamination by clay minerals or Mn/Fe oxides. Shale-normalized REE patterns of clear
aragonites resemble shale-normalized patterns of modern seawater, as some samples feature negative Ce
anomalies and HREE enrichments. These REE patterns of clear aragonites are in stark contrast to gray
aragonites, which yield much higher concentrations of all elements, as well as clear LREE enrichments
and less well developed negative Ce anomalies (Figs. 10-12).

The differences in clear and gray aragonite cements from UNAM Ridge, Mictlan Knoll, and
Tsanyao Yang Knoll carbonates are discussed in terms of data plots in Figure 13. Smrzka et al. (2016)
suggested a Mo/U vs. YREE+Y plot as a tool to distinguish methane from oil seepage-derived authigenic
carbonate cements, by plotting element data of a methane-dominated seep from the Makran accretionary
prism (Himmler et al., 2010, 2015) vs. an oil-dominated seep from the Chapopote asphalt volcano.
Samples with relatively high Mo/U ratios (> 0.1) and/or > REE+Y contents beyond 0.1 ppm are
interpreted as being derived from, or influenced by, the presence of oil in parent fluids. Element data
from Makran and Chapopote aragonites from Smrzka et al. (2016) are plotted into Figure 13A and B to
show how the aragonite phases from this study fit into the scheme of 0il vs. methane derived carbonates.
Both clear and gray aragonite cements from all carbonate samples exhibit higher Y REE+Y contents and
lower Mo/ U ratios as samples from Makran (Fig. 13A). Assuming that crude oil constitutes an additional
and significant source of trace and REEs to pore waters that may be incorporated into precipitating
carbonate cements (cf. Smrzka, 2016), these patterns are explained by the equally higher Mo/U of UNAM
Ridge hydrocarbons (Fig. 13A). The enrichment of LREEs in gray aragonites is accompanied by slight

LREE enrichment in crude oils (Fig. 17A), as they plot in the same segment in Figure 13B. Moreover,
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Mo/U ratios and LREE enrichment in oil smeared aragonites from Chapopote and Mictlan Knoll plot
closer in the oil-dominated and LREE enriched areas of Figure 13A and B, respectively. These results
suggest a strong genetic connection between specifically gray aragonite cements and liquid oils at
Campeche Knolls.

Correlations between Al and Fe, Ba, Co, and Zn (Fig. 17B) suggest that these elements are to a
large extent sourced from residual fragments of Fe-bearing alumosilicate minerals entrapped within the
oils (as has also been put forward by Duyck et al., 2002). Appreciable amounts of other trace metals
including As, Cu, Mo, and U are common constituents of natural crude oils, where they are typically
enriched within the asphaltene fraction (Filby, 1994; Duyck et al., 2002, 2008; Dreyfus et al., 2005;
Gondal et al., 2010). Specifically U has long been associated with petroleum seepage and occurrence, and
has been linked to the reducing environments in which migrating hydrocarbons trigger the precipitation
of insoluble uraninite (Goldhaber et al., 1978; Curiale et al., 1983; Schumacher, 1996). In some cases
petroleum hydrocarbons exhibit U contents of several hundreds of ppm, thus constituting an additional
source of U to pore waters of ancient and modern sediments (Parnell and Eakin, 1987). There have been
comparably little studies on Mo contents in crude oils and bitumens, however, given the importance of
this metal as a catalytic enzyme for metabolism (e.g. Kisker et al., 1997; Schwarz et al., 2009) it is
reasonable to assume that Mo contents in oil are at least in part derived from marine primary producers.

Light REEs and U are enriched in organic materials including colloids, organic particulates, and
even cell walls of bacteria (De Baar et al., 1985; Tang and Johannesson, 2003; McManus et al., 2005;
Ozaki et al., 2006). In the case of gray aragonite cement from UNAM Ridge, featuring negative Ce
anomalies, an additional strong correlation of U with Fe and Mn in this phase is worth noting. Iron and U
are strongly coupled cycles in natural waters, and frequently accumulate together in marine sediments
(Morford and Emerson, 1999; Nameroff et al., 2002). Additionally, there is a strong microbiological
coupling between Fe and U, as dissimilatory Fe reduction with U(VI) yields catabolic energy for microbes
(Lovely et al., 1991). Although no evidence exists that Fe and U are part of microbial metabolisms at seeps,
aragonite cements at seeps precipitate due to the remineralization of methane and organic matter, the
latter of which may indeed by a source of both elements for this phase. Crude oil has also been shown to
contain significant amounts of LREEs (MclIntire, 2014). Both organic matter and crude oil
remineralization would efficiently release trace and REEs from organic compounds, and were then

incorporated into gray aragonite cement.

95



The most prominent difference between clear and gray aragonites is their Y REE+Y contents and
REE patterns. Although they both show geochemical signs of heavy hydrocarbon influence, they were
affected to different degrees. Clear aragonite possibly precipitated in the presence of increasing amounts
of dissolved and particulate organic carbon and higher-molecular weight hydrocarbons in the pore fluids.
Seawater-like REE patterns of this cement argue for a certain degree mixing of seawater with pore water
during precipitation (cf. Feng et al., 2009b; Birgel et al., 2011). Gray aragonite, on the other hand, shows
no signs of seawater influence, and is more directly influenced by organic matter-rich sedimentary pore
waters. The diffuse, gray veneer that covers this phase (Figs. 6B, F, 7E, F) could be the source of increased
concentrations of trace and rare earth metals in this phase, and is possibly related to the presence of oil
and/or other organic matter-rich compounds. Moreover, gray aragonite cements as observed in this study
have not yet been reported from seeps dominated by methane (e.g. Peckmann et al., 2001a; Teichert et al.,
2005; Himmler et al., 2015), suggesting that gray aragonite and its diffuse veneer may be genetically
related to the presence of oil. The trace element data set at hand suggests that carbonate cements
precipitating at oil seeps are strongly influenced by fluid composition, and show clear distinctions to

methane seeps that are devoid of oil.

Ce anomalies — Constraining redox conditions during carbonate formation

The origin of negative Ce anomalies in aragonite cements is somewhat puzzling, although they are
not uncommon in modern and ancient seep carbonates (cf. Feng et al., 2009b; Himmler et al., 2010;
Rongemaille et al., 2011; Jakubowicz et al., 2015). The authenticity of Ce anomalies using a Ce/Ce* vs.
Pr/Pr. plot is assessed (Fig. 14), revealing the Ce anomalies from Makran and Chapopote clear aragonites,
and gray aragonites from UNAM Ridge are true negative Ce anomalies. Data from UNAM Ridge and
Mictlan Ridge clear aragonites scatter strongly across the plot, delivering ambiguous results. Only few of
the data from Makran and Chapopote are shown here due to the very large scatter in the data. Negative Ce
anomalies of Mictlan Knoll gray and oil-smeared aragonites appear to be positive La anomalies instead of
negative Ce anomalies. Both negative Ce and positive La anomalies have been attributed to reflect
oxygenated marine seawater (Elderfield and Greaves, 1982). Cerium is oxidized in oxic waters to insoluble
Ce(IV), which can be catalyzed by Mn-oxides and scavenged from seawater by both Mn- and

Fe(oxy)hydroxides (Moffett, 1990; German and Elderfield, 1990; Bau, 1999). However, the behavior in
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sedimentary pore waters in which carbonate cements precipitated is not straightforward. Various effects
have been invoked to explain the development of negative Ce anomalies in putative anoxic environments,
including high pH and dissolved carbonate concentrations, and interactions with dissolved organic
material such as humic substances (Pourret et al., 2008; Himmler et al., 2010; Hu et al., 2014). In the
case of aragonites featuring authentic negative Ce anomalies an ephemeral influence of seawater diffusing
into sediments, as well as dynamic seepage rates may argue for the influence of oxygenated seawater at
the time of precipitation (cf. Feng et al., 2009b). As AOM is an obligatory anaerobic process, however, the
locus of precipitation of cements is most likely within anoxic sedimentary pore waters, possibly close to
the sediment-water interface where seawater may have temporarily influenced Ce redox chemistry.
Cerium anomalies of clear and gray aragonite cements and micrite yield conflicting information when
plotted against Nd concentrations. Wright et al. (1987) studied ancient phosphates to show how
log(Ce/Ce*) values below and above —0.1 argue for oxic and anoxic formation conditions, respectively.
Aragonite cement log(Ce/Ce*) values from Campeche Knoll carbonates plot below and above -o0.1,
whereby Chapopote clear aragonite cement with the clearest Ce anomalies plot very far below this values.
Gray aragonite cements from UNAM Ridge, Mictlan and Tsanyao Yang Knolls cluster around this value
between —0.2 and zero (Fig. 15A). Micrite on the other hand plots in the anoxic domain of the plot (Fig.
15B). Although trace and Y REE+Y contents within gray aragonites featuring both negative Ce and positive
La anomalies are high, and strong inter-elemental correlations of Al, Fe, and Mn in these phases, there
are no detectable correlation between these elements and the REEs. This important observation suggests
that REE anomalies, as well as LREE enrichments in gray aragonites are not caused by contamination of
Fe and Mn(oxy)hydroxides or clay minerals. Oliver and Boyet (2005) distinguished a shale- from a
seawater signature in microbial carbonates based Ce anomalies and Pr/Yb ratios. Figure 15C
demonstrates clear differences in precipitation conditions of clear and gray aragonites cements in all
studied samples, although the spread in data is significant. All clear aragonites plot into the seawater-
signature area of the plot below Ce/Ce* = 0.4, whereas gray aragonites plot in the vicinity of the shale-
signature area. However, due to their conspicuous LREE enrichment gray aragonites are further from the
shale-signature area than hydrocarbons, which plot almost within unity in the center of the plot.
Microcrystalline calcites, on the other hand, all plot far from the seawater-signature area, and spread
across a larger interval of Pr/Yb ratios around the shale signature area (Fig. 15D). At this point, the most

careful interpretation of this counter-intuitive signal in rocks derived from strictly anoxic pore waters is a
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combination of interactions of Ce with dissolved organic and inorganic carbon and oils (cf. Pourret et al.,
2008; Himmler et al., 2010; Kim et al., 2012). Possibly, gray aragonites covered in diffuse veneers were
more strongly associated with microbial mineralization of organic matter and/or oil in the rocks, or that
the oils themselves are responsible for its cryptocrystalline texture and delivered increasing amounts of
trace metals to the locus of precipitation. This would account for the non-seawater-like REE patterns, as

well as higher contents in trace metals than clear aragonite.

A synthesis of results

High resolution elemental analyses of trace elements in cements can therefore yield specific
information on redox state of parent fluids of each phase, as well as estimate concentrations of organic
matter and/or heavy hydrocarbons during cement precipitation. It can be concluded that samples from
UNAM Ridge and Mictlan Knoll originally formed within the sediment as evidenced by petrographic
observations, as well as their trace element patterns which show a strongly shale-derived signature. Clear
aragonite and gray aragonite cements precipitated in pore fluids of different composition. The former
formed in shallow sediments during early diagenesis with possible influence of diffusing oxygenated
seawater as suggested by seawater-type shale-normalized REE patterns. Gray aragonites formed from
fluids saturated by large amounts of dissolved and/or particulate organic matter, as well as heavy
hydrocarbons that additionally enriched parent fluids with other trace elements within the oils
themselves. Stable isotopes suggest that the carbon source of all carbonate phases at all sites was
predominantly derived from the anaerobic oxidation of crude oils and asphalts, possibly some smaller
amounts of carbon derived from AOM and DIC from seawater in the case of Tsanyao Yang carbonates.
Aragonite cement-specific Ce anomalies are of limited use, yet may yield information on the redox state of

formation waters if Y REE+Y content of carbonate phases is high enough.

o8



Conclusions

The comprehensive data set from oils seeping from southern GoM sediments, and the influence of

microbial degradation on carbonate precipitation can be summarized as follows:

- Crude oils seeping from Campeche Bay ridges and knolls are of low maturity, and are sourced
from one reservoir

- Carbonate saturation at oil seeps is governed by the oxidation state of carbon, and rate of their
oxidation with sulfate

- Trace and rare earth metal inventories of carbonate cements are reliable archives for varying
redox conditions and fluid composition

- Phase-specific trace element data can reveal detailed formation history of aragonite cements,

suggesting that these environments are highly dynamic

High-resolution trace and REE data from aragonite cements precipitating at oil seeps from
Campeche Knolls highlight the ability of authigenic chemical sediments to archive information on fluid
composition and redox conditions. Crude oils of low maturity are present in prominent amounts at
UNAM Ridge, Mictlan Knoll, and Tsanyao Yang Knoll, and have contributed to carbonate formation at
Campeche Knolls. The rates of microbial oxidation of specific hydrocarbon compounds with sulfate in
southern GoM sediments are unknown, yet applying rates determined from culture and field studies to a
batch model can help to assess their influence on carbonate and gas formation. Numerical batch modeling
suggests that sulfate-dependent oxidation of many common hydrocarbon compounds generally favor
carbonate precipitation, yet this assumption strongly depends on the oxidation state of carbon in the
respective compounds, and the rates at which they are oxidized. Gas production and its composition is
also determined by these two parameters. Trace and REE patterns of aragonite cements testify to a strong
influence of organic matter- and oil-rich pore waters during precipitation. This study strengthens the
notion that authigenic carbonates archive redox conditions and fluid composition of parent fluids. The
latter point is of significance with respect to changing community structures of micro- and macrofaunal
chemosynthetic communities at hydrocarbon seeps over geologic time, as their evolution may have been

partially controlled by variations in composition of seeping fluids. A systematic application of trace and
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rare earth metals to Phanerozoic, and even Proterozoic, limestones may broaden our understanding and

perception of the evolution of chemosynthesis-based life throughout Earth’s history.
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Abstract

Trace and rare earth elements are present in varying concentrations in the modern ocean, and
many of them are essential for marine life. Many of these elements are actively cycled in seawater and
deposited on the seafloor where they can become enriched in marine sediments depending on local
hydrography, redox conditions, and biological activity. Trace and rare earth metals are increasingly used

for paleoenvironmental analysis in the Earth Sciences, and frequently analyzed repositories for these
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elements include banded and granular iron formations, and organic carbon-rich black shales. Marine
carbonates are the most widespread deposits that contain appreciable amounts of these elements today,
and have successfully yielded information on past and present Earth surface conditions and processes
from the Neoproterozoic to the Phanerozoic up to the present. It is well established that carbonate
minerals including calcite, aragonite, and dolomite readily adsorb and incorporate trace and rare earth
metals during precipitation. Although experimental results have not always yielded unambiguous results,
laboratory studies on carbonate precipitation and dissolution in the presence of dissolved trace metals
have generally confirmed the strong tendency of carbonate minerals to accumulate and retain trace
metals, making them attractive sources for information on biogeochemical processes through geologic
time. Nonetheless, drawbacks of using the elemental chemistry of marine carbonates as paleoproxies exist
due to recrystallization or dissolution during early diagenesis and later burial. These processes can affect
trace metal concentration in marine carbonates, possibly leading to alteration or even a complete loss of
their original elemental composition. Assessing the degree and effect of post-depositional alteration of
marine carbonates is challenging, yet not unattainable, and can be archived by comparing and combining
element ratios, stable isotopes, thin section petrography, and lipid biomarkers. Apart from marine
carbonates, whose carbon source stems primarily from seawater or from the remains of shelly
macrofauna, authigenic hydrocarbon seepage-derived carbonates in seafloor sediments are the direct
product of anaerobic microbial mineralization of methane. These carbonates only form due to the
presence of active microbial communities mediating the anaerobic oxidation of methane and
hydrocarbons in the subseafloor. As such, methane-seep carbonates are exceptional archives whose trace
and rare earth element content can yield surprisingly detailed information on biogeochemical processes
including Fe and Mn-reduction, sulfate reduction, and methanogenesis, as well as information on seepage
intensity and magnitude and extent of fluid flux. Trace and rare earth elements in authigenic carbonates
serve as excellent proxies in these highly dynamic environments shaped by physical fluid seepage and
biological chemosynthesis, and can record both aspects in an equally reliable manner. We attempt to
synthesize all aspects of this review into a comprehensive study covering trace metal cycling,
incorporation into carbonate, postdepositional diagenetic processes, and the potentials and limitations of

these deposits as tracers for past environmental processes.
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Introduction and scope

Trace metals in the ocean have been a subject of research for decades, and a large body of work
has accumulated over the years on this topic. Trace metal input to the oceans originates from multiple
sources that include seafloor and shelf sediments, hydrothermal vents, rivers, and wind-derived particles
(Martin et al., 1976; Martin and Whitfield, 1983; Duce et al., 1991; Metz and Trefry, 2000). Trace metals
that are deposited on the seafloor and become enriched in seafloor sediments may be ultimately derived
from the same sources including seawater itself. Trace metals are removed from oxic seawater by
inorganic reactions that involve oxide minerals. Similarly, the REEs are adsorbed by oxide phases not
only in oxic, but even in denitrifying conditions, and returned to solution via reductive dissolution of the
host oxides at lower Eh. Not all trace metals are enriched to the same degree under similar conditions,
and, redox conditions alone do not always control trace metal enrichment in sediments. As the main
source of many trace metals to the sediments is seawater, the rate of trace metal enrichment can depend
on bottom water renewal rates and residence time. The hydrography of the basin can, in certain cases, be
the controlling factor for trace metal enrichment.

The first geologic materials that were analyzed for their trace metal content were crude oils, which
were studied primarily for economic purposes (Karchmer and Gunn, 1952; Milner et al., 1952; Hodgson,
1954; Gamble and Jones, 1955). Several years later, organic-rich shales became the first ancient marine
deposits whose enrichments of trace metals were analyzed systematically and interpreted within the
framework of geochemistry, paleoceanography and paleoclimate (Tourtelot 1956, Le Riche, 1959;
Swanson and Swanson, 1961; Calvert and Price, 1970; Vine and Tourtelout, 1970; Holland, 1979;
Brumsack, 1986). The fact that many trace metals are redox sensitive, and that redox conditions are the
driving force of trace metal accumulation in sediments has led to a large amount of studies using trace
metals as proxies for ancient environments as far back as the Archean, and are meanwhile applied in
almost all modern and ancient geologic materials (Algeo and Rowe, 2012; Robbins et al., 2016 and
references therein). In particular, the recognition of the importance of biological cycling of trace metals in
the oceans has greatly influenced our perception on how these elements behave in shallow and deep
waters, and how they are distributed and transported from the photic zone to the seafloor (Sunda, 1989;

Bruland et al., 1991; Morel et al., 1991; Morel and Price, 2003). As almost all trace metals participate in
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biological cycling in the water column, the utility of trace metals in tracing water column processes such
as upwelling, primary production, and organic matter export to the seafloor has received ever increasing
attention.

The most reliable and widely used archives for trace metals, especially for the Archean and the
Proterozoic, include iron formations, black shales, cherts, and sedimentary pyrite (Poulton et al., 2004a;
Malvia et al., 2005; Scott et al., 2008; Large et al., 2014). However, the largest and most widely
distributed geological repositories for trace metals in the Neoproterozoic, and certainly in the
Phanerozoic, are marine carbonates, which are highly prone to accumulate these elements at Earth
surface conditions. They have proven useful in yielding information on the evolution of Earth surface
conditions through geologic time as they archive global and regional events including glaciation, the
expansion of multicellular life, large-scale methane seepage, and the chemical evolution and oxygenation
of the oceans (Hoffmann et al., 1998; Jabobsen and Kaufman, 1999; Jiang et al., 2003; Kah et al., 2004;
Kasemann et al., 2005; Knauth and Kennedy, 2009). The first attempts to analyze marine carbonate
deposits for trace element contents in terms of reconstructing ancient environments dates back to the
1960s, shortly after the first successful studies on marine black shales (Graf, 1962; Ingerson, 1962; Weber,
1964; Fliigel and Wedepohl, 1967). In the following decades, trace metal geochemistry of carbonates has
evolved into a standard procedure, especially since the continuous improvement of analytical techniques
and instruments allowing more precise measurements (Chester and Hughes, 1967; Ohde et al., 1978;
Tessier et al., 1979; Shen and Boyle, 1988; Perkins et al., 1991). One of the major drawbacks, however, in
using carbonates as archives for past geochemical processes is their tendency for post-depositional
alteration in the course of diagenesis and burial, which hampers their use as paleoenvironmental archives
compared to iron formations or black shales (Derry, 2010; Grotzinger et al., 2011; Schrag et al., 2013).

One of the fundamental assumptions is that trace metals are incorporated into carbonate
minerals in a known, or at least predictable, ratio, so as to allow for a reliable reconstruction of ancient
environmental conditions. Most of these assumptions have been made based on the outcome of
experimental work, in which mostly calcite is precipitated under controlled conditions while taking up
and releasing trace metals to a solution of fixed composition in the process. With growing understanding
of the behavior of trace metals in water and their incorporation into calcite from experimental studies, the
analysis and interpretation of trace and rare earth metals in natural carbonates has become increasingly

refined. In combination with other geochemical proxies including stable isotope geochemistry or lipid
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biomarkers, more information on past geologic processes can be derived from the combination of these
methods than by any one method alone. Moreover, the quality of data is being improved increasingly due
to continuous developments in measurement technology and accuracy, as well as in the development of
standard materials.

This review comes at a time where more is data and information on trace and rare earth metals in
natural carbonates is produced than ever before. The vast amounts of literature on this subject calls for a
current status summary of the potentials and limitations of trace element geochemistry in ancient and
modern carbonates. In a sense, this review picks up where Tribovillard et al. (2006) left off over a decade
earlier, in which they compiled a compact and highly readable overview on the uses of trace metals as
paleoproxies. This review will omit some of the major metals involved in marine cycling such as Mg, Ca,
Sr, Fe, and Mn, yet will focus more on trace metals that have not received as much attention as some of
the more traditional trace metals. These metals include Ge, As, Sb, and Se, but also the rare earth
elements, which are gaining increasing popularity from environmental geosciences to studies
reconstructing ancient Earth. This review is an attempt to represent carbonate minerals as reliable, long-
term repositories for trace and rare earth metals over geologic time.

This article provides a comprehensive source to sink overview, structured into four parts: (1) the
behavior of trace and rare earth elements in seawater and marine sediments, (2) the incorporation of
these elements into carbonates, (3) the applicability of trace metals in carbonates as traces for past and
present biogeochemical processes, and (4) a detailed assessment on the element geochemistry of marine
authigenic hydrocarbon-seepage derived carbonates. The emphasis lies on marine carbonates, specifically
on seep carbonates, as these form in chemically and physically highly dynamic environments that cover

all aspects of how redox-sensitive trace and rare earth metals can be put to use effectively.
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Part 1: Trace and rare earth metals — From seawater to sediments and microbial cycling

Initiated by the pioneering work over half a century ago on the distribution of trace metals in
seawater (Goldberg, 1954, 1957; Hitchcock and Starr, 1954; Krauskopf, 1956; Richards, 1956), the
knowledge on the chemical composition of the ocean and its distribution of trace metals has grown
immensely. With the early development of techniques for accurate determination of the concentration
and speciation of trace metals in seawater (Fabricand et al., 1962; Lal et al., 1964; Burrell, 1967; Riley and
Taylor, 1968), marine sediments (Hirst, 1962; Schutz and Turekian, 1965; Turekian and Imbrie, 1966;
Bender and Schultz, 1968; Chester and Messiha-Hanna, 1970), and interstitial sedimentary pore waters
(Brooks et al., 1968, 1970; Presley and Kaplan, 1968; Presley et al., 1972; Duchart et al., 1973) these data
enabled a new perspective on yet largely unknown processes that proceed in marine sediments. It is not so
much the aim to provide a complete compilation of all studies on the details of trace element
geochemistry, but to offer an understanding of their behavior in order for us to use them as tracers of
paleoprocesses. The first part of this review will give an overview on what is known on the
physicochemical behavior on trace metals in seawater and marine pore waters, as well as assessing their

relevance for biological cycling.

Molybdenum

Among the redox-sensitive trace metals, Mo is possibly the best studied of them all. The dominant
Mo species in oxic seawater is molybdate, which is efficiently reduced and subsequently enriched in
sediments in the presence of various dissolved sulfur species (Helz et al., 1996; Vorlicek et al., 2004; Helz
et al., 2011). Molybdenum is primarily transferred from the water column to sediments via diffusion from
seawater, and sorption onto Fe and Mn oxides (Zheng et al., 2000). Organic matter in particular acts as a
potent agent for Mo enrichment in sediments, as it is itself a carrier phase of Mo and produces sulfide via
its microbial decomposition (Piper and Perkins, 2004). Due to its close association with dissolved
sulfides, molybdenum does not accumulate efficiently under denitrifying conditions. This distinguishes its
behavior from other trace elements including Cd, Cr, V, Re, Zn and U, and has led to associate high Mo

content in sediments to lower redox potentials and high sulfide concentrations (Algeo and Lyons, 2006).
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Strongly euxinic water bodies in which molybdate is completely converted to tetramolybdate are the most
potent environments for the accumulation of Mo in sediments (Neubert et al., 2008; Herrmann et al.,
2012).

Like other trace metals Mo behavior in oxic water is controlled by coprecipitation and adsorption
onto (oxy)hydroxide minerals, in particularly Mn-oxides (Algeo and Rowe, 2012; Scott and Lyons, 2012).
The importance of Mn-oxides in cycling and temporary and permanent enrichments of Mo has been
investigated in detail (Morford and Emerson, 1999; Gobeil, 2007; Scott and Lyons, 2012). Coprecipitaiton
and adsorption renders Mn(oxy)hydroxides the single most important sink for Mo in oxic environments.
Morford et al. (2005) noted concomitant increases in Mo and Mn concentrations in sediments, implying
active cycling of Mo and Mn-oxides due to adsorption of the former to the latter. However, this co-cycling
does not necessarily produce permanent Mo enrichments in sediments, which is why this relationship is
not useful to decipher modes of Mo enrichment in geologic time. Permanent Mo storage is more strongly
dependent on dissolved sulfide that produce thiomolybdates, which can sequester and store Mo efficiently
over geologic timescales (Scott and Lyons, 2012). Molybdenum enrichment can therefore be linked
directly to either sulfate-reducing sediments, or yield information on water mass chemistry and
paleohydrography if correlated with other parameters such as Fe-content and TOC (cf. Algeo and Lyons,
2006). This makes Mo unique in its applicability to interpret ancient environments when combined with
variations of TOC, Fe, or U content (Algeo and Tribovillard, 2009; Algeo and Rowe, 2012). Molybdenum
removal occurs deeper in the sedimentary column than other trace metals such as U and Re (Morford and
Emerson, 1999; Morford et al., 2009), and is typically enriched at lower redox potentials than these
elements where its uptake rate is significantly faster than that of U (cf. Tribovillard et al., 2012). A second
significant sink for Mo in anoxic marine sediments is pyrite, to which molybdate and thiomolybdate
adsorb readily and form stable complexes that can be irreversibly retained by pyrite (Bostick et al., 2003).

Culture and field studies have shown that dissolved Mo can influence microbial metabolism. An
early study by Bertine (1973) suggested that microbial molybdate reduction coupled to either nitrate or
sulfate reduction might occur in anaerobic sediments. However, no concrete evidence for such
metabolisms has yet been put forward. Canfield and Des Marais (1991) showed aerobic sulfate reduction
to be inhibited by the presence of molybdate, as is the consumption of thiosulfate by
chemolithoautotrophic bacteria (Visscher et al., 1992). On the other hand, molybdate seems to have little

to no effect on the rates of Mn and U reduction (Burdige and Nealson, 1985; Finneran et al., 2002). Later
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studies demonstrated a close coupling of Mo with sulfate-reducing bacteria (Tucker et al., 1997, 1998),
where it functions as an important constituent for the synthesis of enzymes. Direct molybdate reduction
has been inferred to account for selective Mo enrichment in black shales (Biswas et al., 2009). However,
in marine sulfidic sediments where thiomolybdate species are abundant and lead to enrichment of Mo in
sediments, higher Mo concentrations may render microbial cycling of Mo an unimportant mechanism due

to its toxicity to microbes at elevated concentrations (cf. Lloyd, 2003).

Uranium

The most abundance U species in oxic seawater and intermediate to high pH are ternary, soluble
U-Ca-Mg-carbonate complexes (Morford and Emerson, 1999; Endrizzi and Rao, 2014; Cumberland et al.,
2016). Uranium transport from surface to bottom waters and to the sediment is controlled primarily by
(1) redox conditions in the absence of oxygen, and (2) organic carbon flux rate (McManus et al., 2005,
2006). The main removal mechanism of U from seawater to sediments is diffusion, followed by biological
or physicochemical reduction close to or at the sediment-water interface (Legeleux et al., 1994; Morford et
al., 20009). It is preferably reduced under Eh conditions typical for the sediment-water interface, and
accumulates most effectively in the upper few centimeters below the seafloor (cf. McManus et al., 2005;
Morford et al., 2009). Physicochemical reduction of U(VI) proceeds very slowly in the absence of catalysts
(Swarzenski et al., 1999). However, U reduction does occur abiotically when ferrous iron is concomitantly
oxidized (Boland et al., 2014) and may be catalyzed by the specific adsorption of uranyl to ferrous iron at
circumneutral pH (Liger et al., 1999). In the absence of complexing ligands, dissolved U can be passively
occluded by Fe-oxide mineral coatings (Duff et al., 2002). Additional mobilization of U is induced by
humic acids, and to lesser extent fulvic acids, which cause dissolution of reduced U in sediments (Luo and
Guo, 2009).

Uranium enrichment occurs at different redox potentials than other redox-sensitive trace metals
such as Mo, and is easily remobilized if sedimentary redox conditions fluctuate frequently from reducing
to oxidizing and vice versa (Algeo and Maynard, 2008). Several studies have noted that U enrichment
clearly occurs above the zone where sulfate reduction is favored, directly below the oxygen penetration
depth (Crusius and Thomson, 2000). Zheng et al. (2002) argued that sediments dominated by sulfate

reduction are as ineffective in accumulating authigenic U than sediments where Fe reduction dominates,
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implying that U behavior is decoupled from dissolved sulfide (cf. Nameroff et al., 2002). Rosenthal et al.
(1995) also noted U enrichment to occur only below the zone of Fe enrichment, and spread over a large
depth interval in the sediment (see also Thomson et al., 1998). However, there is a general agreement that
Fe and U accumulation occurs under similar conditions, due to the coupled cycling of these two elements
(Morford and Emerson, 1999; Nameroff et al., 2002; Zheng et al., 2002). Although there is no known
nutritional benefit of U for microbes, dissimilatory Fe reduction coupled to U(VI) is a viable catabolic
energy source for microbial growth (Lovley et al., 1991).

The importance of Fe in physicochemical cycling of U is reflected by its equal relevance for
microbiological U metabolisms. Both Fe and U reduction may co-occur in the presence of sulfate-reducing
bacteria, and have indeed been linked to these and other microbial communities (Lovley et al., 1993;
Swarzenski et al., 1999; Frederickson et al., 2000; Behrens and Van Cappellen, 2005). Laboratory studies
have shown that U and sulfate reduction can both be performed by sulfate reducing bacteria, and proceed
at different rates without influencing or inhibiting each other (Lovley and Phillips, 1992; Spear et al.,
2000). Reduction of U by bacteria is not solely controlled by enzymatic catalysis by the bacteria
themselves, but also by U speciation that determines its toxicity. Decreasing U reduction rates have been
observed with increasing Ca and DIC concentrations, which are in turn dependent on pH of ambient

waters that can significantly decrease microbial U reduction rates (Ulrich et al., 2011).

Cadmium, Nickel, Copper, and Zinc

The distribution of Cd in seawater is similar to that of phosphorus, and shows surface water
depletion and deep water enrichment (Boyle et al., 1976). Cadmium has a particularly intimate
relationship with U, as both elements are associated with particulate organic matter and are largely
unaffected by dissolved sulfide in pore waters (Piper and Perkins, 2004). Its high concentration in
phytoplankton and organic debris, and very low concentration in terrigenous material has rendered Cd a
useful tracer for primary productivity and sedimentation rates (Gendron et al., 1996; Piper and Dean,
2002). Cadmium may form insoluble Cd-sulfide precipitates if sulfide is present (Jacobs et al., 1985;
Rosenthal et al., 1995), and is not incorporated into pyrite as many other trace metals (Huerta-Diaz and
Morse, 1992). Nevertheless, its rate of enrichment is not controlled by the extent of sulfide availability in

pore waters (cf. Sundby et al., 2004). Marine sediments with very shallow oxygen penetration depths may
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enrich both U and Cd, while excluding other trace metals such as Mn, V, and Mo (Morford and Emerson,
1999). In contrast to U, however, Cd is mostly concentrated in narrow intervals below the oxidation front,
as oxidative remobilization affects U more strongly than Cd (Rosenthal et al., 1995; Gobeil et al., 1997).
Moreover, Cd is primarily enriched in, and released to sediments by decomposing organic matter,
whereby U is mainly sourced directly by diffusion from seawater (Nameroff et al., 2002).

Cadmium is highly toxic, and does not partake in active cycling by microorganisms as far as we
know (e.g. Vig et al., 2003). Microbes can, however, passively enrich and release Cd via sorption and
desorption (White and Gadd, 1998; Pagnanelli et al., 2010), yet it remains unknown to which degree this
process is relevant for Cd cycling in marine sediments.

Nickel is an important micronutrient for phytoplankton growth in the surface ocean, and is
liberated from sinking organic matter in the water column (Calvert and Pedersen, 1993; Dupont et al.,
2010). Nickel is mostly co-enriched in anoxic sediments along with Cd, Co, Zn, and Cu, and incorporated
into pyrite (Huerta-Diaz and Morse, 1992). However, Ni behavior in pore waters is distinct from most
other trace metals in that it is largely unaffected by changing redox conditions, and cannot by itself
identify the onset of sulfate reduction (Jacobs and Emerson, 1982; Jacobs et al., 1985). Nickel partakes in
biological cycling as it is a key enzyme for methanogenic archaea that can potentially yield important
information on present and past microbial methane cycling in the water column and marine sediments
(Hausinger, 1997; Kida et al., 2001; Scheller et al., 2012).

Similarly to Ni, Cu also has significant importance as a nutrient for marine plankton and is a
required constituent for several enzymes. Copper and Ni show similar behavior in anoxic sediments, in
that they are both strongly complexed by dissolved organic matter, transferred as such to the sediments,
released to pore waters by remineralization of organic matter, and subsequently incorporated into iron
sulfides (Donat et al., 1994; Morse and Luther, 1999; Algeo and Maynard, 2004). Nonetheless, its high
concentration in biogenic particles and strong enrichments above the terrigenous fraction makes Cu a
useful tracer for organic carbon remineralization via denitrification and/or sulfate reduction (Widerlund,
1996; Piper and Perkins, 2004). The usefulness of Cu in tracing diagenetic processes has be attempted by
combining Cu with other metals such as Mn, Cr, and V, but also with carbon content of sediments (Jung
et al., 1996; Widerlund, 1996; Piper and Perkins, 2004).

Zinc is one the most important trace metals in biological cycling, particularly for eukaryotes, and

shows a nutrient type profile in the modern oceans with distinct surface water depletion (Bruland, 1980;
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Vallee and Auld, 1993; Zhao et al., 2014). Zinc is mostly co-enriched with Cu, Ni, and Cd in marine
sediments. Similarly to Cu and Ni, Zn forms strong complexes with, and is concentrated in, organic
matter (Bruland, 1989). Like Cd, it is not preferably incorporated into pyrite, and is released to pore
waters primarily by remineralization of organic matter via aerobic or anaerobic metabolisms (Morse and
Luther, 1999; Algeo and Maynard, 2004). Nickel and Zn have shown to be incorporated into Fe(II) solid
products during bacterial Fe reduction, which may act as an additional sink of these metals (Cooper et al.,

2000; Parmar et al., 2001).

Rhenium

Rhenium is one of the most potent and reliable tracers of anoxic conditions in the environment,
and is strongly enriched in most marine sediments. This is due to its very low crustal concentrations, its
sensitivity towards redox potential, and its high preservation potential during sedimentation and burial
(Koide et al., 1986; Crusius et al., 1996; Morford and Emerson, 1999; Crusius and Thomson, 2002).
Rhenium is supplied to the oceans primarily by rivers, and its behavior is conservative in seawater (Anbar
et al., 1993; Colodner et al., 1993). Rhenium is neither scavenged in oxic waters by Fe or
Mn(oxy)hydroxides nor by particulate organic matter, and its input to the sediment is primarily
controlled by diffusion (Colodner et al., 1993). Recently, however, Helz and Dolor (2012) proposed Re
coprecipitation onto Fe-Mo-S solid solution particles as an additional mechanism of Re delivery to
sediments in euxinic basins. Rhenium has been employed in combination with other trace elements such
as Cd, U and Mo to distinguish between oxic, suboxic, and anoxic conditions (Crusius et al., 1996; Russell
and Morford, 2001; Nameroff et al., 2002). Rhenium enrichment is greater in reducing sediments than
most other trace metals. Its behavior at the sediment-water interface is similar to that of U, and it is not
incorporated into pyrite in sulfate reducing conditions like Mo (Koide et al., 1987; Crusius and Thomson,
2000). In contrast to Mo, Re content is rarely significant in pyrite, and is instead typically enriched in
organic matter (Ravizza et al., 1991; Selby and Creasar, 2003). In its insensitivity towards dissolved
sulfide and sedimentation rates, Re shows some similarities to Cd. Sundby et al. (2004) argued that very
slow reaction kinetics are a key to understanding accumulation rates and distribution of both Cd and Re.
Rhenium is most sensitive towards Eh, suggesting that its removal occurs at shallower sediment depths

than most trace metals (Morford et al., 2005).
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Although experimental results have shown that active microbial cycling of Re is unlikely (Dolor et
al., 2009), microbial remineralization of organic material in sediments may release and mobilize Re in

sulfidic sediments (cf. Helz and Adelson, 2013).

Vanadium

Vanadium is an essential nutrient for phytoplankton in the surface ocean, as it forms the metal
centers of numerous enzymes necessary for metabolic processes (Nalewajko et al., 1995; Moore et al.,
1996). As V exists in three possible oxidation states it is of particular interest to geochemists, as it can be
used to trace biogeochemical processes in the water column and sediments (Wanty and Goldhaber, 1992).
Like for many other trace metals, V speciation depends on pH and redox conditions. In the surface ocean
V is mostly present as vanadate (Calvert and Pedersen, 1993). Vanadium is depleted in the photic zone
compared to deeper waters, which confirms its important role in biological cycling in the ocean (Collier,
1984). Apart from biological uptake, physicochemical processes such as sorption and scavenging by
particles have been observed to control the distribution of V in oxygenated waters. Vanadium is associated
with both Fe and Mn oxide particles, and all three elements correlate well in various marine environments
(e.g. Rudnicki and Elderfield, 1993; Auger et al., 1999). Vanadium adsorption onto sinking particles
followed by diffusion is the most important process that delivers V to marine sediments (Trefry and Metz,
1989; Prange and Kremling, 1985; Brumsack, 1986). Several studies have confirmed a strong enrichment
of Vin reducing sediments (Emerson and Huested, 1991; Thomson et al., 1998). Oxidized V(V) and V(IV)
species are efficiently reduced to V(III) in the presence of free hydrogen sulfide, and can subsequently
precipitate as insoluble V-precipitates (Wanty and Goldhaber, 1992).

Due to its strong relationship with hydrogen sulfide, V enrichments are often reported in turn
with Mo enrichments, and both elements are often co-enriched in anoxic sediments. Nonetheless, there
are some differences in their behavior. Vanadium enrichment has been reported in carbonaceous marine
shales, where its origin has been attributed to the presence and dissolution of V-porphyrins, and
chlorophyll pigments (Premovic et al., 1986). There is a strong correlation between V and organic matter,
which also forms strong complexes with V in solution (Breit and Wanty, 1991). An important factor is that
unlike Mo, V accumulates preferably in the organic matter fraction of sediments, and not in sulfidic

minerals such as pyrite (cf. Algeo and Maynard, 2004). These authors also suggested that V enrichment
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occurs earlier than Mo enrichment in black shales, which renders V a useful indicator of past oxic-suboxic
transitions that can record subtle changes in redox potential if used together with other trace metals.
Vanadium has also been used in combination with Ni to assess levels of anoxia in black shales (Wenger
and Baker, 1986), as well as to classify and distinguish the maturity and character of bitumen and other
heavy hydrocarbons (Lewan and Maynard, 1982; Barwise, 1990).

Although various microorganisms are tolerant towards V, and have shown to reduce vanadate in
culture experiments (Lyalikova and Yurkova, 1992; Carpentier et al., 2003), it is questionable if microbial
V cycling plays a relevant role in marine sediments. However, it has been shown that archaeal

methanogenesis may be in fact inhibited if V(V) is concomitantly reduced (Zhang et al., 2014).

Cobalt and Chromium

Cobalt forms stable inorganic complexes with chloride in oxic seawater, as well as organic
complexes with organic particulate matter (Zhang et al., 1990; Vega and Van den Berg, 1997). It is used as
a micronutrient for phytoplankton in seawater, and is associated and cycled primarily with Mn-oxides
(Knauer et al., 1982; Johnson et al., 1988; Saito and Moffett, 2002; Stockdale et al., 2010). Cobalt forms
insoluble sulfide phases in suboxic sediments and has been shown to correlate with phosphate, suggesting
concomitant biological uptake of both elements (Saito et al., 2004). Moreover, Co can be incorporated
into pyrite in low amounts, although its affinity for iron sulfides is lower than most other trace metals
(Morse and Luther, 1999). Although biogeochemical cycling of Co plays an important role in the ocean
(Bown et al., 2011), the use of Cobalt as a proxy for authigenic processes has been cautioned. The main
reasons are its high mobility in anoxic sediments, and that its contribution to authigenic minerals in
sediments is mainly derived from terrigenous particles (Kremling, 1983; Tribovillard et al., 2006).
Chromium exists in aqueous solutions as Cr(VI) and Cr(III), whereby the latter forms strongly inert,
stable, and highly insoluble complexes (Pettine et al., 1998a). Chromate can be reduced efficiently in
aqueous solution by organic matter and dissolved Fe, as well as an increase in pH (Buerge and Hug, 1997;
Pettine et al., 1998a; Schlautman and Han, 2001). In sulfidic pore waters Cr reduction is additionally
catalyzed in the presence of Cu, Cd, and Zn, which form ion pairs with chromate that are reduced more
effectively (Pettine et al., 1998b). In contrast to most trace metals Cr does not co-precipitate with Fe

sulfides due to its very slow reaction with dissolved sulfides (Morse and Luther, 1999).
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Microbial Cr reduction is a relevant process in remediation strategies, yet it does not play an
important role in Cr cycling in pristine marine sediments (Lovley, 1993; Lloyd, 2003 and references
therein). Similar to Co, most of the Cr in sediments is associated with the terrigenous alumosilicate
fraction, and its use in interpreting authigenic and biological processes in marine sediments is therefore

limited (Brumsack, 1989; Tribovillard et al., 2006).

Arsenic, Antimony, and Selenium

Arsenic is used and cycled as a micronutrient by phytoplankton in ocean surface waters (Andreae
and Froelich, 1984: Middelburg et al., 1988), although its toxicity towards marine life is well documented
(Maher and Butler, 1988). Arsenate and arsenite are the two most common species in oxic and anoxic
waters, respectively (Andreae, 1979; Brannon and Patrick, 1987), whereby redox potential and pH are the
two main parameters governing speciation (Smedley and Kinniburgh, 2002). Soluble arsenic sulfur
complexes are key species in controlling redox reactions between arsenite and arsenate in sulfidic waters
(Wilkin et al., 2003). Stauder et al. (2005) demonstrated the oxidation of As(III) to As(V) and elemental
As, attributing these observations to the high affinity of As(I1I) to the presence of sulfur. Thioarsenic
species possibly participate in adsorption and redox reactions in marine sediments, and can even control
the behavior of other trace metals. Clarke and Helz (2000) suggested that even very low concentrations of
As may control Cu behavior in sulfidic sediments, where stable Cu-As-S complexes determine
bioavailability and mobility of Cu. Apart from its interaction with sulfur species, As behavior is influenced
by Fe and Mn (oxy)hydroxides in oxic waters, as well as by Fe sulfides in reducing waters. The most
important process governing the first relationship is physical sorption of As onto oxides, which is strongly
dependent on As speciation, pH, and redox potential (Edenborn et al., 1986; Belzile, 1988). Iron oxides
may be the most important carrier phase for As from the water column to pore waters, as particulate As is
only very weakly bound to sinking organic detritus (Andreae, 1979; Sullivan and Aller, 1996). Both
arsenate and arsenite have a high sorption affinity for Mn and Fe-(oxy)hydroxides, whereby arsenite
sorbs more strongly at high As concentrations and vice versa (Pierce and Moore, 1982; Peterson and
Carpenter, 1986). Arsenic is actively cycled near or at the zone of Fe-reduction close to the sediment-
water interface (Edenborn et al., 1986; Widerlund and Ingri, 1995; Chaillou et al., 2003), where its

behavior is mimics that of phosphorus (cf. Mucci et al., 2000). Apart from oxide minerals, natural organic
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matter can act as a potent mobilizer of reduced arsenite in sedimentary pore waters (Redman et al.,
2002). Iron sulfide minerals such as pyrite and arsenopyrite are considered the most effective long-term
sinks for As in sulfidic sediments due to the high affinity of As towards dissolved sulfide (Belzile and
Lebel, 1986; Moore et al., 1988; Vink, 1996; Morse and Luther, 1999).

The importance microbes for the distribution and cycling of As has only been documented
comparably recently (see Stolz et al., 2006 for a review). Respiration of arsenate in oxic waters can
liberate As from Fe-oxide minerals; a process that has also been confirmed for anaerobic, saline
environments (Zobrist et al., 2000; Oremland et al., 2005).

Antimony occurs either as Sb(V) in oxic waters, or as Sb(III) in anoxic waters (Filella et al.,
2002a), although its true speciation in anoxic waters is still unclear. Both Sb(V) and Sb(III) exist in oxic
and anoxic solutions to significant amounts (Bertine and Lee, 1983; Cutter, 1991). Oxidation of Sb(III) to
Sb(V) is thought to occur rather slow in oxic waters, but can be catalyzed by bacteria (Bertine and Lee,
1983). Antimony is removed from surface waters mainly via particulate scavenging by Fe oxides (Andreae
and Froelich, 1984; Cutter and Cutter, 1998), as it has no known nutritional benefit for any living
organism (Filella et al., 2009). Therefore, the primary pathway which transfers Sb from the water column
to sediments is through physicochemical adsorption onto Fe and Mn oxides (Belzile et al., 2001; Filella et
al., 2002b; Leuz et al., 2006). The behavior of Sb in anoxic waters is less well known. However, it is
relatively certain that Sb is immobilized in alkaline, reducing, sulfide-rich solutions where it forms
insoluble thiocomplexes (Bertine and Lee, 1983; Andreae and Froelich, 1984). Antimony removal possibly
occurs relatively close to the redox boundary by adsorption onto Mn and Fe (oxy)hydroxides (Spencer et
al., 1993; Chaillou et al., 2008), and can be immobilized by Fe-sulfides during diagenesis slightly above
the zone of U accumulation (Thomson et al., 1993, 1998). Experimental work has confirmed that Sb-
sulfur compounds are highly stable under strongly alkaline, sulfidic pore waters, and that Sb solubility
may be controlled by Fe sulfide minerals (Chen et al., 2003). Apart from sulfides, organic matter may play
an important role in Sb mobility and cycling in anoxic marine sediments. Crecelius et al. (1975) suggested
that up to 10% of naturally occurring, sedimentary Sb and As could be bound to organic matter, and later
experimental work has shown that even this value is most likely an underestimation (e.g. Buschmann and
Sigg, 2004; Tella and Pokrosvki, 2009).

Microbiological volatilization and methylation of Sb are known to occur (Bentley and Chasteen,

2002), and combined Sb and As oxidation have been observed in aerobic algae, confirming that the

126



structural similarities between these two elements influence their biogeochemical cycling (Lehr et al.,
2007). However, there is to date no evidence for active microbial cycling in soils and terrestrial sediments,
much less in marine sediments (Filella et al., 2007). In this respect, Sb differs strongly from As and Se,
which both partake in active microbiological cycling. It can be concluded, with respect to what is known to
date, that microbial metabolisms do not actively affect distribution and enrichment of Sb in marine
sediments.

Selenium exists mostly as selenate Se(VI) or selenite Se(IV) in oxic waters, and as elemental Se or
reduced selenide (II) in anoxic waters (Cutter, 1978, 1982). Selenate and selenite are considered to be
highly soluble and mobile, whereas elemental Se and selenide are much less soluble (Seby et al., 2001).
Selenium is required and taken up by phytoplankton in surface waters, and therefore shows a nutrient-
like behavior in seawater (Measures and Burton, 1980; Hu et al., 1996). It is actively cycled in the photic
zone, and transported to the seafloor as particulate organic selenide on sinking detritus (Cutter and
Bruland, 1984). Physicochemical processes involving Se are highly dependent on its speciation. Selenate
and selenite sorb efficiently onto Fe oxides, whereas only selenite adsorbs well onto hydroxyapatite
(Monteil-Rivera et al., 2000; Rovira et al., 2008). Iron (oxy)hydroxides and phosphorus may therefore
play important roles in Se cycling in marine sediments, as is the case for As (cf. Mucci et al., 2000; Duc et
al., 2003). The relationship between Fe and Se cycling in marine sediments has been discussed by
Thomson et al. (1995, 1998). These authors suggested the use of Se not only with Fe, but also with Iodine
to pinpoint the location of the redox boundary and inferred Se accumulation either by organic selenide
compounds, or through Se diffusion from bottom waters. It still remains unclear which phases constitute
a long-term sink for Se in marine sediments. A likely candidate is pyrite, which can kinetically catalyze Se
reduction to selenide and incorporate Se in suboxic sediments (Bruggeman et al., 2005).

Selenium plays an active role in bacterial cycling in a wide range of environments, from
freshwater to hypersaline solutions (Stolz and Oremland, 1999). Anaerobic bacteria and archaea are
capable of dissimilatory Se reduction combined with organic matter and/or H2 oxidation, with and
without sulfate (Stolz et al., 2006 and references therein). Selenate and selenite reduction is thought to
occur at shallower depths than sulfate reduction, and that nitrate and Mn(IV) are the preferred electron
acceptors (Oremland et al., 1989; Steinberg et al., 1992). Further, Zehr and Oremland (1987) showed that
sulfate may even inhibit selenate reduction. If these microbial processes are of any relevance to Se cycling

and/or enrichment in pristine marine sediments is unknown. Due to the variety of biological pathways in
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which Se evidently participates it can be regarded as a trace element that has the potential as a tracer for
chemical and biological processes in marine sediments. Together with As, Se chemistry of marine
sediments requires more work to estimate the relevance of biological cycling for Se distribution and

enrichment.

Germanium

Germanium is present in seawater as inorganic and organic methylated species. Although the
latter are much more abundant than the former, inorganic species are more reactive and participate in
physicochemical and biological processes (Lewis et al., 1989). Inorganic Ge distributions closely resemble
those of Si: both elements are taken up by planktonic silicifying organisms, transferred, and subsequently
released back to deeper waters and sediments at a constant ratio (Froelich and Andreae, 1981; Andreae
and Froelich, 1984). Germanium is transported to sedimentary pore waters by sinking siliceous biogenic
particles, mostly diatoms (McManus et al., 2003 and references therein). The correlation of Ge and Si in
the water column is interrupted by decoupling of both elements during diagenesis (Hammond et al.,
2000), possibly due to interference with Fe oxides and/or sulfide (cf. Murnane et al., 1989; McManus et
al., 2003). King et al. (2000) suggested that Ge enrichment in reducing sediments is associated with
authigenic Fe or U, slightly above the zone of Fe reduction. Tribovillard et al. (2011) compared Ge
enrichment to Mo and U enrichment in several localities. They found that Ge enrichment in sediments
only occurs alongside Mo and U enrichment, albeit to a much lower degree. Likely long-term sinks for Ge
in marine sediments encompass clay minerals and inorganic particulates (El Wardani, 1958), or possibly
iron sulfide phases such as pyrite (Murnane et al., 1989). Aside a few studies, not much is known on the
behavior of Ge in marine sediments during early and late diagenesis.

Although experimental work has shown that Ge may be accumulated actively by certain bacteria
strains under specific conditions (Chmielowski and Klapcinska, 1985; Van Dyke et al., 1989), it is likely
that microbial cycling does not influence Ge distribution in marine sediments as it has no known

nutritional function in microbial cycling in nature (Slawson et al., 1992).
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Rare earth elements

General features and the practice of normalization

The rare earth elements (REESs) are a series of fifteen elements with atomics numbers 57 to 71
from La to Lu. They are often referred to as the lanthanides, a term that refers to the first element in the
series, Lanthanum. The REEs have similar chemical properties, which is why they are mostly referred to
as a group rather than by themselves. Their 4f electron shells are progressively filled from La through to
Lu, with a concomitant decrease in ionic radius with increasing atomic number (Elderfield et al., 1988).
All of the REEs are trivalent except for Ce and Eu, which can have multiple redox states. Sources of REEs
to the modern oceans include rivers, seafloor hydrothermal vents, and atmospheric dust, whereby rivers
constitute by far the largest source on a global scale (De Baar et al., 1985a; Greaves et al., 1994; Holser,
1997). The concentrations of REEs generally increase steadily from surface waters to deep waters,
resembling the nutrient-like profiles of many trace metals (Bertram and Elderfield, 1993; German et al.,
1995).

Although the REEs constitute a homogeneous series of elements, small systematic changes in
behavior that progress from La to Lu cause inter-element concentration changes in aqueous and solid
phases during physical and biological processes. These effects are referred to as fractionation, and makes
the individual REEs and the series as a whole a powerful tool to trace biogeochemical processes and to
reconstruct ancient environmental conditions. However, the REEs only disclose their full potential when
normalized to a reference standard of choice. This practice allows an assessment of the deviation of the
REE abundance in a given sample from a chosen standard. The natural abundance of REEs in all
materials is governed by the Oddo-Harkins effect, which results from different nuclei stabilities with odd
and even atomic numbers produced during nucleosynthesis (Schmitt et al., 1963). As a result, REEs in
environmental samples show pronounced see-saw or herringbone-type distributions (Piper and Bau,
2013). Normalization of REEs in samples to a given standard eliminates this effect, and converts the
herringbone distribution patterns to smooth curves that can be conveniently compared amongst each
other. Although there are many standard reference materials in use, the most commonly used standard
for normalizing REE concentrations in seawater and marine sediments is the Post Archaean Australian

Shale (PAAS, McLennan, 2001). The composition of the source material for this standard consists of
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weathered and recycled, terrigenous material derived from the continental crust and compiled in the
literature (e.g. Wedepohl, 1971, 1995; Nance and Taylor, 1976; Taylor and McLennan, 1985). The coherent
chemical behavior of the REE series is reflected in the similar abundance of the REEs in PAAS compared
to further references materials that also represent felsic, siliciclastic source materials such as the World
Shale Average (WSA), the Upper Continental Crust (UCC), and North American Shale Composite (NASC,

Gromet et al., 1984; Rudnick and Gao, 2003).

Rare earth elements in seawater

As normalization allows for a convenient inter-element comparison of the REEs, the REE series
has been categorized into three subgroups: the light, middle, and heavy REEs (LREEs, MREEs, and
HREEs from hereon) according to their increasing atomic weight. Fractionation of the REEs in seawater
occurs due to subtle differences in chemical properties, solution chemistry, and REE interactions between
solution and particulate phases (Sholkovitz et al., 1994). All REEs are strongly complexed by ligands, and
only a very small portion of total REEs is present as free ions in natural waters (Millero, 1992; Lee and
Byrne, 1993). The stability of the REE complexes with potential ligands can be estimated using Pearson’s
rule (Pearson, 1963), which predicts that hard, covalent cations will interact with hard anions in solution
to produce strong ionic bonds. The REEs are considered to be hard ions, whose hardness increases with
increasing charge-to-radius ratios from La to Lu (Williams-Jones et al., 2012). In the modern oceans the
major fraction of the dissolved REEs is present as carbonate complexes, which is the result of the high
carbonate content of seawater (Sholkovitz et al., 1994). The complexation with carbonate ions increases
systematically with decreasing ionic radius across the REE series, confirming Pearson’s rule and
producing a strong and characteristic fractionation in seawater (Cantrell and Byrne, 1987; Lee and Byrne,
1992).

Accurate determination of REEs in natural waters improved significantly with the advent of more
sophisticated analytical techniques, as well as the development of abundance standards for trace and rare
earth metals in the late 70s and 8os (Nance and Taylor, 1976; Potts et al., 1981; De Baar, 1983; Elderfield
and Greaves, 1983; Greaves et al., 1988) It has since been well established that, on a global scale, the REE
content in seawater increases significantly with depth, except for specific areas in the vicinity of rivers

which are a substantial source of REEs to the surface ocean (Goldberg et al., 1963; Martin et al., 1976;
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Elderfield et al., 1990; Sholkovitz et al., 1999; Yang and Haley, 2016). This pattern emerges due to
preferential REE scavenging by organic and non-organic particles in the shallow ocean, and subsequent
transport to the deep where the REEs are released by particle dissolution (Garcia-Solsona et al., 2014;
Osborne et al., 2015; Zheng et al., 2016). The two dominant REE-carbonate complexes in seawater are
[REE]CO3+ and [REE](CO3)2- species, whose distribution depends more strongly on pH than on REE
atomic weight. Luo and Byrne (2004) showed that between a pH of 6 and 8 the [REE]JCO3+ complex
dominates REE speciation, and that the [REE](CO3)2- complex is dominant at a pH above 8. Less
important compounds that complex REE ions in seawater include organic matter, oxalates, sulfates,
phosphates, and silicic acid (Lee and Byrne, 1992; Shijf and Byrne, 2004; Akagi, 2013). The strong
complexation of the HREESs by carbonate ligands in seawater results in a pronounced PAAS-normalized
enrichment of HREEs over LREEs. As interactions between lanthanides and ligands are mostly ionic in
character they are governed by Coulombs law, which predicts stability of complexes with the smaller
HREE ions under Earth surface conditions. Hydroxides have a relatively weak preference for HREE,
sulfate complexes have no major preference of either LREEs or HREESs, and carbonate complexes are
strongly HREE selective in ambient seawater (cf. Lee and Byrne, 1992). However, the characteristic
PAAS-normalized HREE-enriched pattern of seawater is not merely the result of complexation with
carbonate and other ions, but from a constant competition between complexation and physical adsorption
(Elderfield et al., 1988). Elderfield and Greaves (1982) suggested that LREEs are more efficiently removed
by scavenging in surface waters than HREEs, and are thus less concentrated in seawater than the HREE:s.
More recent studies have corroborated this observation, arguing that HREEs are associated with hard
particulates as opposed to the LREEs, which are more reactive towards particulate matter (Hathorne et
al., 2015).

Scavenging by Fe and Mn(oxy)hydroxides is a major process that selectively fractionates REEs in
the modern ocean (Klinkhammer et al., 1983; De Baar et al., 1985a; German and Elderfield, 1989).
Scavenging proceeds via adsorption on the metal oxide surfaces that results in a modification of the REE
distribution in the parent solution, which may cause positive anomalies of Y, La, Ga, and Lu (Bau, 1999).
Specific REEs are adsorbed more strongly to Fe and Mn oxides than others. The MREEs show a peculiar
affinity towards Mn oxides, whereas the LREEs are adsorbed more strongly to Fe oxides due to the strong
complexation constants of HREE towards carbonate ions (Koeppenkastrop and De Carlo, 1993; Pattan et

al., 2005). In a recent study Schijf et al. (2015) suggested that REE scavenging in the upper ocean is
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controlled by the large availability of organic and particulate detrital particles including Mn- and
Fe(oxy)hydroxides, whereas scavenging in the deep ocean is mainly controlled by Mn(oxy)hydroxide
particles. Scavenging of the REEs by mineral surfaces is a pH dependent process whose relevance is
reduced by high carbonate concentrations that hold the HREE:s in solution (Quinn et al., 2006).
Enrichment of MREEs has also been attributed to the presence of phosphates, in particular due to
weathering of phosphate minerals (e.g. Hannigan and Sholkovitz, 2001). Similar to complexation,
adsorption of REEs onto particulate phases is also governed by Coulombs law and is expected to be more
efficient for the smaller HREESs, which would lead to LREE enrichment in sorption-dominated systems

and HREE enrichment is expected in complexation-dominated systems (Bau, 1991).

Interactions with organic matter

Of all the interactions between REEs in solution and particulate matter, their relation towards
organic matter is perhaps the most complicated. Organic complexes with REEs can show a surprising
variation in aqueous stability, and can produce strong inter-element fractionation depending on the
behavior and attributed of the respective ligand (Wood, 1993; Byrne and Li, 1995; Sonke and Salters,
2006). In circumneutral waters REEs are usually bound to humic substances (Pourret et al., 2006). The
presence of abundant organic substances in solution can result in strong competition for REE
complexation, and even disrupt sorption processes that would otherwise occur (Pourret et al., 2008;
Davranche et al., 2008). However, these competitive sorption effects decrease rapidly with increasing pH
and carbonate content, where complexation with carbonate ions take over control on REE distribution
(Pourret et al., 2007; Tang and Johannesson, 2010b). The LREEs are complexed more strongly by humic
acids that the MREEs and HREESs in circumneutral waters; a trend that is reversed at more acidic pH
(Tang and Johannesson, 2003). Similar trends have been observed for REEs in estuaries and terrestrial
waters, where the LREEs are complexed by organic colloids in river estuaries where freshwater is mixed
with seawater (De Baar et al., 1985b) Gadolinium anomalies in seawater have been attributed to strong
Gd complexation with organic matter, which is highly stable in seawater compared to the neighboring
REEs (Zhang and Nozaki, 1998). In solutions where dissolved organic matter content is low, sorption
reactions involving other solid phases become more relevant for REE fractionation. Positive correlations

of dissolved organic matter in river waters and REEs, and the preferential sorption of Ce(IV) to organic
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colloids further suggests and intimate relationship of organic matter with the REEs (Pourret et al., 2008;
Freslon et al., 2014).

Apart from adsorption onto dead organic matter, rare earth metals can also be taken up by
bacteria, where passive adsorption or biosorption is the most relevant mechanism (Andres et al., 2003).
Organic compounds such as proteins, polysaccharides, and extrapolymeric substances (EPS) can
preferentially sorb and fractionate REEs, although experimental results have been conflicting.
Experiments conducted by Takahashi et al. (2005, 2010) showed preferential HREE adsorption onto
bacterial cell walls owing to their strong affinity to phosphate surface groups. This enrichment was only
observed at a pH lower than that prevailing in seawater or sedimentary pore waters. Contrary to these
results Ozaki et al. (2006) showed preferential sorption of the light REEs and Eu onto soil bacteria.
Moriwaki and Yamamoto (2013) found that siderophores and other organic acids exert a similar control
on REE sorption as surface phosphate groups. They further suggested an increasing importance of
carbonate complexes as opposed to phosphate complexes at increasing pH, but could not discern which
REEs are most affected by different complexing agents due to their similar chemical behavior. As most
studies have been conducted on soil bacteria under pH conditions lower than that of seawater or marine
sedimentary pore waters, little is known about these processes involving marine bacterial communities in

sedimentary porewaters.

Cerium

Cerium is a unique lanthanide in that it can occur in more than one redox state in aqueous
solutions (Goldberg et al., 1963; Sholkovitz and Elderfield, 1988). In oxygenated natural waters Ce(I1I)
can be oxidized to the less soluble Ce(IV), resulting in a fractionation from the other trivalent REEs. This
fractionation results in anomalous Ce concentrations within the lanthanide series, either in the solution
from which it oxidized, or within the phase acting as the sink for oxidized Ce(IV). These deviant Ce
concentrations are referred to as the Cerium anomalies, and are a measure of fractionation of Ce from the
other REEs that can only be achieved by redox chemistry (Henderson, 1984). The Ce anomaly is a typical
feature of modern seawater, which features a well-developed negative Ce anomaly (Elderfield and
Greaves, 1982; De Baar et al., 1985a). Several processes have been put forward to explain this Ce

distribution, including abiotic Ce oxidation during scavenging onto oxides, and microbial Ce oxidation
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(Moffett, 1990; Sholkovitz et al., 1994). In most cases, the parent solutions exhibit negative Ce anomalies,
as dissolved Ce(III) is removed by oxidation to insoluble Ce(IV) (German and Elderfield, 1990). This
oxidation is strongly catalyzed by Mn-(oxy)hydroxides with high surfaces areas, which can even act as a
sink for Ce(IV) (Loges et al., 2012). Although Fe-oxides may also scavenge Ce(IV) from solutions under
certain conditions, Mn oxides are considered to be the most significant carrier phase of Ce(IV) (Bau, 1999;
Ohta and Kawabe, 2001). The oxidation of Ce(III) and reduction of Ce(IV) is strongly pH dependent in
marine waters, whereas Eh may be more effective across the redoxcline in pore waters (cf. De Baar et al.,
1988). Although the behavior of Ce in oxic waters is relatively straightforward, this is not the case for
sedimentary pore waters. Particulate organic material plays a key role in the distribution of Ce(I1I) and
Ce(IV). This is due to the strong complexation between organic matter and Ce, which can produce
negative Ce anomalies in solutions in the absence of oxygen. Specifically high pH and dissolved carbonate
concentrations may lead to preferential Ce adsorption, which leads to negative Ce anomalies in solution
and simultaneous positive anomalies in humic substances (Pourret et al., 2008; Morgan et al., 2012).

The strong complexation of all REEs by organic material may also lead to decreased sorption of
REEs onto other potential carrier phases such as oxides or carbonates. Davranche et al. (2008) found that
collectively bound REEs to humic acids cannot be sorbed onto other materials such as oxides, which — in
the specific case of Ce — would inhibit oxidation of Ce on the oxide surface. As a consequence, any Ce
anomaly is suppressed by humate complexes holding Ce(III) in solution. Similarly, Leybourne and
Johannesson (2008) noted a lack of Ce anomalies in DOC-rich stream waters, attributing it to strongly
bound Ce(III) to organic material. Aside from humic substances, other solid phases exhibit negative Ce
anomalies. Positive Ce anomalies are uncommon in natural environments compared to negative
anomalies, and have mostly been reported from alkaline lake waters (cf. Moller and Bau, 1993), and have

not yet been reported in marine sedimentary pore waters.

134



Europium

Europium is the only other lanthanide apart from Ce that exhibits active redox chemistry. Unlike
Ce however, its redox behavior is more strongly governed by pH and temperature (Bau and Moller, 1992).
Acidic, high-temperature fluids increase the mobility of Eu(II), which is also the dominant in strongly
reducing conditions (Elderfield et al., 1988). At Earth surface conditions, however, Eu behaves more like
the other trivalent REEs. An exception to this may be highly alkaline, reducing lake and marine pore
waters (Sverjensky, 1984). The strong temperature dependence on Eu speciation is an important factor
that distinguishes Eu behavior from that of Ce (cf. Bau, 1991), and why Eu anomalies can be interpreted
with more confidence in marine waters and sediments. Europium anomalies in seawater have been used
to establish a record of hydrothermal input versus other sources of REEs to seawater (Elderfield et al.,
1988; Goldstein and Jacobsen, 1988). Seawater features a slight positive Eu anomaly, which may result
from river waters where such anomalies are generated by weathering of sulfide and preferential
mobilization of Eu relative to the other REEs (Leybourne and Johannessson, 2008; Xu and Han, 2009).

Europium is known to interact with bacteria in soils, where it adsorbs onto cell walls in the
presence of organic ligands (Ozaki et al., 2006), however it is unclear how relevant this behavior is in

marine sediments.

Yttrium and Holmium

Although Y is not part of the lanthanide series, it is often measured and reported concomitantly
with the REEs, as its behavior in natural waters is very similar to that of its geochemical twin, Ho. This
behavior results from their comparable ionic radii, identical charge, and similar stability constants of
carbonate complexation in seawater (Zhang et al., 1994; Bau, 1999). Despite these similarities, Y and Ho
fractionate strongly in solution via several processes that include scavenging by particulate matter and Fe
oxides (Nozaki et al., 1997; Bau, 1999). Fractionation of Y from Ho results its different hydrolysis
behavior, which is more similar to that of Sm and Eu than Ho. Further, Y is a harder ion and is more
weakly complexed than Ho, whose bonding is more electrostatic in character (Klugness and Byrne, 2000).
The difference in covalency between Y and Ho associated with ligand exchange between the two elements,

as well as the absence of electrons in the Y 4f electron shell are possibly the two major traits that produce
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Y-Ho fractionation in solution (cf. Nozaki et al., 1997; Choppin, 2002; Tanaka et al., 2008). Yttrium also
fractionates from Ho during scavenging onto particles. The affinity of Y for Fe-oxides is lower than that of
Ho, and fractionation increases with increasing pH (Bau et al., 1996). Bau and Dulski (1999) showed that
Y behaves conservatively during mixing of hydrothermal fluids and seawater, whereas the other REEs

including Ho are scavenged by Fe (oxy)hydroxides.

Rare earth elements in marine sedimentary pore waters

There are much fewer studies on REE abundance and behavior in marine pore waters than
studies on REEs in the water column of the ocean. This could be due to analytical difficulties in
determining pore water REE concentrations as opposed to measurements in the water column (Piper,
1974). The advancement of new analytical techniques has only relatively recently lead to a new surge of
studies on REEs in seawater and marine sedimentary pore waters (Haley and Klinkhammer, 2003;
Rousseau et al., 2013; Zheng et al., 2014; Behrens et al., 2016; Fisher and Kara, 2016). That modern
marine sediments are generally enriched in REEs compared to ocean bottom waters has been known long
before measurements of REEs in sedimentary pore waters could be conducted (Wildeman and Haskin,
1965; Haskin et al., 1966; Chaudhuri and Cullers, 1979; Elderfield et al., 1981). In the first ever study on
REEs in marine pore waters — published over 20 years after the first pore water studies on trace metals —
Elderfield and Sholkovitz (1987) showed that not only do REE concentrations increase with depth; they
also progressively lose their seawater-type pattern in favor of flatter, LREE and MREE-enriched shale-
normalized patterns. This study demonstrated the strong control of diagenetic remobilization of REE-
bearing phases such as phosphates, Fe and Mn oxides, and organic matter over the distribution and
concentration of REEs in marine pore waters. This notion was confirmed in subsequent studies who
applied various graphical methods to depict REE fractionation such as element-element plots and
normalizing REEs not only o PAAS, but also to mean sediment and deeper pore water REE concentrations
(Sholkovitz et al., 1989). The main mechanism resulting in pore water REE enrichment is the transport of
REEs to the sediment via metal oxides and particulate organic matter. In the course of diagenesis, cycling
of minerals and organic matter subsequently release their REEs to pore waters to such a degree that
porewaters have even been inferred to act as a source of REEs to bottom waters (Elderfield and Greaves,
1982).
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Since the late 1980s, numerous of follow-up studies have attempted to untangle the various
diagenetic processes involved in sedimentary REE cycling in order to attribute specific reactions to the
mobility of certain REEs that produce diagnostic REE patterns. Sholkovitz et al. (1992) found that the
LREEs are cycling much more efficiently than the HREESs, a behavior that also applies for unusual pore
waters such as anoxic brines (cf. Schijf et al., 1995). Generally, those processes that govern REE behavior
in the water column such as adsorption onto particulate phases and complexation by inorganic and
organic ligands are responsible for REE patterns in the sediment (cf. Haley and Klinkhammer, 2003). A
comprehensive study on various REE patterns in marine sediments was conducted by Haley et al. (2004),
who showed that varying enrichments of HREE, MREE, and LREEs can indeed by linked to a specific
process during diagenesis. Additionally, the cycling of organic matter in marine sediments by microbial

processes has been stressed to release significant amounts of REEs to pore waters (Freslon et al., 2014).
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Fig. 1. Schematic illustration of trace element cycling, sorption, and transport in the water column to the
seafloor. Four solid phases involved in cycling and vertical transport are considered: organic matter
(green), Fe(oxy)hydroxides (red), Mn (oxy)hydroxides (orange), and terrigenous material (brown).
Elements are cycled in the photic zone by marine life and hydroxide phases, after which they adsorb trace
metals and transport them to the seafloor as particle rain. Terrigenous phases are not involved in surface
water cycling. Although all solids exhibit concentrations of all elements, the focus here is on which
elements are the most relevant for the respective phase. The size of the elements denotes the importance
of organic matter, Fe and Mn oxides, and terrigenous particles on flux of the respective element to the

seafloor. No scale implied.
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Fig. 2. Schematic illustration of trace element sources and pathways in marine sediments, SWI =
sediment water interface. Organic matter and Fe- and Mn(oxy)hydroxides particles, and diffusion from
seawater deliver trace metals to sedimentary pore waters where they are distributed among four main
sources (top rectangles): organic matter (green), Fe oxides (red), Mn oxides (orange), and siliciclastic
alumosilicate clay minerals (brown). During diagenesis organic matter is remineralized, oxides undergo
reductive dissolution in the absence of free oxygen, and clay minerals undergo transformation and
weathering, releasing their trace metals to pore waters. These dissolved metals are transferred to one of
four main sinks (bottom rectangles): recalcitrant organic matter (green), Fe sulfides (red), carbonates
(white), and clay minerals (brown). The size of letters denotes the importance of the respective transport
process, source, and sink materials for the respective element. The size of top and bottom rectangles
denotes their importance as a source or a sink for the respective elements. Arrows denote important

transport paths of trace elements between their sources and their long-term sinks. No scale implied.
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Part 2: Carbonates as a sink for trace and rare earth metals I — Physicochemical and mineralogical
constraints

The first part of this review focused on the behavior of trace and rare earth elements in natural
waters from source to sink, that is, from the surface ocean to marine sediments. For carbonate
petrologists — and petrologists in general —this is a logical place to start when reviewing why and how
these elements accumulate where mineral formation takes place. The second step is to focus on the
mechanisms of how carbonate minerals incorporate and archive these metals, in order for us to analyze
them to gain information on past geologic processes. Geochemical analysis of marine biogenic and non-
biogenic carbonates has yielded much information on a large variety of topics ranging from chemical
oceanography to the marine carbon cycle and climate change (e.g. Berger, 1983; Sandberg, 1983; Archer
and Maier-Reimer, 1994; Millero, 2007). The research over the years has shown that understanding and
quantifying the thermodynamics and kinetics of carbonate formation and dissolution, as well as
incorporation of major elements including Ca, Mg, Sr, Fe, and Mn are the foundation and a prerequisite
in tackling any of the aforementioned issues (Morse and MacKenzie, 1990; Andersson and MacKenzie,
2013 and references therein). Consequently, the practice of analyzing major element contents of marine
carbonates has been harnessed into a powerful tool that is applicable to almost all geological and
oceanographical settings (Kinsman, 1978; Brand and Veizer, 1980; Land, 1980; Veizer, 1983). We will
omit the major elements including Ca, Mg, Sr, Fe, and Mn from the following discussion, as the literature
concerning the geochemistry of these elements in carbonates is vast and not the main focus of this review.
The next two sections summarize the modes and mechanisms of trace and rare earth metal incorporation
into carbonate minerals, followed by several examples of case studies that utilize these elements to
establish concepts and interpretations on the genesis of Holocene corals and microbialites to

Neoproterozoic non-biogenic carbonates.
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Trace and rare earth metal incorporation into carbonates — Modes and mechanisms

Trace metals

Carbonate minerals are highly prone to incorporate significant amounts of trace and rare earth
metals (Veizer, 1983). Calcite precipitation and dissolution reactions act both as a sink and as a source of
trace metals in natural environments, and depend on their concentrations in solution (Hardstad and
Stipp, 2007). Uptake of trace metals by calcite not only occurs during growth, but also during dissolution
and when the mineral is in equilibrium with surrounding solution (Lorens, 1981; Stipp et al., 1992). Most
of our knowledge on trace metal incorporation into carbonate minerals stems from laboratory studies, in
which chemical parameters are determined to predict and model interactions between dissolved
components and the solid phase. Rimstidt et al. (1998) summarized these parameters, which include
distribution coefficients, mineral surface area, mineral precipitation and/or growth rate, and aqueous
concentrations of metal ions (cf. Lorens, 1981; Paquette and Reeder, 1995). The vast majority of studies
have concentrated on calcite, as opposed to aragonite or dolomite. Calcite can easily adsorb and substitute
trace metal ions for Ca2+ and Mg2* in its lattice, resulting in the common observation that natural
carbonates are almost never present as pure CaCO5 (Dromgoole and Walter, 1989; Burton, 1993).

The two main mechanisms that are responsible for the trace metal content of carbonate minerals
are coprecipitation and adsorption (Zachara et al., 1991; Paquette and Reeder, 1995). Coprecipitation
refers to the uptake and active incorporation of ions into the mineral during growth, and may be
influenced by growth rate and surface structure (Reeder et al., 1999). Although much experimental work
has been conducted to derive predictable distribution coefficients for trace element substitution in
carbonate minerals, reliable or robust data that predict partitioning behavior are difficult to attain. This
results from the multitude of factors influencing incorporation including precipitation rate, metal ion
concentrations in solution, and competitive behavior of trace metal amongst each other (Morse and
Bender, 1990). Carbonate minerals can incorporate different metal ions to varying degrees depending on
their crystal structure. The calcium ion occupies a unique octahedral site within the calcite lattice, which
results in ready substitution of ions that also occur in this coordination in calcite such as Co, Zn, and Fe.
Larger ions such as Sr and U have a higher coordination number, and preferably incorporate into the

octahedral crystal structure of aragonite (Parekh et al., 1977; Reeder et al., 1999; Morse et al., 2007).
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Metal adsorption on the mineral surface is the second major process leading to trace metal
incorporation into calcite. Experimental studies on the sorption behavior of ions on calcite have shown
that it depends primarily on solution chemistry and pH (Franklin and Morse, 1983; Davis et al., 1987;
Zachara et al., 1991). Adsorption of cations on carbonate minerals is related to their size relative to the
Caz* jon that is substituted within the lattice, and proceeds as a multiple-step process with initial rapid
surface uptake followed by slower removal from solution (Comans and Middelburg, 1987; Stipp and
Hochella, 1991). The initial rapid chemical adsorption of cations onto the mineral leads to progressive
enrichment of trace metals at the surface, which is an important first step towards actual incorporation
into the lattice during crystal growth (Watson, 1996). Adsorption of cations generally increases with
decreasing ionic radius and occurs as free metal ions in the case of most divalent cations, or as complexed

aqueous species in the case of trivalent ions (McBride, 1979; Zachara et al., 1988; Cheng et al., 1999).

Uranium — An “all-rounder” in paleoenvironmental analysis of carbonates

Certain trace metals have received more attention with respect to mineral incorporation than
others, depending on their utility for geologic applications, as geochemical tracers, or their relevance in
environmental pollution. Uranium is one of the best studied trace metals regarding its relationship to
calcite and aragonite, which has resulted from its applicability as a chronometer, thermometer, and an
indicator of past ocean anoxia and carbonate ion concentrations (Hamelin et al., 1991; Min et al., 1995;
Shen and Dunbar, 1995; De Carlo et al., 2015) It is well established that U is less compatible within the
rhombohedral conformation of calcite than in the orthorhombic form of aragonite (Reeder et al., 2000),
and that U incorporation into lattices depends strongly on its speciation. Uranyl (U(VI)) substitution is
easier in aragonite than in calcite, where it requires a change in coordination that may lead to disruptions
of the calcite lattice (Kelly et al., 2003). Uranium partitioning into calcite further depends on pH and
precipitation rate as shown by Meece and Benninger (1993), who demonstrated decreasing distribution
coefficients for U into calcite at increasing pH and precipitation rate (but see Gabitov et al. 2008 for
contrasting results). As soon as U incorporation into calcite is achieved it can be efficiently immobilized
and stored there for millions of years (Reeder et al., 2001). Less studies have been conducted on the
incorporation of reduced U(IV) into carbonates. Uranium(IV) can be accommodated easier into calcite

than uranyl due to its smaller size, leading to high concentrations of U in natural carbonates from
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reducing environments (Sturchio et al., 1998). However, high concentrations of dissolved Ca2* have
shown to inhibit the rate of U reduction through the formation of large Ca-U-CO; complexes, which may

reduce the U(IV) uptake rate by carbonates precipitating in reducing waters (Brooks et al. 2003).

Not all have received the same attention — Relevant, yet understudied trace metals

Arsenic incorporation into calcite has received some attention, though not as extensively as U.
Arsenic is a trivalent ion, and its incorporation is more complex than incorporation and isomorphic
substitution of Ca2+ by divalent cations of similar size (Curti et al., 2005). As with U, arsenic speciation
governs its incorporation into minerals, as arsenate and arsenite behave differently in solution. Arsenate
competes strongly with bicarbonate complexes during adsorption onto calcite, whereby decreasing
alkalinity facilitates arsenate accumulation on the mineral surface (Sg et al., 2009). Arsenate is
incorporated via adsorption of As(V)-oxyanions at the calcite surface, possibly substituting for carbonate
groups in the lattice (Cheng et al., 1999; Alexandratos et al., 2007). Arsenite appears to be more readily
incorporated than arsenate, and forms solid solution series with calcite similar to Cd. Coprecipitation of
arsenite with calcite has been observed in experiments that imply that dissolved arsenite availability and
mobility is severely limited by calcite precipitation (Romén-Ross et al., 2006).

Surprisingly little work has been done regarding adsorption and incorporation of Mo into calcite,
given this elements importance in paleoeanographic studies (see section 2). The overwhelming majority
of studies on Mo involve the adsorption and desorption of various Mo species onto oxide minerals in soils,
which is a strongly pH dependent process (McKenzie, 1983; Goldberg and Forster, 1998). Molybdate has a
high adsorption affinity for negatively charged surfaces of Fe and Al oxides such as goethite and gibbsite,
although other ions including arsenate, selenate, phosphate, and sulfate may compete efficiently for
adsorption (cf. Manning and Goldberg, 1996; Wu et al., 2001). It is feasible that similar behavior controls
Mo sorption onto carbonate minerals.

Certain trace metals behave differently than others in the vicinity of the mineral surface. Zachara
et al. (1991) found that Cd and Mn dehydrate upon contact with the surface, whereas Zn, Co, and Ni
remain hydrated and possibly partition into the lattice as hydrated complexes. Zinc and Cu are
incorporated differently into calcite than Co, Cd, or Mn, as they form mononuclear inner-sphere

adsorption complexes before substituting for Ca2+ in the surface layer of the mineral (Elzinga and Reeder,
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2002). Zinc in particular adsorbs very strongly onto calcite at high pH and low Caz2+ activities where it
subsequently substitutes for Ca2+ in the calcite lattice (Zachara et al., 1988; Cheng et al., 1998). This
behavior is complicated by complexation with dissolved species such as Cl, which can significantly
decrease Zn partitioning into the solid phase (Temmam et al., 2000). Similar complexation behavior has
also been observed for Cu, whose adsorption and incorporation into calcite is influenced by organic humic
acid complexes (Lee et al., 2005). Cadmium has a high affinity for adsorption onto calcite, which proceeds
rapidly and results in a strong tendency to partition into calcite (McBride, 1980; Tesoriero and Pankow,
1996). Cadmium is so effectively substituted for Ca2+ that solid solution series exist between CdCO, and
calcite (Hoffmann and Stipp, 2001). Nonetheless, phosphate and sulfate ions can reduce the capacity for
Cd sorption; a process that is particularly relevant in seawater and marine pore waters (van der Weijden
et al., 1997). Moreover, calcite recrystallization and Cd sorption decrease with increasing pH and
dissolved Mg2+ content (Davis et al., 1987).

In contrast to Zn and Cd, Ni is only moderately incorporated into calcite. Nickel forms more
stable complexes in solution than Zn or Cd, which prevent rapid dehydration and impede rapid Ni
incorporation into calcite (Hoffmann and Stipp, 2001). However, Ni does partition into calcite in
proportion to its concentration in solution, yet at a much slower rate than other trace metals (cf.
Lakshtanov and Stipp, 2007). Cobalt incorporation is preceded by adsorption of Co2+ onto both aragonite
and calcite where it substitutes for Ca2+, although its affinity is much higher for calcite (Kornicker et al.,
1985; Katsikopoulos et al., 2008). Xu et al. (1996) observed a strong pH dependency of Co2+ adsorption
onto calcite, with higher Co concentrations on the mineral surface at higher pH. Even low concentrations
of Co2* in solution may actively influence the growth habit of minerals during precipitation (Braybrooke

et al., 2002).

Rare earth elements in carbonates — An exercise in discrepancy

The REEs partition into carbonates via similar processes as those outlined above for the trace
elements. Not all aspects of REE incorporation into carbonates will be discussed in depth here, as other
reviews have recently covered this topic in greater detail (see Debruyne et al., 2016). Carbonate minerals

including calcite and aragonite, but also dolomite, act as efficient repositories for REEs on geologic time
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scales due to their ability to accommodate significant amounts of REEs in their lattice, and modes and
mechanisms by which they achieve this will be summarized below.

Most of what is known on REE partitioning into carbonates is derived from laboratory studies,
and the overwhelming majority of these have focused on calcite. Although experimental efforts have not
yielded consensual results for the relevant parameters (e.g. Liu and Byrne, 1998 vs. Ohta and Kawabe,
2000), the fundamental mechanisms and their importance has been constrained fairly well.
Incorporation of REEs in calcite proceeds via coprecipitation and adsorption, and depends on REE
concentration and the nature of their complexation in solution. As with most minerals the calcite surface
is negatively charged, and adsorption of trivalent positively charged REE ions proceeds quickly and
efficiently. However, carbonate ions do not participate in the REE-adsorption processes. Rather, hydroxo-
complexes are involved in the attachment of lanthanide ions onto the surface, highlighting the importance
of REE complexation (Sawada et al., 2005). The role of complexation was investigated by Terakado and
Masuda (1988), who suggested that REE partitioning into calcite more strongly controlled by REE
complexation in solution rather than by the crystal structure of the mineral. Zhong and Mucci (1995)
showed that REE uptake by calcite is rapid at first and slows down with progressing mineral growth, and
appears to be largely independent of precipitation rate (cf. Toyama and Terakado, 2014). Furthermore,
the LREEs are more effectively partitioned into calcite, which was attributed to increased competition for
crystal sites at higher REE concentrations with an increasing preference for the better fitting LREEs. This
would reflect retention of the HREEs by aqueous carbonate complexes. Highly charged cations such as
the REEs have large adsorption coefficients, which may account for the minimal to nonexistent effect of
precipitation rate on REE distribution coefficients.

Precipitation rate does not necessarily affect the rate of incorporation of the REEs into calcite in
such a way as it would affect other trace metals with lower charge (Wang and Xu, 2001). Fractionation
during partitioning into calcite has also been observed for Y and Ho. Fractionation of these two elements
in natural waters has been attributed to the difference of bonding covalence associated with ligand
exchange between Y and Ho (see section 1). The same mechanism applies to their fractionation during
incorporation into minerals. Yttrium-Holmium fractionation occurs during reactions of REE-carbonate
complexes with dissolved carbonate ions during the incorporation of REE(CO3)2- complexes into calcite
(Tanaka et al., 2008). This leads to a more rapid uptake of Ho compared to Y, although they are both
strongly partitioned into calcite (Qu et al., 2009). The significance and influence of aqueous complexation
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for REE uptake by calcite was further stressed by Tanaka et al. (2004), who showed a direct dependency
of partitioning coefficients on the degree of REE-carbonate complexation in solution. Most Ca2+-bearing
minerals are enriched with REEs relative to other solid phases due to the ease of REE substitution for
Ca2+, It is important to note that the LREEs adopt a different local coordination within calcite than the
HREEs, which reflects differences in charge compensation during substitution of the trivalent REEs for
divalent Ca (cf. Elzinga et al., 2002). This substitution leads to an excess of charge in the vicinity of the
substitute ion, in this case REE3+ that may be compensated by charge-balanced substitution of other ions
such as Na2+ or hydroxylated forms of REE3+ (Withers et al., 2003; Marques Fernandes et al., 2008; Voigt
et al., 2017). The mode of REE substitution in the calcite lattice is still a matter of debate, and has led to
several studies focusing on Eu in particular. Stipp et al. (2003) showed strong adsorption and uptake of
Eu by calcite, and argued that REE uptake by calcite is not limited by its uptake capacity, but by REE
availability in solution (see also Lakshtanov and Stipp, 2004). Curti et al. (2005) suggested different
substitution mechanisms at high and low pH during incorporation of Eu into calcite, leading to
coordination rearrangements and changes in mineral solubility at different pH.

Aside from lattice properties and charge compensation mechanisms, the incorporation of REEs in
particular seems to enact an influence on the habit of the growing carbonate crystal. Barker and Cox
(2011) demonstrated varying growth of acicular and rhombohedral calcite crystals dependent on REE/Ca
ratios of the parent solution, as well as increasing REE content within calcite during growth. Similar
results were derived by Maskenskaya et al. (2015), who could also verify the influence of crystal habit on
REE distribution patterns in calcite. Their study further showed that uptake of LREEs is stronger than for
HREEs (as suggested by Zhong and Mucci (1995)), if the parent solution has equal concentrations of all
REEs, and slow precipitation conditions favor diffusion and adsorption of REE ions to the mineral
surface.

Although not all trace and rare earth metals are separately reviewed here, their adsorption and
incorporation behavior into carbonates is similar. Adsorption onto the mineral surfaces is usually the first
step, where their concentration is increased in the vicinity or directly at the surface compared to the
surrounding parent solution. In a second, usually slower step, they are subsequently incorporated into the
mineral lattice during precipitation. Differences in speciation, valency, size, and in the tendency to form
aqueous complexes with inorganic and organic ligands produce minor variations in the capacity of

carbonates to incorporate and hold trace metals. Carbonate minerals, especially calcite, can be considered
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long-term repositories of lanthanides and actinides that are more effectively incorporated into calcite than
other trace metals (cf. Sabau et al., 2014), and only complete mineral dissolution leads to an effective loss
of trace metals from the mineral lattice (Stipp et al., 2006). This is a useful aspect to consider when
interpreting trace metal contents of natural carbonates. The next part of this review will detail the
applicability of trace and rare earth metals to natural carbonates in the rock record, and will reveal that
interpretation of these metals in terms of reconstructing ancient environments is not at all

straightforward despite experimental evidence and present-day observations.

Part 3: Carbonates as a sink for trace and rare earth metals IT — The geologic record

The question of preservation

Two assumptions inevitably need to be made in order to use trace and rare earth metals as
proxies in ancient carbonates: (1) trace metals are partitioned into the solid phase with a constant ratio
that reflects their concentrations in the parent fluid, and that (2) already partitioned elements are not
removed or added during diagenesis. The first supposition is much easier to assert than the second, as it
can be tested with relative confidence in laboratory experiments outlined in the previous section. The
second, however, cannot be affirmed experimentally, which is why post depositional alteration of rocks
and its effect on their element content is an issue that is addressed in most case studies. Early studies on
diagenetic carbonates focused on the recrystallization of aragonite to calcite with concomitant decrease of
Sr and increase of Mg (e.g. Berner, 1966). Later studies enabled to establish a relationship between early
and later diagenetic carbonate phases and their trace element content, revealing that certain elements
become systematically enriched in the course of equilibration with diagenetic fluids (Brand and Veizer
1980).

Since the earliest work dedicated to trace and REEs in ancient and modern carbonates there has
been an ongoing debate if, and to what degree, these metals are preserved in carbonates over geologic
timescales. The notion that carbonate minerals represent a stable archive for trace and REEs is highly

tempting, and has been anticipated long before experimental work partially corroborated this idea

147



(Friedman, 1969; Veizer et al., 1971; Parekh et al., 1977). The study of Banner et al. (1988) is a definite
step forward in resolving the question of the effect of diagenesis on trace metal contents of sedimentary
carbonates. In a systematic study on dolomite they showed how post-marine diagenesis does not affect
REE systematics, and how recrystallization of dolomite does not alter REE patterns. Similar conclusions
can be drawn from experimental studies suggesting that carbonate minerals such as calcite, aragonite,
and dolomite must dissolve completely in order to alter their REE contents (Terakado and Masudo, 1988;
Zhong and Mucci, 1995). Banner and Hanson (1990) further argued for the importance of the water to
rock (W:R) ratio during diagenesis, which can reset distribution coefficients of trace elements due to the
varying degrees of water-rock interactions. As the W:R ratio during diagenesis exerts direct influence on
the exposure time of fluids with carbonates, this increased reaction time can indeed alter the REE or trace
metal content of carbonates (Bellanca et al., 1997; Tanaka et al., 2003; Tanaka and Kawabe, 2006). Fluid
circulation is considered an even more important factor with respect to REE stability in carbonates than
elevated temperatures (Cherniak, 1998) or dolomitization (Miura and Kawabe, 2000; Kucera et al., 20009;
Wang et al., 2014). In some cases, however, even high W:R ratios do not affect REE contents, particularly
if dissolution and reprecipitation of carbonates is rapid and dissolved elements re-enter secondary
minerals (Bau and Alexander, 2006; Allwood et al., 2010). The argument for preservation of primary
signals from W:R ratios has also been suggested in studies of carbonate shell material that experienced
diagenesis and burial (Azmy et al., 2011; Zaky et al., 2015). The possibility that REE patterns in authigenic
ancient minerals can be preserved and can withstand diagenetic alteration without substantial change has
also been put forward for other geologic materials including cherts and phosphates (McArthur and Walsh,
1984; Wright et al., 1987; Murray et al., 1990, 1992; Grandjean-Lécuyer et al., 1993), as well as iron
formations (Fryer, 1983; Jacobsen et al., 1988; Derry and Jacobsen, 1990; Bau and Méller, 1992; Bau and
Dulski, 1996).

Nevertheless, the idea that REEs are largely unaffected by post-depositional processes has been
challenged. A case study of Mid-Proterozoic laminated shales and carbonates demonstrated the mobility
redistribution of REEs during diagenesis (Schieber, 1988), argued for diffusion of LREEs from shales and
preferential enrichment in limestones during diagenesis. Johannesson et al. (2006) pointed out the
sensitivity of REEs towards post-depositional mobilization, fractionation during precipitation, and the
ease of contamination of primary signature. Studies of REEs in modern stromatolites have further noted

the difficulty of applying these metals as tracers of abiotic vs. biotic activity, as microbial activity
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fractionated REE during adsorption and uptake from parent fluids (Johannesson et al., 2014; Censi et al.,
2015). As of today, no solid method has yet been put forward that can unambiguously determine the
extent of post-depositional alteration. However, some attempts have been made to establish proxies of the

degree diagenetic influence, particularly concerning the REE content of ancient carbonates.

Primary or altered signals? Attempts to solve an enduring dilemma

The calls for caution in the interpretation of trace and REEs in ancient limestones have
encouraged the search for proxies to assess diagenetic influence, and detect external sources of potential
contamination. The most obvious and simple method to recognize the above factors is to calculate
correlation coefficients of the elements in question to elements considered to be indicative of minerals of a
definite terrestrial or terrigenous origin. Trace elements used for such correlations include Th, Zr, Sc
(Chester and Aston, 1976), Co (Tribovillard et al., 2006), Ti, and Al (Calvert and Pedersen, 1993;
Tribovillard et al., 1994; Van der Weijden, 2002; Kryc et al., 2003), as well as combination of specific
element pairs such as U-Th, Fe-Cr, Rb-Cs or Zr-Hf (Dulski et al., 1977). Thus, correlations of a given trace
element or REE with either one or a combination of one of these elements can be considered as being
derived from terrigenous material. The same principle of correlation can be applied by correlating trace
and REEs to Fe or Mn, as Fe- and Mn(oxy)hydroxides are known to scavenge and subsequently release
trace and REEs as discussed previously. However, inter-elemental correlation is only one of several
methods to estimating the degree of alteration of trace and REEs in carbonates. The correlation between
Fe-isotopes and total REE content has been put forward as an argument for the survival of primary REE
contents in ancient carbonates (Von Blanckenburg et al., 2008).

Apart from inter-elemental correlations between trace metals and specific metal isotopes, the
REE:s offer a wider range of possibilities to identify post-depositional alteration of trace metal contents in
carbonates. Setting aside the possibility that the shale-normalized REE content of seawater changed over
geologic time (Shields and Webb, 2004; Lécuyer et al., 2004), the REE composition of seawater can be
used as a first-order approximation of what compositions and patterns of unaltered carbonates should

yield. Modern seawater REE systematics can by summarized by:

1. Positive La, Gd, Lu, and Y anomalies in shale-normalized patterns
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2, Negative Ce anomalies
3. HREE enrichment

4. Superchondritic Y/Ho ratios

Therefore, any significant or observable deviation in REE systematics from the above traits can be
viewed in terms of an unoriginal or non-primary signal that is suspect of diagenetic or post-depositional
alteration. Modification of primary REE patterns during diagenesis is the most obvious and concerning
issue hampering the REE interpretation of ancient carbonates, and several approaches have been

suggested to detect and circumvent erroneous conclusions:

1. Sr-Nd isotopes

Strontium is more mobile in fluids than Nd during diagenesis, and correlations between isotopes
of these two elements have been suggested as being indicative of primary, unaltered signals (Kamber and
Webb, 2001). Depending on the questions posed and the geologic setting of the studied samples, Sr and

Nd isotopes can be either superfluous or essential in determining the degree of alteration of carbonates.

2. Shale-normalized Dy/Sm ratios above unity, and correlations between Ce anomalies and Dy/Sm

and total REE contents.

Shields and Stille (2001) suggested this correlation as a means to estimate of MREE enrichment and the

potential influence of diagenesis accompanying the generation of MREE enrichment in the samples.

3. Correlations of Eu with any other REE (Shields and Stille, 2001; Bolhar et al., 2004).

4. Correlations of 34S and Ce anomalies

5. Positive La and Y anomalies assigned to subsurface weathering

6. No correlation between Y/Ho and Ce anomaly (Bolhar and Van Kranendonk, 2007).

7. MREE enrichments indicative of P or Fe-oxide contribution (Haley et al., 2004; Baldwin et al.,
2011)
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8. Correlation of Eu anomaly to Sm/Yb ratio as indicator of hydrothermal influence (Kamber and
Webb, 2001)

9. Correlation of Fe and REEs combined with low Fe/REE ratios as indicators for diagenetic Fe
enrichment (Nothdurft et al., 2004)

10. Correlation of Ce anomalies with Nd (Holser, 1997)

11. Arching effect, MREE bulge, 2Gd/(La+Lu) after Holser, (1997)

Enrichment factors — Towards a uniform comparability

Perhaps the most important element to discern various input sources is Al, which is neither
affected by biological nor diagenetic processes. Aluminum has emerged as the element of choice to
quantify terrigenous and detrital fractions of trace metals in sediments by normalizing their content to its
content in natural samples; a practice that yields relative concentrations in natural samples compared to a
predetermined standard of choice. These values are known as enrichment factors (EFs) of a given
element. The concept of calculating enrichment factors for trace metals in the environment stems from
research on anthropogenic pollution studies of heavy metals, and has been put to use since the late 1960s
(Miiller, 1969; Bruland et al., 1974; Lantzy and MacKenzie, 1979; Hakanson, 1980; Hilton et al., 1985;
Salomons and Forstner, 1984). The application of trace metal EFs for paleoenvironmental analysis in
pristine marine sediments and shales is a comparably younger field of research (see Brumsack, 2006 for a
review). As elegant and convenient the calculation of EFs may be, there are caveats of which one must be
aware of during interpretation. Enrichment factors are easily over- or underestimated if they are not
considered together with total concentrations of the respective elements and Al. Ideally, information on
the composition of background material is required to correctly assess trace metal EFs in sediments. Van
der Weijden (2002) summarized the issues concerning Al normalization of trace metal data. In certain
cases, normalization of trace metal data using Al should be cautioned, or avoided altogether. These
include sediments with very low Al content, or an excess of Al content over other elements that are
associated with the terrigenous fraction including Co, Cs, Ga, Li, Rb, Ta, Th, and Sc (see also Tribovillard

et al., 2006).
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From modern corals to Archaean stromatolites — A brief overview

Specific carbonate minerals can be assigned to particular redox zones in marine sediments, which
control the distribution of trace metals in sediments and, thus, thermodynamic stability of carbonate
minerals (Coleman, 1985; Barnaby and Rimstidt, 1989). These early studies focused mainly on major
elements in carbonates such as Mg, Sr, Fe, and Mn, which are effective at assessing the degree of
recrystallization, progressive diagenesis and redox zonation. Much of the basic concepts and
understanding on REEs in natural carbonates have been established by the analysis of modern corals in
the 1990s. Sholkovitz and Shen (1995) linked REE uptake into corals to their complexation with carbonate
in seawater, concluding that REEs are taken up by the mineral in proportion to their concentration in
seawater. This notion had already been put forward a decade earlier by Shaw and Wasserburg (1985), who
claimed that “REEs in primary carbonate are derived from seawater”. This recognition of the utility of
trace and REEs in corals has led to a wealth of literature, which was again revived around the year 2000
by the study of Webb and Kamber (2000), who developed a new proxy based on REE contents in corals.
Subsequent studies on corals have confirmed that REEs are indeed taken up from seawater in a
predictable ratio, and can thus be used as a relatively reliable proxy to interpret ancient environmental
conditions (Fallon et al., 2002; Agaki et al., 2004; Nothdurft et al., 2004; Wyndham et al., 2004; Cabioch
etal., 2006).

Although corals offer a potentially more robust and reliable trace and REE archive, post-
depositional processes including diagenesis and neomorphism of carbonate minerals contribute to
contamination and alteration of primary signals (Webb et al., 2009). The promising results and
interpretations enabled by the pioneering work on corals encouraged the use of trace and REEs to
reconstruct environmental conditions much further back in geologic time (although this practice has been
explicitly cautioned see Holser, 1997). Two of these types of carbonates are Neoproterozoic marine
carbonates, and Archean microbialites. Both bear some resemblance to hydrocarbon-seepage derived
authigenic carbonates in their mode and environment of formation, and trace and REEs have been
applied to all three types of carbonates in order to unravel essentially the same types of processes.

The record of Neoproterozoic carbonate successions has yielded valuable information on redox
conditions of ancient oceans, large-scale climatic shifts, oxygenation of the atmosphere and the

concomitant evolution of marine life, whereby most of these processes have been inferred based on high-
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resolution carbon and oxygen isotope stratigraphy (Karhu and Holland, 1996; Buick et al., 1998; Lindsay
and Brasier, 2001; Bekker et al., 2003; Melezhik et al., 2007; Guo et al., 2009; Och and Shields-Zhou
2012; Lyons et al., 2014). Trace and REEs are being increasingly applied to these ancient deposits to
retain additional and more detailed information on specific environmental conditions and biogeochemical
processes. Many known Neoproterozoic carbonates were deposited in proximity to continental margins,
where river water or meltwater from deglaciation affected the chemistry of fluids from which the
carbonates precipitated. Trace and REEs have been used with some success in discerning marine from a
terrestrial water input, and to assess the influence of both sources (Mazumdar et al., 2003; Zhao et al.,
2009; Zhao and Zheng, 2013). A combination of Y/Ho ratios, and correlations of trace and REEs with Ti,
Zr, Sc, and Th have been suggested to estimate the magnitude of terrestrial input to parent fluids
(Frimmel, 2009; Huang et al., 2009; Hohl et al., 2015a), as well as employing Eu anomalies to trace
hydrothermal input (Meyer et al., 2012; Xiong et al., 2014). In a similar manner, enrichments or
depletions of trace metals Mo, U, and V have been applied in such ancient carbonates to evaluate the
prevailing redox potentials to reconstruct ancient sulfur cycling (Armstrong-Atlin et al., 2010; Meyer et
al., 2012: Hohl et al., 2015b), as well as using Ce anomalies in assessing the degree of oxygenation of
ancient waters (Komiya et al., 2008; Zhao et al., 2009; Nagarajan et al., 2011; Ling et al., 2013).

The more relevant types of carbonates in the framework of this review are microbialites, which
include modern and ancient stromatolites. Microbial carbonates are of great interest for geologists and
biologists alike, as they represent unique archives of the most ancient forms of life on Earth (Burne and
Moore, 1987; Gehling, 1999; Grotzinger et al., 2000; Allwood et al., 2006; Altermann et al., 2006; Schopf
et al., 2007; Riding, 2011). The record of Proterozoic microbial carbonates, and of stromatolites in
particular, has been studied using sedimentological tools, petrography, and detailed isotope stratigraphy
in order to unravel the onset of microbial life in Earth’s history, as well as pinpointing the time frame and
direction of their evolution in the light of major geological changes including Neoproterozoic oxygenation
events, global and regional glaciation, and putative large-scale emissions of greenhouse gases to the
atmosphere (Knoll et al., 1993; Grey and Corkeron, 1998; Grotzinger and Knoll, 1999; Kennedy et al.,
2001; Corsetti and Grotzinger, 2005; Fairchild and Kennedy, 2007; Flannery and Walter, 2012).
Generally, microbial carbonates have higher trace and REE contents than corals or abiotically produced
marine carbonates. This can either be seen as an impediment or an asset. Elevated concentrations can be

a priori assigned to progressive diagenetic enrichment (Scherer and Seitz, 1980; Shaw and Wasserburg,
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1985; Holser, 1997). Nevertheless, microbialites have been regarded as superior element repositories
compared to corals, as element fractionation due to biologically controlled carbonate formation can be
excluded (e.g. Webb and Kamber, 2000). Certain trace and REEs such as V, Cr, Mo, and Ba have been
employed to infer the degree of biogenicity in modern microbial mats and stromatolites, and to
discriminate between microbial from skeletal or abiotic carbonate (Webb and Kamber, 2004; Kamber and
Webb, 2007; Valdivieso-Ojedo et al., 2014; Censi et al., 2015; Li et al., 2017). Similar to studies on
Neoproterozoic marine carbonates, the influence of terrestrial input from erosion or river water, and the
influence of seawater on microbialite formation has been successfully discerned by trace and REEs (Van
Kranendonk et al., 2003; Bolhar et al., 2004; Cabioch et al., 2006; Bolhar and Van Kranendonk, 2007).
Trace and REEs have also been used to assess the water depth of microbialites formation (Kamber et al.,
2014), as well as to estimate the degree of direct microbial involvement in carbonate precipitation
(Kamber and Webb, 2001; Corkeron et al., 2012).

This chapter briefly summarized the potentials, the limitations, and possible pitfalls of using trace
and REEs in certain types of modern and ancient marine carbonates for (paleo)environmental analyses.
The next section ties in with microbial carbonate deposits, yet focuses on an unusual type of microbial
carbonate that has gained significant attention in recent years, specifically as a sink and an archive for

trace and REEs that may even be considered being of global relevance.
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Part 4: Authigenic carbonates at marine hydrocarbon seeps — An El Dorado for trace and rare

earth metal application

The unique character of hydrocarbon seepage-derived authigenic carbonate deposits in marine
sediments lies in a factor that is often overlooked. Seep carbonate deposits are often described as — or
included into the term of — microbialites, yet this inclusion implies that both types of carbonate are either
formed by similar or even the same mechanisms, or that they are derived from the same source of carbon.
However, microbialites receive their carbon largely from seawater DIC including marine cements, coral
skeletons, sponge bodies, bryozoans, and other metazoan remains, (Bosence and Bridges, 1985; Flajs et
al., 1995; Neuweiler et al., 1996; Riding, 2002), whereas the main carbon source for seep carbonates is
organic carbon derived from microbial mineralization of methane and organic matter in sediments
(Ritger et al., 1987; Paull et al., 1992; Peckmann et al., 1999; Greinert et al., 2001). This difference is most
evident when comparing phase-specific or bulk rock 5:3C values of reefal microbialites (Montaggioni and
Camoin, 1993; Camoin et al., 1999; Heindel et al., 2010), mud mound microbialites (Wendt et al., 1997;
Neuweiler et al., 1999; Elrick and Snider, 2002; Calner et al., 2010), and seep carbonates. Hydrocarbon
seep carbonates display the lowest §:3C values of all known marine limestones, demonstrating that their
main carbon source stems from a combination of methane and higher molecular weight organic
compounds, mixed with minor amounts of bicarbonate from seawater (Peckmann and Thiel, 2004). In
this respect, seep carbonates can be viewed as the “true” microbialites, as their formation is directly
involved with — and even only possible due to — microbial metabolic activity in seafloor sediments.

The reasons why trace and rare earth element studies on authigenic seep carbonates are enjoying
an ever-growing popularity is obvious: They constitute deposits capable of archiving a wide range of
abiotic element cycling processes, as well as many microbial metabolic processes that proceed in marine
sediments. As most modern seep carbonates are located at or close to the seafloor, they can yield
additional information on bottom water process such as diffusive and advective element flux to and from
sediments, sedimentation rates, seafloor weathering, and winnowing. Redox reactions below the seafloor
can be conveniently classified according to their energy yield for microorganisms, and can hence be

divided into the following zones:
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Oxygen reduction

Nitrate reduction

Manganese reduction

Iron reduction

Sulfate reduction

Methanogenesis

Acetogenesis

Fermentation

This geochemical zonation of subseafloor sediments is well established and has been
substantiated by pore water chemistry data (Froelich et al., 1979), as well as by free energy considerations
and redox potentials (Fenchel and Jorgensen, 1977). As authigenic seep carbonates are produced as a
direct result of AOM they are, strictly speaking, associated with the zone of sulfate reduction. However, as
shallow marine sediments are highly dynamic environments, carbonates precipitating in the sulfate
reduction zone are bound to be affected by any one, or a combination of, the redox processes outlined
above. Therefore, their chemical properties are guaranteed of tracing multitudes of interdependent
physicochemical and biogeochemical processes that partake in the cycling of carbon, sulfur, iron, and
manganese.

Apart from oxic processes at seeps such as aerobic methanotrophy and aerobic sulfide oxidation
triggering carbonate corrosion and dissolution (Cai et al., 2006; Birgel and Peckmann, 2008; Himmler et
al., 2008), seep carbonates precipitate in a strictly anoxic environment. The following part of this review
will summarize the processes that shape, and have shaped, modern and ancient cold seep environments,
and how which trace and rare earth metals can help to trace and constrain these processes. However,
before addressing the interpretation thereof, we provide an overview of how these elements are best

extracted from natural samples in order to allow for reliable (paleo)environmental reconstructions.
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Determining metals in carbonates — Analytical approaches

Two types of analytical approaches in determining trace and REE content of have so far been
applied to cold seep carbonates. The first and by far the most widely used method is dissolving sample
powder and measuring element contents in solvents, which are then analyzed by solution inductively
coupled plasma mass spectrometry (ICP-MS). Bulk carbonate samples are leached either partially or
completely using various acids of different strengths that attack specific components of the bulk material.
The most commonly used acids during this procedure are acetic, nitric, hydrochloric, and hydrofluoric
acids used in varying proportions, whereby the first two are more suitable for carbonates, and
hydrofluoric acid combinations are more effective in dissolving silicates. Detailed knowledge of the
samples prior to dissolution, including mineral and total inorganic and organic carbon content of
samples, and information on host sediments is a prerequisite in deciding which leaching method to use.
Depending on whether authigenic seep carbonates or background sediments are analyzed, sequential
leaching in the former and complete leaching in the latter case is recommended. Rongemaille et al. (2011)
tested various leaching methods on bulk carbonate samples at varying temperatures, and gave a clear
recommendation for the use of weak nitric acid (5%) for carbonate dissolution over a time frame of 24
hours under constant agitation. As more and more studies using varying leaching methods from bulk
sediments and carbonate samples are being published, several of these focus on sequential leaching.
Zhang et al. (2015) recommend acetic acid (5%) for REE analyses in bulk carbonates in order to prevent
non-carbonates from contaminating the measurements. A sequential leaching protocol using nitric acid
during pre-leaching and main leaching is endorsed by Tostevin et al. (2016). The reconstruction of
(micro)environments in which seep carbonates precipitated can only be reliably performed if element
concentrations of host and/or external non-carbonate material remain unaffected during the leaching
process. In our view, bulk sediment analysis of modern or ancient seep sites is only of limited use in the
reconstruction of ancient environments, as the temporal (and in some cases even spatial) relationship
between the marine sediment and geomicrobiological processes is not always straightforward. Authigenic
carbonates on the other hand, being a direct result of these processes, are much more reliable
repositories. Therefore, it is recommended that careful sequential leaching using a pre-leaching step and a
main leaching step in preferably nitric or acetic acid — as put forward by Zhang et al. (2015) and Tostevin

et al. (2016) — is required when analyzing bulk methane seep carbonate samples.
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The second method to analyze trace and rare earth metals in modern and ancient seep carbonates
is laser ablation ICP-MS. Compared to solution ICP-MS this practice has rarely been used so far for seep
carbonates although it constitutes a well-established and highly promising tool in determining elemental
concentrations in natural carbonates (Pearce et al., 1992; Woodhead et al., 2004; Hathorne et al., 2007;
Schone et al., 2010; Jochum et al., 2012). Although several wavelengths of lasers are used in the earth
sciences (see Liu et al., 2013 for a review), a wavelength of 193 nm is possibly the most suitable for
carbonates as it produces more uniform ablation yields and exhibits reduced matrix effects compared to
lasers of larger wavelengths (Giinther and Heinrich 1999; Guillonge et al., 2003; Sylvester, 2008). For
LA-ICP-MS analyses of limestones thin sections of a standard size (48 x 28 mm) are used. Modern
carbonates are generally softer than ancient samples, so the thickness should be at least 80 to 100 pm
depending on the age. Clear advantages of LA-ICP-MS over solution ICP-MS are the convenient and rapid
sample preparation, high micrometer-scale accuracy, and rapid measurement times. Moreover, seep
limestones are usually composed of several carbonate mineralogies and clearly identifiable carbonate
phases, which reflect different formation conditions. Himmler et al. (2010) showed for the first time how
phase-specific trace and REE analyses of seep carbonates yielded notable variations in REE content
within different aragonite and calcite cements, confirming different environmental conditions of
precipitation. Moreover, from a statistical point of view, laser ablation allows for a much higher amount of
data points that can be statistically analyzed.

Despite its advantages, the use of LA-ICP-MS bears certain drawbacks. Most studies analyzing
carbonates or carbonate-rich materials use the 43Ca isotope as an internal standard for raw data
quantification (Himmler et al., 2010; Chen et al., 2011), meaning that for normalization at least one
element (in this case Ca) must be known beforehand (Longerich et al., 1996). For very pure carbonates, a
concentration of 40% for Ca may be assumed, although this disregards carbonate solid solutions of Ca
with Mg or Sr carbonates. Liu et al. (2016) recently suggested an internal standard-independent scheme
to circumvent this issue based on calculation of an ablation yield correction factor. Other possibilities are
to simply measure Ca using electron microprobe or X-ray fluorescence, and use the measured values for
quantification. The high Sr content in many modern and some seep carbonates may further lead to
measurement issues and overestimation of this element, which can however be corrected during raw data

evaluation (Woodhead et al., 2004; Fietzke et al., 2008; Vroon et al., 2008).
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Fig. 3. Schematic illustration of trace metal flux from sources to carbonates during diagenesis, SWI =
sediment water interface. Trace elements sources are denoted by rectangles and include organic matter
(green), clastic material (brown), Fe oxides (red), Mn oxides (orange) and are mobilized to different
degrees in specific redox zones of marine sediments. Rectangle size (top to bottom) shows the relevance of
the source in the course of diagenesis. Arrows denote element flux. Arrow colors indicate the source of
elements: green = organic matter, gray = clastic material, red = Fe oxides, orange = Mn oxides. Arrow
thickness symbolizes the importance of flux of specific elements from a certain source in a redox zone to

the authigenic carbonate sink. See text for details. No scale implied.

159



Constraining the cold seep environment I — Redox processes

The use of trace and rare earth metals to constrain redox processes at cold seeps has come a long
way in the past decade. As summarized in part one of this review, the behavior of trace and REEs in
natural waters is to a large part governed by redox state, pH, and by the chemical composition of the
parent solution. The advantages of using redox-sensitive elements in constraining these processes are,
therefore, obvious. Constraining the cold seep environment includes the reconstruction of redox and
mineralization processes that lead to the formation of various carbonate minerals that we can analyze
today, as well as reconstructing present-day or sub-recent events that shape hydrocarbon seeps.

Considering that the precipitation of seep carbonates requires the sulfate-dependent anaerobic
oxidation of methane, the use of Ce anomalies in constraining anoxic conditions has been applied in
several modern and ancient seep limestones (Feng et al., 2009a,b, 2013, 2014; Ge et al., 2010; Himmler et
al., 2010; Rongemaille et al., 2011; Bayon et al., 2013; Jakubowicz et al., 2015). However, in the light of
the results of these and other studies it appears that negative or positive Ce anomalies are insufficient to
reliably trace oxygen content or the redox state of pore waters by themselves, particularly in ancient seep
carbonates. Firstly, negative Ce anomalies in seawater, which result from oxygenated conditions, are
prone to alteration amidst the redox processes within sedimentary pore waters. This is even more the case
for progressive diagenesis and burial. Feng et al. (2009a) attributed negative Ce anomalies in some of
their samples to an influence of seawater oxygenation. Although correlations between Dy/Sm and Ce/Ce*
have been attributed to diagenetic alteration (Shields and Stille 2001), an absence of such correlation
neither necessarily implies an original seawater signature, nor does it strictly imply the presence of
oxygenated fluids. The interpretation of Ce anomalies is complicated by the observation that oxygenation
is not the sole cause of negative Ce anomalies, but that alkalinity and interactions with organic matter
may cause similar signals (Pourret et al., 2008; Himmler et al., 2010; Kim et al., 2012). To date, it is not
possible to constrain the mechanisms producing Ce anomalies at modern of ancient seeps with reasonable
certainty (cf. Himmler et al., 2010). However, varying Ce anomalies in a set of samples can argue for
changing redox conditions during carbonate precipitation, which can be expected given the dynamic
nature of modern seep environments (Feng et al., 2008, 2013 ; Ge et al., 2010). The combination of Ce
anomalies with other tools such as lipid biomarkers (Birgel et al., 2011), other REEs such as Nd

(Elderfield and Pagett, 1986; Wright et al., 1987; Ge et al., 2010), or trace element ratios such as V/Cr and
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Ni/Co (cf. Palomares et al., 2012) may be a more solid approach in constraining the extent of oxygenation
than the use of Ce anomalies by themselves.

Attempts to trace redox processes related to Fe and Mn (oxy)hydroxide reduction at cold seeps
typically involve the use of enrichments of the MREEs, which can be quantified using Dy/Sm ratios (cf.
Shields and Stille, 2001). The so-called MREE-bulge pattern has been attributed to the reductive
dissolution of Fe and/or Mn(oxy)hydroxides, which preferentially release MREEs to pore waters (Haley et
al., 2004; Himmler et al., 2013). Although diagenetic alteration also causes MREE enrichment in ancient
apatites and conodonts (Grandjean-Lécuyer et al., 1993; Bright et al., 2009), it is unclear if this
interpretation is also applicable to carbonates, as they incorporate REEs to a different degree than
phosphates (Wright et al., 1987; Zhong and Mucci, 1995). Moreover, results by Freslon et al. (2014)
showed that organic matter can also act as an additional source of MREEs to pore waters. Whether or not
MREE enrichment is derived from progressive diagenesis or from the release of Fe and
Mn(oxy)hydroxides during early diagenesis can be tested by additionally comparing Mg/Sr ratios or
La/YDb ratios of the samples (cf. Elderfield and Pagett, 1986). Distinguishing the pools of REEs released by
organic matter or by Fe or Mn oxides is a more challenging task. As Fe and Mn are not incorporated to the
same degree as REEs into carbonate minerals, correlations between these elements are of little help.
Analysis of the redox state of Fe and Mn in host sediments of seep carbonates could assess the degree of
the reductive dissolution of oxides, whose reactivity can vary significantly in marine sediments (Canfield
et al., 1992; Poulton et al., 2004). Such a conclusion was reached by Crémiére et al. (2016) who compared
MREE enrichments in seep carbonates to pyrite distribution in combination with Y/Ho ratios.

The most straightforward approach in discerning the Fe or Mn reduction zone from the sulfate
reduction zone is by Mo/U ratios. As outlined in part 1 of this review, Mo and U behave differently in
marine sediments due to (1) the scavenging effect of the sulfur cycle on Mo, and (2) the behavioral link of
U to Fe reduction. These differences result in fractionation of Mo and U in sediments, which is
particularly useful in studying modern and ancient hydrocarbon seep sites. According to what has been
observed so far concerning Mo and U enrichments in marine continental margin sediments, Mo should be
strongly enriched in the sulfate reduction zone compared to U, which should be present in higher
concentrations in the Fe reduction zone. Indeed, modern methane seep carbonates are enriched in both
Mo and U, although Mo enrichments are significantly higher (Sato et al., 2012; Hu et al., 2014, 2015b;

Pierre et al., 2014; Liang et al., 2017). That sulfate reduction produces a fractionation of Mo from U
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enrichments at seeps appears to be a correct assessment, yet is it possible to distinguish sulfate-
dependent AOM from organoclastic sulfate reduction (OSR) that occurs in most marine sediments?
Himmler et al. (2013) argue that HREE-enriched pore water patterns at cold seeps are a consequence of
OSR instead of AOM, as remineralization of organic matter releases LREE preferentially over HREEs, and
the oxidation of methane does not. During OSR the LREEs can be rapidly re-associated with organic
colloids that keep them in solution, thus producing HREE-enriched patterns (cf. Haley et al., 2004). The
question then arises of how to discern this effect from simple HREE enrichment patterns by carbonate
complexation in oxygenated seawater. If the processes of LREE re-association and carbonate
complexation by increased alkalinity — in seawater or in pore waters — cannot be distinguished, then this
line of argument needs additional support, such as a systematic assessment of the degree of HREE
enrichment of pore waters compared to ocean bottom waters above hydrocarbon seeps. Chen et al. (2016)
argue that OSR should enrich Co, Cu, Ni, Zn, and V in addition to Mo in organic carbon-poor sediments,
whereby AOM only enriches Mo which is most strongly affected by sulfide production. The question arises
if an environment with pore waters of such trace metal distribution remains static enough over time for
this pattern to be archived by authigenic carbonate precipitation. Should this be the case, then trace metal
ratios can indeed be used to confidently trace redox zonation in modern and ancient seeps, as well as
constraining the depth of the respective zones (cf. Li et al., 2016).

The Fe content of carbonates has been used as a measure of distinguishing the methanogenic
zone of marine sediments from the shallower zones of Fe and sulfate reduction. One of the first studies
applying Fe contents of non-marine carbonates in combination with 8:3C values presented a scheme to
distinguish sulfate reduction from methanogenic zone (Curtis et al., 1977); a suggestion corroborated by
Irwin et al. (1977). This concept was refined by later studies suggesting that increasing Fe content
compared to Mn in authigenic carbonates to be a measure of depth of precipitation, arguing for a stronger
influence of fluids typified by methanogenesis than sulfate reduction (Coleman, 1985, 1993). Non marine,
as well as marine carbonate cements may contain several thousands of ppm Fe and Mn, and attempts
have been made to infer redox conditions and redox potentials, suggested they reflect Eh conditions
prevailing during various stages of cementation (Frank et al., 1982; Barnaby and Rimstidt, 1989). In
marine sediments where abundant sulfate derived from seawater is available, sulfide produced by sulfate
reduction preferably reacts with dissolved Fe to precipitate iron sulfide minerals including amorphous Fe-

monosulfide, followed by pyrite and greigite (Wilkin and Barnes, 1996; Raiswell and Canfield, 2012).

162



Consequently, elevated Fe content in fluids — and carbonates precipitating from these fluids — are
enriched in Fe where sulfate is exhausted. This effect has led to the interpretation that carbonates with
significant concentrations of Fe must have formed from almost sulfide free pore waters, which are
characteristic of the zone of methanogenesis (Coleman, 1993). This interpretation of Fe content in
carbonate cements, in combination with phase-specific §3C values can distinguish the methanogenic
zone from the iron or sulfate reduction zones at cold seeps (Stakes et al., 1999; Pierre et al., 2014; Hu et

al., 2015a; Zwicker et al., 2015).

Constraining the cold seep environment II — Fluid composition

Alkalinity is a key parameter that governs carbonate precipitation at methane seeps (Ritger et al.,
1987), and varies strongly in time and space depending on methane flux rate (Luff and Wallmann, 2003;
Wallmann et al., 2006). Cerium anomalies are affected by organic matter mineralization, as dissolving
organic particulates effectively complex and adsorb the LREEs including Ce, producing negative Ce
anomalies in the residual fluids (Pourret et al., 2008). As alkalinity is directly controlled by the
mineralization of organic matter, Ce anomalies have been put forward as a measure for alkalinity changes
and gradients at modern methane seeps (Himmler et al., 2010; Rongemaille et al., 2011). However, as
discussed previously, Ce anomalies are problematic to interpret and can be assigned to a multitude of
processes including organic matter remineralization, mixing by pore fluids with oxygenated seawater, and
changes from oxic to anoxic conditions (Hu et al., 2014, Franchi et al., 2015; Jakubowicz et al., 2015).

Mineralization of organic matter plays a key role in the precipitation of seep carbonates. In one of
the first studies of its kind, Haley et al. (2004) put forward that REE patters showing distinct enrichments
of the HREEs over LREEs may be linked to a particulate organic carbon (POC) source of REEs. They
argued how the ratio of HREEs to LREEs reflect changing dynamics of organic matter remineralization,
and how a high ratios may reflect preferential HREE complexation with DOC coupled with a tendency of
the LREE to re-adsorb to POC. Their model demonstrated how POC acts as a primary carrier of REEs in
marine sediments where active microbial mineralization takes place, and how such resulting REE
patterns of pore waters can inverse or alter the typical REE patterns assigned to oxygenated seawater.
This pioneering work has since served as a solid basis for interpreting REEs in pore waters and

carbonates at cold seeps. Various carbonate cement types linked to different modes of precipitation at
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seeps include banded and botryoidal aragonite cement, as well as a cryptocrystalline, brownish-yellowish
form of cement (Peckmann et al., 2003, Hagemann et al., 2012). It has been speculated that the latter
cement is more strongly involved in direct precipitation of carbonate by microbial mats, and may contain
increased contents of organic matter (Leefmann et al., 2008; Hagemann et al., 2012). As discussed by
Haley et al. (2004), the LREEs may be preferentially absorbed by POC compared to the HREEs, and new,
yet published data on phase specific REE from modern and ancient cold seep carbonates gathered by the
Vienna Sedimentology Group seem to suggest that REEs can be used to distinguish carbonate cements
with increased contents of organic matter from those cements who have higher contents of inorganic
carbon. On these grounds it has been put forward that yellow cryptocrystalline aragonite cements at
modern and ancient methane seeps (cf. Peckmann et al., 2003; Leefmann et al., 2008; Himmler et al.,
2010) may indeed be mineralized remnants of biofilms, possibly even representing fossilized microbial
AOM communities. Distinguishing the mode of precipitation of carbonate cements in microbialites has
been attempted using enrichments of LREEs over HREESs, yet this method is not unambiguous (Frimmel,
2009; Corkeron et al., 2012). Moreover, experimental studies have so far yielded contrasting results with
respect to the complexation of REEs by organic substances. Kamijo et al. (1998) suggested that terrestrial
soil microbes preferentially scavenge LREEs from solution, whereas Takahashi et al. (2005, 2007)
provided evidence for HREE enrichment onto cell walls. The question of microbial interaction with REEs
in solution is further complicated as no studies have yet been conducted that investigate REE interaction
with marine microbial communities.

Residence times and circulation of DOM in marine pore waters may affect REE concentrations in
sediment depths of up to several tens of meters (Kim et al., 2012). In the context of DOM the results
presented by Pourret et al. (2008) have been inferred to assign Ce anomalies to fluctuations of specifically
humic acid concentrations in sedimentary pore waters. Several case studies have since argued that
negative Ce anomalies can also be caused in anoxic waters by preferential adsorption of Ce(IV) onto
humic acids, leaving the residual waters depleted in Ce(IV) (Pourret et al., 2008; Himmler et al., 2010;
Kim et al., 2012; Franchi et al., 2015). However, as stated previously, Ce anomalies by themselves cannot
be used with certainty to assess the degree of organic matter influence, much less the concentrations of
DOM in ancient pore waters.

Many modern hydrocarbon seep sites are dominated by the presence of high molecular weight

organic compounds and crude oils (Kennicutt et al., 1988; MacDonald et al., 2000; Joye et al., 2004;
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Naehr et al., 20009; Birgel et al., 2011; Korber et al., 2014). Hydrocarbon seeps typified by voluminous
expulsions of crude oil can strongly affect local micro- and macrofauna, and produce unique habitats for
distinct crude oil-tolerant fauna (MacDonald et al., 2004; Orcutt et al., 2010; Sahling et al., 2016).
Differences in oil- and methane-dominated hydrocarbon seeps today can be easily assessed by
submersible investigations, yet this distinction is not as straightforward in the geologic record. In an
attempt to define proxies that may allow for a reliable distinction between the two types of seepage,
Smrzka et al. (2016) found that modern and putative ancient oil seep carbonates are characterized by low
Mo/ U ratios, as well as higher total contents of REEs. This study provided first promising results, yet

more systematic work needs to be conducted to solidify these findings.

Constraining the cold seep environment III —Seepage in space and time

Within the context of this review, constraining seepage dynamics is concerned with how trace and
rare earth metal contents of different carbonate minerals can yield information to determine the rate and
persistence of fluid flux, seepage variability and spatial distribution, the position of the sulfate-methane
transition zone (SMTZ) in the sedimentary column, and diagenetic evolution at modern and ancient seep
sites. This is valuable information of the dynamics of methane seepage, AOM, the position of the SMTZ
through time, and can be used to infer estimates of global methane budgets. Prior to the application of
trace and REEs to address these issues, major element chemistry and mineralogy of carbonates provided
a useful approach. Several studies have compared Mg/Sr ratios of carbonates as a measure of diagenetic
progression, burial, and recrystallization of aragonite to calcite in the course of diagenesis (Ritger et al.,
1987; Savard et al., 1996; Campbell et al., 2002; Buggisch and Krumm, 2005; Peckmann et al., 2007;
Leefmann et al., 2008; Joseph et al., 2013). High resolution studies of Mg, Sr, Ca, Mn, and Fe contents in
concert with mineralogical investigations have enabled to track temporal and spatial changes in methane
seepage, and to detect ancient horizons where AOM occurred. Downcore trace metal analyses have
enabled to recognize precipitation events within specific sedimentary horizons at seeps, which can point
to carbonate authigenesis within a certain depth intervals in a sedimentary core using Sr/Ca and Mg/Ca
ratios, as well as to fossil AOM horizons in seep sediments (Bayon et al., 2007). N6then and Kasten (2011)
demonstrated how temporal and spatial changes in methane seepage can be deduced by geochemical and

mineralogical signatures preserved in seep carbonates. They argued that active and persistence of seepage
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and AOM can be inferred from layers for aragonite and high-Mg calcite in the sedimentary column. These
approaches have also been applied with success to ancient seep deposits, where systematic assessments of
elemental ratios of Sr, Ca, Mn, and Fe can aid in determining the extent of recrystallization, burial, and to
constrain the influence of deep fluids (Joseph et al., 2013). In a similar fashion, late diagenesis at
hydrocarbon seeps has been traced using REEs. In a comparative approach, Feng et al. (2009a)
demonstrated how late stage diagenetic processes produce negative correlations between Ce anomalies
and Dy/Sm ratios, as well as positive correlations between total REE contents and Ce anomalies.

Seepage dynamics play an important role in the geomicrobiology of ancient and modern cold
seeps. It has been suggested that the temporal variability of fluid flux is archived by REEs and trace
element patterns of authigenic carbonates (Feng et al., 2010). Varying contents in REEs in seep
carbonates may result in precipitation rates of minerals, which are in turn related to seepage intensity.
Based on this assumption, Ge et al. (2010) suggested that low REE contents in seep carbonates could be
the result of precipitation in a low flux environment. Total REE content is usually determined by which
phase is analyzed, and specific carbonate cements yield higher content than others (cf. Himmler et al.,
2010). Variations in Ce anomalies in seep limestones have been interpreted as changing redox conditions,
which are in turn caused by variations in gas and fluid flux (Feng et al., 2013). Such lines of argument can
be solidified by combining REEs with trace metals, and comparing these contents to the mineralogy of the
respective sample. High-Mg calcite at seeps has yielded high contents of REEs, Mo, U, and Cd, suggesting
low seepage flux at some depth below the sediment-water interface (Feng and Chen, 2015). High Mo
contents of seep sediments and carbonates may also indicate high sulfate flux promoting high rates of
AOM and sulfide production, which can then be stored efficiently as thiomolybdate in pyrites (Hu et al.,
2015b). The utility of Mo is valuable in constraining flux rates at seeps, as it is one of only a few trace
metals that directly respond to variations of seepage flux intensity. Uranium has also been shown to
produce moderate enrichments at seeps in response to increase seepage flux in suboxic sediments (Chen
et al., 2016), and Ba — Mo enrichments have been assigned to transient seepage activity at modern seeps
(Hu et al., 2017). Seawater influence at seeps is traceable using Y/Ho ratios, and can likewise provide
clues to seepage intensities. Suprachondritc, seawater-like Y/Ho ratios archived in carbonates suggest
that precipitation took place in waters dominated or at least influenced by seawater and thus close to the

SWI, arguing against high flux rates (Himmler et al., 2010).
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Being able to identify the depth and extent of the SMTZ at ancient and modern seeps can give
important indications on past seepage dynamics that may yield information on the future behavior of
seepage systems today. Barite and carbonate enrichments have been used to trace the shift of the SMTZ,
and systematic application of metal ratios have been applied to identify fossil horizons of AOM (N6then
and Kasten, 2011). As the depth of the SMTZ is closely linked to seepage rates, trace and REEs can
likewise be used to trace the depth of paleo-SMTZs (cf. Li et al., 2016). Peketi et al. (2012) proposed C-S-
Mo systematics in marine sediments as a potential tool to identify paleo-SMTZs and sulfide seepage
events by attributing Mo enrichment peaks in sedimentary profiles to pulses of elevated H2S production

associated with AOM and methane seepage.

Modes and sources of enrichment — External, authigenic, and scavenging processes

From what this review has covered so far, it seems clear that, at least on a local scale, cold seep
carbonates are an effective sink for trace and rare earth elements (Himmler et al., 2013; Lemaitre et al.,
2014). Yet the question remains on the origins of trace and rare earth metals, and by what first order
means they can be enriched in cold seep sediments and authigenic carbonates. We can distinguish three
modes, or sources, of enrichment at cold seeps: (1) external enrichment, (2) enrichment via scavenging
processes, and (3) authigenic enrichment. At first glance these three types of enrichment may seem to
cover one or two of the same processes. However, the following section will elucidate how and why such a
distinction can be helpful when addressing the issue of separating them. All three modes of enrichment
examine the process of delivering trace and rare earth metals to marine sedimentary pore waters.
External enrichment denotes the addition of metals to pore waters from a source other than those that are
in direct contact with pore waters, such as marine sediments. Further, with respect to hydrocarbon seeps,
external sources are strictly non-seepage specific processes that add to the element input of pore waters.
These external sources include the water column above the seep, hydrothermal exhalations in the vicinity
of the seep, particle flux to the seafloor, and freshwater input from rivers. Anthropogenic input from

water and sediment pollution are excluded here, as we are only considering pristine sediments.
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External enrichment

As outlined above, the water column above sediments is by far the largest external source of trace
and rare earth metals to marine sediments. The same is true for sites of hydrocarbon seepage, yet
although dominant, seawater itself does not constitute such a dominant source for these metals as is the
case for sedimentary pore waters unaffected by methane seepage. The most obvious method of
distinguishing a REE pool derived from seawater is comparing total REE contents of a sample to its Y/Ho
ratios, analyzing REE patterns with respect to typical signals for seawater, and to scan for possible
contamination by correlation of total REE contents to elements diagnostic for terrigenous sources such as
Al, Ti, or Sc. Rare earth element patterns in authigenic carbonate that mimic that of oxygenated seawater,
have suprachondritic Y/Ho ratios and do not correlate with the above mentioned elements, are very likely
to be sourced from bottom waters. Additionally, one can scan for indicators of diagenetic modification of
the respective REE content using one or several of the approaches outlined in section 1.

Hydrothermal input of trace metals to the ocean is relevant on a global scale (Douville et al.,
1999), yet its impact can vary strongly on a local scale. Detecting significant hydrothermal input of trace
and/or REEs in seep deposits is a comparably unambiguous procedure, as it relies on the most prominent
tool to detect this source: Eu anomalies (Bau, 1991; Leybourne and Johannesson, 2008; Allwood et al.,
2010). Strong Eu anomalies have been interpreted as being hydrothermal in origin over decades of
research, and have likewise been adopted to trace the influence and mixing of hydrothermal fluids with
either seawater or pore water at hydrocarbon seeps (Kim et al., 2012; Franchi et al., 2015; Jakubowicz et
al., 2015).

Although riverine input constitutes the largest source of trace and rare earth metals to the oceans
(Holser, 1997; Abbott et al., 2015), only in very few cases does this external source of enrichment play a
role at seeps. Although REEs can be of great use in tracing river discharge in corals and microbial
carbonates (cf. Sholkovitz and Shen, 1995; Frimmel, 2009; Huang et al., 2009), considering rivers as a
potentially relevant source for trace and rare earth metals at seeps has so far been a minor issue.
However, if the geological setting allows for such an interpretation, REEs can be used to trace freshwater
input to the seep (cf. Novikova et al., 2015).

Particle flux to the seafloor, i.e. the effect of primary production, can always be regarded as a

relevant source of trace and rare earth metals to cold seep sediments, provided the oceanographic setting
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allows for significant particle rain onto the seepage site. Surprisingly, only one study to date used Ni/Al
and Cu/Al ratios as palaeoproductivity proxies to determine the influence of productivity on the
generation of suboxic conditions (Li et al., 2016). If a cold seep is located below an upwelling zone, it can
be of interest to detect particle flux to seafloor sediments to pore waters, and to scan for these signals in
authigenic carbonates using trace element ratios and correlations (cf. Rosenthal et al., 1995; Piper and

Perkins, 2004; Nameroff et al., 2002; Piper and Perkins, 2004; Tribovillard et al., 2006).

Scavenging processes

As outlined in a previous section of the review, scavenging of dissolved trace and rare earth
metals from seawater by metal oxides and/or organic particles is a major process that governs the
behavior and fractionation of trace and REEs. At cold seeps, however, scavenging of these elements exerts
a direct influence on the efficiency and the degree of additional input of trace and REEs from seawater to
the sediment. In what was possibly the first study on the effect of emanating seepage fluids on trace metal
distribution and behavior within the vicinity of active seeps, Bayon et al. (2011) showed how the input of
reduced Fe-rich waters into oxygenated bottom waters above an active seep triggers the precipitation of
Fe(oxy)hydroxides in the water column. Due to the observed concentration anomalies of dissolved Fe,
Mn, and also REEs, they suggested that the actively formed Fe(oxy)hydroxide phases during seepage are
responsible for scavenging REEs from seawater, which settle back to the seafloor where they can be
released by reductive dissolution during early diagenesis. Although the oxidation of Fe to form oxides is
much faster than for Mn, Fe oxidation rates directly above an active seep are somewhat sluggish due to
the complexation of organic ligands and the reduced nature of the fluids (Lemaitre et al., 2014).
Nonetheless, it has been confirmed that hydrocarbon seeps constitute a significant, albeit local source of
dissolved Fe to the ocean, and can thereby lead to measureable depletions of trace and rare earth metals
in bottom waters. This intriguing discovery that seepage of reduced fluids actively scavenges REEs from
surrounding seawater lead to subsequent investigations on the processes, which has been termed the
“particulate shuttle process” by Tribovillard et al. (2013, although the term shuttle has previously been
used to describe trace element behavior in anoxic basins of the Black and Baltic Seas, see Dellwig et al.,
(2010)). These authors expanded the idea of REE scavenging to enrichments of other metals including As,

Sb, Mo, U, Cu, and Ni, and put forward three hypotheses on how certain metals can be actively enriched
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in seafloor sediments that are enabled by processes that only operate at active cold hydrocarbon seeps.
The sorption of newly formed Fe and Mn oxides that are subsequently transferred to sediments and
reduced can account for enrichments of Mo, As, Sb, but not U, and V, which do not sorb well onto these
metal oxide phases. They concluded that the particulate shuttle only accounts for the enrichment of those
metals that adsorb efficiently onto metal oxides. The selective enrichment of the particulate shuttle would
likewise explain trace metal enrichments at mud volcanoes, where the exact same enrichment patterns
(Mo, As, and Sb, but no U) have been documented (see also Cangemi et al., 2010). In a subsequent study,
Hu et al. (2014) confirmed the idea of a selective particulate shuttle process that lead to systematic

enrichments of Mo, Sb, and As, but not of U.

Authigenic seep-related enrichment

This mode of enrichment focuses on physical, chemical and biological processes that operate
exclusively at hydrocarbon seeps, and are not found elsewhere in marine sediments. These processes
include physical transport of deep, reduced fluids towards the seafloor, and the oxidation of hydrocarbons
and methane contained in these fluids. Fluid seepage at passive continental margins is governed by
tectonic processes, sediment loading, sea-level changes, and thermohaline convection (Suess, 2014 and
references therein), which act in concert or separately to squeeze deep fluids towards the seafloor. Cold
seeps can be active over long periods of time, and provide a stable and reliable source of energy for
chemosynthesis (Paull et al., 1984; Kulm et al., 1986; Wallmann et al., 1997; Van Dover et al., 2003; Judd
and Hovland 2007). The reduced fluids have been in contact with deeper sedimentary successions, and
are often enriched in hydrocarbons and trace metals. Strictly speaking, fluid ascension and import of trace
and rare earth metals from the deep can be considered an external source, yet the process of seepage is in
itself a defining factor of marine cold seeps. Especially seepage from submarine mud volcanoes is prone to
delivering warm fluids loaded with trace metals to shallow sediments, and physical transport of ascending
fluids have been invoked to enrich cold seep environments in Fe, Sr, Ba, Zn, Cu, Mn As, and Sb (Nath et
al., 2008; Liu et al., 2009; Cangemi et al., 2010). Distinguishing the input of trace metals from ascending
deep fluids has been attempted using Nd isotopes, which has proved to be a potent tracer for migrating

fluids that have interacted with deep sedimentary reservoirs at ancient and modern cold seeps (Piepgras
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and Wasserburg, 1985; Jakubowicz et al., 2015), although cold seeps do not represent a relevant Nd
source to the modern ocean (Bayon et al., 2011).

The most important reaction that defines the water chemistry at cold seep environments is AOM,
which produces bicarbonate and sulfide from methane and sulfate. Specifically, the production of sulfide
will have strong effects on the distribution and speciation of dissolved trace metals in the pore waters as
outlined in section 1. However, microbial sulfate reduction is a process that is almost ubiquitous in the
modern ocean, and the seepage of methane- or hydrocarbon-rich fluids is not a prerequisite for the
production of sulfide in sedimentary porewaters (Jorgensen, 1982; Canfield, 1989; Bowles et al., 2014).
The intense sulfide production at sites of vigorous seepage creates an ideal environment for the
accumulation of trace metals prone to be scavenged by dissolved reduced sulfur species, as well as sulfide
precipitates such as pyrite. Authigenic enrichment linked to oxidation of methane and high molecular
weight hydrocarbons is similar to enrichments of trace and REEs associated directly with fluid
composition described earlier. However, authigenic seep-related enrichment distinguishes between fluid
composition, and the processes that occur due to the chemical composition of the fluids such as AOM.
Hydrocarbon compounds themselves add trace and REEs to solution, yet their subsequent dissolution

produces sulfides that scavenge and archive these elements for the geologic record.
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Future perspectives for the use of trace metal proxies in seep research and beyond

Follow-up studs based on this thesis

The immediate follow-up studies inspired by the outcomes and results of this thesis include a
highly promising data set derived from yellow aragonite cements within Oligocene to Carboniferous seep
limestones. Several deposits feature yellow aragonite cements, which is a cryptocrystalline, highly
irregular variation of aragonite cement partially recrystallized into calcite in some of the samples. Phase-
specific trace and REE geochemistry revealed that the better preserved yellow aragonite (i.e. determined
by very low Mg/Sr ratios) features distinct shale-normalized enrichments of the LREEs over the HREE:s.
Such signatures are highly uncommon for any marine limestones, as most feature shale-normalized REE
patterns that resemble seawater (HREE enriched patterns), or feature flat shale-normalized patterns
suggesting contamination from surrounding clay minerals derived from the host sediment. Moreover,
recrystallized yellow aragonites to calcite (i.e. determined by very high Mg/SR ratios) do not show such
LREE enrichments. Rather, they are typified by flat to slightly HREE enriched REE patterns. These
systematic patterns are interpreted in that LREE enriched patterns in well preserved yellow aragonites
are remnants of fossilized microbial mats that have retained LREE-enriched signatures. This data set
further demonstrated that recrystallization of aragonite cements to calcite do not necessarily preserve
REE patterns, and that cautious examination is always recommended when interpreting REE data from
ancient limestones.

The second study that is currently in progress is a systematic solution-ICP-MS study on several
ancient brachiopod-dominated seep deposits derived from North America, Europe, Africa, and Asia,
spanning from the Late Devonian to the Oligocene. All of these deposits may have been potential sites of
ancient oil seepage through the Phanerozoic; an interpretation that has so far relied on circumstantial
evidence and paleontological considerations. This systematic approach using trace and REEs will test this
hypothesis, and will either confirm of reject the notion that some, or all, of these deposits were in fact oil
seeps. Based on the extensive data set and the resulting interpretation from trace and REEs, a new
assessment on macrofaunal ecology and evolution of chemosysmthesis-based life through geologic time

can be made, which would be a big step forward in our understanding of these highly unique ecosystems
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that operate independent of sunlight. This study demonstrates the relevance of trace element
geochemistry of fossil hydrocarbon seep carbonates beyond the scope of the geosciences.

As can be seen from the application opportunities for trace and rare earth metals in authigenic
carbonates outlined above, this area of research has come a long way in the past 20 years. Especially in
the past couple of years the amounts of studies reporting new data on metal concentrations and possible
proxies in seep carbonates shows how much potential is still available, and how much is still left to be
explored. This final chapter addresses unanswered questions and how to tackle them, and outlines some
areas of research that should be focused on more deeply so as to improve the effectiveness of trace metal
geochemistry as a tool for reconstructing ancient environments.

Much information has been gathered over the past decades on the aquatic chemistry of trace
metals, particularly on their behavior in marine waters of higher salinity. This information greatly aids
our understanding and interpretation of these metals with respect to ancient marine environments.
However, their behavior with respect to microbiology has been comparatively understudied. This
statement is not necessarily valid to all trace metals, as some trace metals have generally received more
attention than others. The reason for the rather unevenly distributed focus of scientific research is
obvious, as some metals have direct consequences on human activity, health, and can severely affect our
environment. Unsurprisingly, elements such as As, U, and Cr have received more attention than other
trace metals due to such concerns. There is a need for more detailed applied research on other trace
metals that are of more relevance to reconstructing ancient environments and to explore their full potency
as geochemical proxies in Earth’s history. The most relevant studies to be undertaken in coming years
should focus on cultivation studies of marine archaea and bacteria and their passive and active
interactions with relevant trace metals, most notably Mo, U, REEs, Ni, V, Sb, and Se. Some information,
particularly in the case of U, is available to date, yet most studies have been conducted on terrestrial
freshwater microbial communities. Although cultivating anaerobic marine microbial consortia is a
demanding task, it is nonetheless possible, and studies with a strong focus on trace metal adsorption,
desorption, passive enrichment and active metabolic utilization and cycling of trace metals could yield

valuable information with respect to the research questions addressed by this thesis.
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Research outlook

Further research outlooks could address the question of the modes and mechanisms of trace
metal — carbonate mineral interactions. Very much information has been gathered, particularly with
respect to the REE in this issue, and experimental studies have yielded solid, yet also ambiguous and
contradictory results as outlined in part two of the last manuscript. This complex issue can however be
addressed more thoroughly by conducting series of systematic experimental studies exploring all the
relevant factors governing trace metal incorporation into carbonate minerals. This is, of course, a time
consuming labor intensive and costly undertaking, yet only a systematic approach can yield more detailed
information on how specific trace metals are taken up and archived by natural carbonates. Specific trace
metals such as Mo, Ni, Cu, Sb, Se, and As have received comparably little attention with respect to these
research questions. Particularly in the case of Mo — which can be regarded as one of the most important
trace metals in geochemical proxy research — hardly any studies have been conducted at all concerning its
incorporation into carbonate minerals. There is much potential in such experimental studies, which can
be regarded as the most important basis for our understanding of the complex interplay of trace elements
in solution and trace elements in solid phases.

As outlined in part four of the third manuscript of this thesis, cold seep carbonates are rewarding
in terms of trace metal geochemistry, as they form within highly dynamic environments where a
multitude of biogeochemical processes occur simultaneously that can all be traced — to different degrees —
by trace metal geochemistry. Most of the information derived for the interpretation of trace metal
contents in carbonates and their host sediments stem from laboratory experimental work as outlined
above. Yet, many of the aspects that have so far been addressed by studies focusing on trace metal
chemistry at modern and ancient hydrocarbon seeps could also be applied in a systematic way to other,
similar types of carbonate deposits in the rock record. Some of these deposits — that include Proterozoic
and Phanerozoic cap carbonates — have already been touched upon in part three of manuscript three.
Systematic analysis of trace metal contents and ratios, combined with C and O stable isotope
geochemistry, lipid biomarkers, carbonate-associated sulfate, and stable isotopes of more unconventional
metals such as Mo, V, and Ni could yield more detailed and valuable information on depositional
environments, redox conditions, and modes of formation of many carbonate deposits whose origins and

modes of formation are not as well understood as is the case for hydrocarbon seep carbonates. As an
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outlook put forward by this thesis, it can be of great value for future projects and endeavors to apply trace

metals to carbonates under different questions and problems as posed by seep carbonates.
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Summary

This thesis presents a comprehensive study on the applications, potentials, and limitations of
trace and rare earth element geochemistry in the framework of inorganic geochemistry of natural marine
carbonates with specific focus on methane- and oil-seepage derived authigenic carbonates. Natural
hydrocarbon and methane seepage from seafloor sediments represent a significant source of organic
carbon from the geosphere to the hydrosphere and, potentially, the atmosphere. The discharging organic
compounds are metabolized by an anaerobic consortium of archaea and bacteria. The metabolic products
of such redox reactions include dissolved carbon compounds that induce the in situ precipitation of
carbonate minerals by increasing saturation state with respect to these minerals. Therefore, such
authigenic, seepage-derived preciptiates can be used as a potent archive for past biogeochemical and
geomicrobiological processes. In recent years the use of trace and rare earth element geochemistry has
seen a significant boom, especially due to the fact that many of these metals are redox sensitive and are
involved in biological cycling in the oceans. High-resoluition phase-specific trace and rere earth element
analyses of carbonate cements yield surprisingly detailed information on past and present element
cycling, and can help reconstruct past environmental conditions, as well as fluid composition at ancient
hydrocarbon seeps.

This study, in three parts, gives a detailed rendition on how such trace metals can be put to use
and what new information can be derived from their analysis. The first part shows how a combination of
molybdenum to uranium ratios combined with total rare earth element contents of carbonate cements can
help identify oil seepage in the geologic past; a question that has so far eluded scientists interested in the
Phanerozoic evolution of chemosynthesis-based macrofaunal communities. As oil has a significant impact
on physiology, behavior, and benthic ecology of various types of macrofauna at seeps, being able to
confidently identify seepage of oil in Earth’s history offers new frontiers into the interpretation of life
styles and macroevolution of chemosynthesis-based marine life.

The second part investigates modern oil seepage in the southern Gulf of Mexico in the course of a
highly detailed analysis of carbonate cements from recently discovered carbonates at the Campeche
Knolls. A systematic and comprehensive approach shows how trace and rare earth metals can distinguish
redox conditions, fluid composition, and fluid flux at three different seafloor sites. Together with the

analyses of trace and rare earth metals in o0il and bitumen itself — an undertaking not yet accomplished on
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such samples — it can be shown how a genetic connection exists between oil seepage, oil oxidation, and
carbonate precipitation.

The third part offers a large and detailed overview on the current state-of-the-art knowledge of
trace metals and their relationship to marine carbonates. This part is in itself split into four parts, dealing
with aquatic chemistry of trace metals, their incorporation into solid minerals, their uses in the Earth
Sciences, and a more detailed focus on their applicational potentials specifically in hydrocarbon seepage-
derived authigenic carbonates. This study as a whole gives new insights on how trace and rare earth
elements can be effectively put to use to disentangle some of the complex processes governing

environments that enable chemotrophic life.
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Zusammenfassung

Diese Doktorarbeit prasentiert eine zusammenfassende Studie iiber die Anwendung, Potenziale,
und Limitierungen der Spurenmetallgeochemie von marinen Karbonaten, mit speziellem Augenmerk auf
Karbonate, die an Methanaustritte am Meeresboden gebunden sind. Natiirliche
Kohlenwasserstoffaustritte aus marinen Sedimenten sind eine sigifikante Quelle von organischem
Kohlenstoff der Geosphire in die Hydrosphére, sowie in die Atmosphire. Diese organischen Stoffe
werden im Zuge ihres Austritts von anaeroben Bakterien und Archaeen im Zuge von
Stoffwechselreaktionen umgewandelt. Die Stoffwechselprodukte dieser Redoxreaktionen sind chemische
Verbindungen, deren erhohte Konzentrationen in sedimentiren Porenwéssern zu einer erh6hten
Karbonatfillung fiihren, indem diese Stoffe die Loslichkeit von Karbonatmineralen herabsetzen. Deshalb
stellen solche authigen im Sediment gegbildete Karbonatprazipitate ein wichtiges Archiv fiir fossile
biogeochemische und geomikrobiologische Prozesse dar und konnen bei der Rekonstruktion vergangener
Umweltbedingungen und Fluidchemismus helfen.

Diese Studie, gegliedert in drei Teile, stellt eine detaillierte Abhandlung dar wie solche
Spurenmetalle angewendet werden kénnen und welchen Informationen man durch deren Analyse
gewinnen kann. Der erste Teil zeigt wie eine Kombination von Molybdén- und Uran-Verhéltnissen
kombiniert mit Gehalten an Seltenen Erden in Karbonatzementen Olquellen in der geologischen
Vergangenheit identifizieren konnen. Dies ist eine Fragestellung, die schon lange unbeantwortet blieb und
vor allem fiir eine grundlegende paldontoloogische Rekonstruktion der Evolution von
chemosynthetischem Leben notwendig ist. Rohol wirkt sich massiv auf die Zusammensetzung,
Physiologie und Okologie von Mikro- und Makrofauna an kalten Quellen aus. Aus diesem Grund kann
eine sichere Identifizierung von Olquellen im Phanerozoikum neue Erkenntnisse in die Interpretation von
chemosynthetischem Leben ermoglichen.

Der zweite Teil beschiftigt sich mit rezenten Olquellen im siidlichen Golf von Mexiko im Rahmen
einer detaillierten Studie von Karbonatzementen aus Gesteinen, die unlingst in der Campeche Bucht
beprobt wurden. Ein systematischer und umfassender Ansatz zeigt wie mit Spurenmetallen und Seltene
Erden Redoxbedingungen, Fluidzusammensetzung und Fluidfluss bestimmt werden konnen. Gemeinsam

mit der Analyse von Spurenmetallen und Seltenen Erden im Rohdl und Bitumen selbst — ein Ansatz der
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zum ersten Mal an solchen Proben angewendet wird — zeigt sich wie ein genetischer Zusammenhang
zwischen Olaustritten, Oloxidation, und Karbonatbildung am Meeresboden besteht.

Der dritte Teil bietet eine breit angelegte Zusammenfassung iiber den momentanen Wissensstand
iiber Spurenmetalle und ihr Verhiltnis zu marinen Karbonaten. Dieser Teil ist in sich in vier Teile
gegliedert und befasst sich mit der aquatischen Chemie von Spurenmetallen, ihr Einbau in
Karbonatminerale, ihre Anwendungen auf geologische Systeme, und liefert einen Einblick auf deren
Anwendung beziiglich Karbonaten, die durch die Oxidation von Kohlenwasserstoffen und Methan
enstehen. Diese Studie bietet neue Einblicke, wie Spurenmetalle und Seltene Erden effktiv genutzt werden
konnen, um verschiedenste komplexe und miteinander gekoppelte Prozesse zu beschreiben, die

Umweltbedingungen generieren unter denen Chemosythese basiertes Leben moglich ist.
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Abstract

Plumbing systems of marine seeps are complex pathways along which hydrocarbon-rich fluids
move upward through the sedimentary column. In the shallow subsurface, seep plumbing systems may

become successively filled by methane-derived authigenic carbonates resulting in mineralized conduits.
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This work investigates mineralized conduits in the uppermost plumbing network of Oligocene seep
deposits from the Lincoln Creek Formation in Washington State that consist of a paragenetic sequence of
authigenic mineral phases. At two study sites the pipes grade into the base of seep deposits. The studied
samples of concentrically-mineralized conduits are cylindrical in shape, measure 2-3 cm in diameter, and
are up to 15 cm in length; the mineralized conduits are referred to as pipes hereafter. The earliest mineral
phase in the paragenetic sequence is matrix micrite, making up the outer part of the pipes. Toward their
centers the pipes are filled by two intercalated cement phases, (1) clear, banded and botryoidal aragonite
and (2) micro-to cryptocrystalline yellow aragonite. The innermost portions of the pipes are filled by
brownish calcite, microspar, or pipe-filling micrite. The observed paragenetic sequences archive
successions of biogeochemical processes. The §3C values of clear and yellow aragonite cements range
from —50.6 to —41.2%o, suggesting that their main carbonate source was provided by anaerobic oxidation
of methane. In contrast, the later phases (brownish calcite, microspar, pipe-filling micrite) are relatively
enriched in 3C (6'3C values: —2.3 to 3.9%o), pointing to carbonate precipitation from fluids affected by
methanogenesis. The size and morphology of the pipes suggest that initial excavation was caused by
burrowing organisms. The burrows subsequently acted as preferred fluid pathways, suggesting that the
transport of fluids within near-surface sediments at the Oligocene seeps was strongly influenced by the
activity of the local fauna. Possible producers of the burrows were sediment-dwelling crustaceans,

specifically callianassid decapods, as well as bivalves.

1. Introduction

Seepage of cold, reduced fluids and gases containing a mixture of hydrocarbon compounds has
been recognized at numerous sites along active and passive continental margins (e.g. Stakes et al., 1999;
Bohrmann et al., 2002, 2003; Campbell et al., 2002; Judd et al., 2002; Peckmann et al., 2002; Torres et
al., 2002; Sassen et al., 2004; Campbell, 2006; Judd and Hovland, 2007). Except for oil seeps, cold seeps
are dominated by methane-rich fluids and gases, accompanied by small amounts of C, to C; hydrocarbons
and carbon dioxide (Claypool and Kvenvolden, 1983; Joye et al., 2004; Pape et al., 2010, 2011). Some of

the methane at cold seeps is produced biologically by methanogenic archaea (Jorgensen and Kasten,
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2006; Reeburgh, 2007). The remineralization of complex organic matter results in the production of
carbon dioxide, molecular hydrogen, and acetic acid (Kiene, 1991; Rullkétter, 2006; Reeburgh, 2007).
Methanogenic archaea utilize these compounds to generate methane via carbon dioxide reduction with
hydrogen and acetate fermentation (Rudd and Taylor, 1980; Whiticar, 1999). Thermogenic methane is
produced at higher temperatures and pressures during thermocatalytic breakdown of organic matter
deeper within the sediments (Claypool and Kaplan, 1974; Sassen et al., 1999). Different intensities of
seepage are expressed by corresponding geological features such as large mound or pinnacle-shaped
structures associated with accretionary ridges (Suess et al., 1999; Hensen and Wallmann, 2005; Teichert
et al., 2005), mud volcanoes (Kopf, 2002), seafloor depressions known as pockmarks (Hovland et al.,
2010), and large, tubular carbonate concretions (Kulm and Suess, 1990; Nyman et al., 2010).

Although seepage intensity may substantially vary with time (e.g. Solomon et al., 2008; Feng et al.,
2009), hydrocarbon seeps may maintain fluid flow over long periods of time due to long-term
accumulation and compaction of sediments rich in organic matter and pore waters overpressure (Sibuet
and Olu, 1998). The network of complex pathways along which methane-rich fluids migrate is collectively
known as the plumbing system of seeps, which allows fluid flux over long distances upward through the
marine sedimentary column (Judd and Hovland, 2007). At greater depths corresponding to several
hundreds of meters, fluid flow is enabled by tectonic faulting and fracturing of compacted marine
sediments (Hooper, 1991; Talukder, 2012). At shallower depths, several meters below the sediment-water
interface, fluid and gas seepage is facilitated by various types of conduits. Orpin (1997) discussed the
possibility that large tubular carbonate concretions from New Zealand represent ancient carbonate
chimneys. The formation of methane-derived carbonates is restricted to anoxic environments, which are
commonly confined to sediments and do not extend into the water column (cf. Ritger et al., 1987;
Peckmann et al., 2001; Reitner et al., 2005). Consequently, the term chimney fell out of favor for
subsurface plumbing systems, as it suggests primary projection of carbonate structures into the water
column. Over the past decade several studies have investigated subsurface carbonate structures of various
shapes and sizes that are associated with methane seepage (Table 1). All of the described tubular
structures are composed of authigenic carbonates, preserving subsurface plumbing systems.

Carbonate precipitation at seeps is triggered by sulfate-dependent anaerobic oxidation of methane
(AOM, Ritger et al., 1987; Suess and Whiticar, 1989; Peckmann and Thiel, 2004), leading to an increase in

pore water alkalinity in the sulfate methane transition zone (SMTZ). This process is carried out by a
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consortium of methane-oxidizing archaea and sulfate-reducing bacteria (Hinrichs et al., 1999; Boetius et
al., 2000; Milucka et al., 2012). The most common 13C-depleted mineral phases forming AOM-derived
seep limestones are micrite (i.e. microcrystalline calcite) and fibrous aragonite cement (e.g. Ritger et al.,
1987; Beauchamp and Savard, 1992; Savard et al., 1996; Campbell et al., 2002; Peckmann et al., 2002,
2003; Canet et al., 2013). The mineral phases associated with plumbing systems described to date consist
exclusively of microcrystalline carbonate, mostly micrite (Aiello et al., 2001; Schwartz et al., 2003;
Mazzini et al., 2008; De Boever et al., 2009, 2011), some dolomite (Orpin, 1997; Stakes et al., 1999;
Lédesert et al., 2003; Clari et al., 2004; Nyman et al., 2010), as well as iron-bearing dolomite and ankerite
(Diaz-del-Rio et al., 2003).

While most studies have dealt with large concretions representing the deeper plumbing system
within meters to probably a few tens of meters below the seafloor, the uppermost part of plumbing
systems has received less attention (Campbell et al., 2008). Krause et al. (2009) described tubular cavities
within Cretaceous seep limestones, and interpreted them as evidence for the transport of methane gas
through the seep deposit. Wetzel (2013) investigated seep carbonate nodules collected from the South
China Sea. These nodules, typified by a network of open and partly filled channels, resulted from the
precipitation of methane-derived carbonates in a zone of active bioturbation. The pipes and tubular
concretions were interpreted to represent burrows of seep-dwelling decapod crustaceans. Similarly,
putative decapod burrows lithified by authigenic carbonates have been reported from the Gela pockmark
basin in the Strait of Sicily (Taviani et al., 2013). Decapod burrows represent preferred migration
pathways for methane-rich fluids at seeps (Peckmann et al., 2007; Wetzel, 2013; Wiese et al., this issue),
as seeping fluids tend to take the path of lowest resistance through the sediment column (cf. Hovland et
al., 2010).

Here we report for the first time small- to medium sized pipes that occur directly below Oligocene
seep deposits from the Lincoln Creek Formation in Washington State, northwestern USA, characterized
by a distinct paragenetic sequence. They are interpreted as former fluid conduits, representing parts of
the uppermost plumbing system. We describe a spatial and temporal sequence of authigenic minerals
forming the pipes and relate the individual mineral phases on the basis of microfabrics, elemental
composition, and stable isotope geochemistry to successive biogeochemical processes that fostered their

formation. Finally, we evaluate what might have formed the conduits in the first place. The outcome of
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this study contributes to the understanding of the factors that steer fluid migration in the shallow

subsurface at seeps.

Size
Locality Age Morphology Mineralogy Reference
Diameter Length
Monterey Bay Cylindrical to tubular, e . .
Formation, Miocene 2-20cm 40 cm pipe and funnel- Pyrite bearu}g, Alello etal,,
. . low Mg-Calcite 2001
California shaped
. Mound-shaped, Mg-Calcite
Panoghe H.IHS’ Upper 0.5-5m 0.5-6m spherical to ellipsoidal (~80%), Schwartz et
California Cretaceous . . . al., 2003
concrections dolomite, calcite
. .y . Clari et al.,
Monferrato, Italy Miocene 8-15cm 1m Cylindrical Calcite 2004
Hikurangi Campbell et
Margin, New Miocene 5-10 cm 20-30cm Tubular, circular Calcite P
al., 2008
Zealand
Dolgovskii up 10 60 cm Slab and tabular- Mazzini et al
Mound, Black Recent 5cm pto shaped; chimney and Calcite, Pyrite v
wide 2008
Sea tubular-shaped
. Lower Low Mg, non De Boever et
Varna, Bulgaria Eocene 1.5 cm upto15m Tubular ferroan Calcite al., 2009, 2011
Hikurangi Tubular, cylindrical; 3 .
Margin, New Miocene 5cmtolm o.5to5m conical, bulbous and Mg Calgte, Nyman et al,
. Dolomite 2010
Zealand pipe-shaped

Table 1. Selected examples of tubular carbonate concretions interpreted as part of seep plumbing

systems.
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2. Geological setting and studied rock samples

The study area is located on the southern side of the Olympic Mountains on the Olympic Peninsula,
western Washington State, USA (Fig. 1). Induced through thrust faulting and followed by the subduction
of the oceanic Juan de Fuca plate beneath the continental North American plate approximately 35 million
years ago, basaltic units docked on the North American continent and built up the Coast Range Terranes.
In the course of these events the Cascadia accretionary wedge started to form. The accretionary wedge
belongs to a tectonic unit called the Olympic Subduction Complex (Brandon and Calderwood, 1990) or
Olympic Structural Complex (Stewart and Brandon, 2004). It is exposed in the Olympic Mountains and
developed through frontal accretion and underplating. The overlying “Coast Range Terrane” (Stewart and
Brandon, 2004) is a unit informally called the Peripheral Sequence (Brandon and Vance, 1992; Brandon
et al., 1998), or the Peripheral Rocks (Tabor and Cady, 1978a, b), or the Crescent Terrane (sensu Babcock
et al., 1994). The rocks that are the focus of this study were deposited during rifting and subsidence of
marginal marine basins along this part of North America during the Paleogene. These deposits were later
locally uplifted by ongoing subduction of the Juan de Fuca plate. The lowest unit of the Coast Range
Terrane is the early to middle Eocene Crescent Formation, consisting of pillow and massive basalts (Rau,
1967). This formation is locally overlain by middle to late Eocene marine sedimentary rocks (Rau, 1967;
Dragovich et al., 2002), followed by mostly marine Oligocene through lower Miocene marine clastic rocks
that make up the Lincoln Creek Formation (Fig. 1A).

The carbonate samples studied herein derive from the latest Eocene to earliest Miocene Lincoln
Creek Formation (Beikman et al., 1967; Fig. 1). The Lincoln Creek Formation crops out widely in western
Washington (Dragovich et al., 2002), is exposed best in various river valleys on the south side of the
Olympic Mountains, and is mapped in various places southward all the way to the north shore of the
Columbia River (e.g., Wells, 1989; Kiel, 2010). The Lincoln Creek Formation consists mostly of tuffaceous
siltstone and minor amounts of feldspathic sandstone as well as calcareous concretions. In the lower part
of the Lincoln Creek Formation thin bedded, laminated, locally bioturbated, fine to medium grained and
graded micaceous sandstone is present. The upper part has massive, nearly structureless to laminated

bedding with bioturbation, and contains poorly bedded siltstones and mudstones (Rau, 1967; Wells,

1989).
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2.1. Studied seep deposits and sampling

The samples discussed here are from outcrops of the early and late Oligocene parts of the Lincoln
Creek Formation along the Satsop and Canyon rivers, where the Lincoln Creek Formation is
approximately 3000 m thick (Rau, 1966; Prothero and Armentrout, 1985). Seep deposits in the Lincoln
Creek Formation originate from an active subduction-related setting and are now exposed in a coherent
unit. Some deposits are less than 2 m in their largest dimension (cf. Peckmann et al., 2002; Kiel, 2006),
whereas others are many meters across (Campbell and Bottjer, 1993; Kiel and Amano, 2013). One of the
Satsop River sites studied here (Fig. 1B; 47°16'18.0"N, 123°28'56.2"W) is the SR4 deposit of Peckmann et
al. (2002). Carbonate pipes were collected below the base of the autochthonous SR4 deposit when the
river level was particularly low. Fossils of callianassid crustaceans and small, 10 mm long vesicomyid
bivalves are most abundant in the lower part of this deposit around the pipes and where the pipes grade
into more massive, dense carbonate (Fig. 2). The SR4 deposit has a greater taxonomic diversity than the
other seep deposits nearby, containing bivalves, gastropods, cephalopods, decapods, and a coral
(Peckmann et al., 2002; Goedert and Peckmann, 2005). The other Satsop River site studied here, SR5
(Fig. 1B; 47°17'40.5"N, 123°28'48.9"W)), is located stratigraphically between SR1 and SR2 of Peckmann et
al. (2002). This site has numerous carbonate pipes interspersed with and grading into discontinuous, and
scattered seep deposits cropping out as tabular to blocky masses, measuring up to 0.5 m across laterally
and vertically as exposed in the riverbank. In places the carbonate pipes form tangles and some branch
upward, and lengths can exceed 1 m as exposed along the riverbank. The outcrop with scattered seep
deposits is approximately 2 m thick and exposed for about 30 m along the south side of the Middle Fork
of the Satsop River. One large pipe from SR5 was found oriented parallel to bedding. Smaller sinuous
pipes were situated approximately 1.5 m stratigraphically above the horizontal tube, and ended at the base
of a small seep limestone (University of Washington Burke Museum [UWBM] loc. B7897) with a few, less
than 10 mm long specimens of the vesicomyid bivalve Archivesica sp., a small nuculanid bivalve, and
several different small to minute gastropods. The Canyon River samples were collected from the CRB site
of Nesbitt et al. (2013; Fig.1B; 47°18'7.6"N, 123°30'31.7"W), and this is stratigraphically equivalent to the

SR5 deposit according to the sections measured by Rau (1966).
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Fig. 1. (A) Tectonic and geologic overview of the study area with the Lincoln Creek Formation (LCF).
Locations of the studied seep deposits from Satsop River (SR) and Canyon River (CR) modified after

Peckmann et al. (2002). (B) Close up view of red box in (A). Sampling sites marked in red (SR4, SR5, and

CRB); designation of seep deposits follows Peckmann et al. (2002) and Nesbitt et al. (2013).
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Fig. 2. Combined sketch of the SR4 riverside outcrop (based on an outcrop sketch drawn in 1995 when
water-level was low and pipes were exposed) and field photograph (taken in 2007) of the SR4 deposit,
showing the position of pipes (gray) directly below the dense seep carbonate (white) surrounded by dark

silty mudstone of the Lincoln Creek Formation.
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3. Material and Methods

Pipe samples showing obvious concentric mineralization were collected along riverbeds when water
levels were low; seven were collected from the SR4 deposit, four from the SR5 deposit and one from the
CRB deposit. In order to determine the paragenetic sequence of the pipes, petrographic microscopy was
conducted on thin sections (7.4 x 9.7 to 5 x 5 cm) using a Leica DM4500 P polarization microscope.
Photographs were taken with Leica DFC 420 and DFC 450 C cameras using the Leica Application Suite
3.2.0 and 4.4.0 software. Additionally, a Nikon SMZ 1500 stereomicroscope with a Prog.Res Speed XT
core 5 camera as well as a Nikon Optiphot-2 optical microscope were used for petrographic observations.
The software Prog.Res Capture pro 2.8.8. was applied for image analysis. To discriminate carbonate
minerals, some thin sections were partly stained with a mixture of potassium ferricyanide and alizarin red
solution, dissolved in 0.1% HCI (cf. Dickson, 1966). Some other thin sections were stained with Feigl’s
solution (cf. Fiichtbauer, 1988) to distinguish aragonite from calcite. Powdered samples of two pipes (SR4
deposit) were obtained with a hand-held microdrill for powder X-ray diffraction. The powdered samples
were analyzed with a Panalytical PW 3040/60 X’Pert PRO (CuKa radiation, 40 kV, 40 mA, step size
0.0167.5 s per step) diffractometer. X-ray diffraction patterns were interpreted using the Panalytical
software "X’ Pert High score plus". To determine its iron content, brownish calcite was analyzed by laser
ablation inductively coupled plasma mass spectrometry on a ThermoFinigan Element2 mass
spectrometer at the University of Bremen. The laser (NewWave UP193ss) was operated with a 5 to 10 Hz
pulse rate for point and line ablation, respectively. Two SR4 samples were analyzed, whereby the beam
diameter was set to 75 pm for the first and to 100 um for the second sample. Pre-ablation was made with
a 120 um beam diameter and 5 Hz pulse rate before analysis. The produced data were calibrated against
the synthetic SRM (Standard Reference Material) 610 and 612 silicate glasses from the National Institute
of Standards and Technology (NIST; Jochum et al., 2012), and BCR-2G basalt glass from the USGS and
BHVO-2G basalt glass were used as unknown measured standards. Due to different ablation yields of
samples and calibration standards, 43Ca was used as an internal standard. This practice also balanced
temporal variations of the ablation signal. Iron was referred to the internal standard to allow quantitative
analyses. Samples for carbon and oxygen stable isotope analysis were taken from the surface of sliced
pipes (SR4 deposit) using a hand-held microdrill. Sample powders were reacted with 100%

orthophosphoric acid in a vacuum at 75°C, and the evolved CO, gas was analyzed with a Finnigan MAT
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251 mass spectrometer at the University of Bremen. The 613C and 880 values are reported relative to the
Vienna Peedee-Belemnite standard (VPDB; standard deviation smaller than 0.04%o.), and appropriate

correction factors were applied.

Fig. 3. Hand samples of pipes from the SR4 (A), SR5 (B-E), and CRB (F) deposits.

4. Results

4.1. Petrography and mineralogy

Carbonate pipes from the seep deposits SR4, SR5, and CRB were analyzed to describe internal
fabrics and mineral phases. The pipes have mean diameters of 2.3, 3.3, and 2.3 cm, respectively (Figs. 3,
4). The lengths of fragments range from 6 to 10 cm, depending on the size of pieces that could be retrieved
during sampling without breaking the pipes (Fig. 3). All studied pipes from the Satsop and Canyon River

areas were enclosed by background sediments consisting of dark siltstones and mudstones. The pipes are
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formed of a succession of authigenic mineral phases (Fig. 4). Matrix micrite forms the outer part of pipes
(Fig. 5). It is dark brown in color and rich in detritus consisting of carbonate fragments, benthic
foraminiferans, monaxon and triod sponge spiculae, clay minerals such as glauconite, pieces of wood and
organic material, as well as quartz and feldspar (Fig. 5A). Authigenic pyrite mainly occurs as framboids
and spherical aggregates (Fig. 5A), or subordinate as dispersed grains. Matrix micrite of all samples
contains oval to spherically-shaped fecal pellets (e.g., SR5 deposit in Fig. 5B), some of which are identified
as the ichnogenus Palaxius, commonly assigned to callianassid decapod crustaceans. Structured
crustacean microcoprolites are 200 to 600 um in diameter. Their typical crescent-shaped canals are not
well preserved.

The phase post-dating matrix micrite in the paragenetic sequence is yellow aragonite cement (Fig.
6A, B). The contact between matrix micrite and yellow aragonite is commonly gradational rather than
sharp. Yellow aragonite shows a micro- to cryptocrystalline texture and is pervaded by pyrite and dark
inclusions, interpreted to represent organic matter. Yellow aragonite forms irregular layers, measuring 10
to 1500 pum in thickness in SR4 samples and 50 to 1550 um in CRB samples (Fig. 6A, B). It is always
closely associated with clear aragonite, which is the next phase in the paragenetic sequence and the
volumetrically most abundant phase after matrix micrite in all samples. Clear aragonite forms banded and
botryoidal crystal aggregates consisting of fibrous crystals (Fig. 6A, B). Crystal growth proceeded toward
the center of pipes, and the isopachous crystal bands show a thickness of 235 to 3000 pm in SR4 pipes,
1000 to 3200 um in SR5 samples, and 300 to 3400 um in CRB samples. Botryoids and isopachous bands
reveal a layered growth habit, with alternation of inclusion-rich and inclusion-poor layers. Yellow and
clear aragonite cements are commonly intercalated. Small portions of the clear aragonite are locally
replaced by silica (cf. Smrzka et al., 2015) and ferroan calcite (Fig. 6C).

The three diagenetic mineral phases present in the center of the pipes formed at a later stage. These
are brownish calcite, microspar, and pipe-filling micrite (Fig. 4). Brownish calcite and microspar are the
latest phases in the SR4 pipes. Brownish calcite occurs in contact with clear aragonite cement and exhibits
rod-shaped and, in some cases, dumbbell-shaped crystal aggregates (Fig. 7). These aggregates are up to
50 um in length. Unidentified brownish linings cover the crystal aggregates of brownish calcite in most
places (Fig. 7B). Glauconite and minor pyrite also occur in association with brownish calcite. Brownish
calcite revealed a blue stain after treatment with the combined potassium ferricyanide and alizarin red

stain, indicating the presence of ferrous iron within its crystal lattice (Fig. 7C). This staining method is
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very sensitive to even low contents of ferrous iron in calcite and stains the mineral mauve to blue at only a
few ppm of iron (Dickson, 1966; Lindholm and Finkelman, 1972). Laser ablation ICP-MS data from one
thin section revealed a 57Fe:25Mg ratio of 7.15:1 for brownish calcite, using 43Ca as the internal standard.
Based on the assumption that the sample corresponds to 100 mol% of CaCOj, (i.e. pure calcium carbonate,
cf. Himmler et al., 2010; Della Porta et al., 2015), the calculated mole fractions correspond to 8.74 mol%
of FeCO;3 and 1.04 mol% of MgCO; in brownish calcite. This is in good agreement with X-Ray diffraction
analyses, which yielded a d-spacing of 3.025 A for the major (104) reflection of calcite. When plotted into
a MgCO; + FeCOs vs. spacing diagram of Nash and Pittman (1975), this d-spacing value corresponds to a
composite MgCO; + FeCO; content of approximately 8 mol%.

Microspar is light brown to grayish in color and contains minor pyrite, quartz, and glauconite
grains. Microspar crystals are more or less uniformly sized, subhedral to euhedral, measuring 10 to 15 um
in diameter (Fig. 8). In CRB samples, the latest phase is pipe-filling micrite containing detrital grains (Fig.
9A). However, when compared to matrix micrite, the later stage pipe-filling micrite is more homogeneous,

exhibits fewer detrital grains and is lighter in color (Fig. 9A, B). Scattered aggregates of pyrite are scarce.
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Fig. 4. Scanned thin sections of the pipes; mm = matrix micrite, ya = yellow aragonite, ca = clear
aragonite, bc = brownish calcite, ms = microspar, m = pipe-filling micrite. (A) Sample from CRB deposit
(cf. Fig. 3F). (B) Sample from SR4 deposit (cf. Fig. 3B). (C) Sample from SR4 deposit with geopetal filling.

(D) Sample from SR5 deposit showing geopetal filling (cf. Fig. 3E).

Fig. 5. Matrix micrite, thin section photomicrographs, all plane-polarized light. (A) Micrite of the SR4
deposit containing framboidal pyrite (black) and a triod sponge spicule (white). (B) Detritus-rich micrite
of the SR5 deposit and an oval fecal pellet.
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Fig. 6. Yellow and clear aragonite, thin section photomicrographs, all plane-polarized light; mm =
matrix micrite, ya = yellow aragonite, ca = clear aragonite, m = pipe-filling micrite, si = silica, fc = ferroan
calcite. (A) Paragenetic sequence of a pipe from the CRB deposit represented by matrix micrite, yellow
aragonite, clear aragonite, and later stage pipe-filling micrite. (B) Yellow aragonite intercalated with
banded clear aragonite, CRB deposit. (C) Clear aragonite (pink) partially replaced by silica (clear) and
ferroan calcite (blue), thin section stained with a mixture of potassium ferricyanide and alizarin red

solution, SR4 deposit.
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Fig. 7. Brownish calcite, SR4 deposit, thin section photomicrographs, all plane-polarized light; ca = clear
aragonite, bc = brownish calcite. (A) Clear aragonite crystals predating brownish calcite. (B) Botryoidal to
dumbbell-shaped crystal aggregates of brownish calcite. (C) Brownish calcite stained with potassium
ferricyanide and alizarin red solution, resulting in a blue to mauve color. Green grain in the lower center is

glauconite.
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Fig. 9. Pipe-filling micrite, thin section photomicrographs, all plane-polarized light. (A) Pipe-filling

micrite from the CRB deposit containing detritus. (B) Pipe-filling micrite from the SR4 deposit.
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4.2. Isotope geochemistry of carbonate phases

Forty-two sample powders from five SR4 samples of early and later diagenetic carbonate phases
were analyzed for their stable carbon and oxygen isotope compositions (Fig. 10). The 613C values of
aragonite are lowest, with values of clear aragonite ranging from —50.6 to —42.1%o., and values of yellow
aragonite ranging from —47.9 to —41.2%o.. Matrix micrite also revealed exclusively negative §13C values,
ranging from —40.5 to —19.2%o. The §13C values of microspar (-0.4 to 3.9%.) and pipe-filling micrite
(—2.3 and -0.3%o) are considerably higher. The only phase that yielded exclusively positive §13C values is
brownish calcite, spanning from 0.3 to 2.5%.. Stable oxygen isotope compositions vary noticeably among
phases. Clear and yellow aragonite revealed overall positive §:80 values, ranging from 0.9 to 1.8 and 0.9 to
1.6%o, respectively. Matrix micrite yielded values from —3.9 to 0.1%o, whereas pipe-filling micrite exhibits
values from —4.4 to —4.1%o. Brownish calcite and microspar yielded negative 5180 values, spanning from

—-6.5to —5.6%o0 and from —5.0 to —4.5%o, respectively.
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5. Discussion

5.1. Zoned mineralization of conduits as an archive of biogeochemical processes at seeps

The previously described tubular structures interpreted as the preserved subsurface plumbing
systems of seeps consist predominantly of more or less homogenous microcrystalline carbonate phases
(e.g., Aiello et al., 2001; Clari et al., 2004; De Boever et al., 2006; Campbell et al., 2008). Such pipes
consequently lack an internal zonation caused by successive mineralization events. In contrast to this, the
pipes of the studied Oligocene seep deposits consist of a concentric paragenetic sequence of mineral
phases. In chronological sequence the succession of mineral phases is represented by (1) matrix micrite
followed by (2) yellow and clear aragonite, and later formed (3) brownish calcite, microspar, and pipe-
filling micrite (Fig. 11). In some samples brownish calcite and microspar co-occur, whereby the former
precedes the latter phase. However, the timing of the formation of these two phases cannot be put into
perspective to the formation the pipe-filling micrite, as the latter has never been found in association with
the former. Deviations from the common paragenetic sequence occur where pipes contain geopetal
fillings (Fig. 4C, D), indicating that the original orientation of pipes within the sediment was not

exclusively vertical.

5.1.1. The early stage diagenetic phases — AOM driven precipitation close to the seafloor

Micrite is the most common carbonate phase of marine seep limestones (Beauchamp and Savard,
1992; Campbell et al., 2002; Peckmann et al., 2003, 2011; Bahr et al., 2009; Kuechler et al., 2012). Matrix
micrite represents the first phase in the paragenetic sequence of the studied samples. Low §13C values
indicate that its formation was induced by AOM with a possible contribution from the microbial
decomposition of organic matter. These processes triggered chemical changes of the microenvironment
that lead to calcium carbonate precipitation (cf. Ritger et al., 1987; Suess and Whiticar, 1989; Paull et al.,
1992; Peckmann et al., 2001; Aloisi et al., 2002). Seep carbonates resulting from the oxidation of biogenic
methane are typified by pronounced depletion in 13C (e.g. Ritger et al., 1987; Peckmann and Thiel, 2004;
Teichert et al., 2005). This signature is caused by strong fractionation during archaeal methanogenesis,
which may result in 613C values of methane as low as —110%o (Whiticar et al., 1986). During AOM,

bicarbonate is produced that inherits a negative isotope signature, and the resulting calcium carbonate
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precipitates are also depleted in 13C (e.g. Teichert et al., 2005). However, the extent of the actual 3C
depletion in carbonate minerals depends on the degree of mixing of carbonate ions from different sources
including marine bicarbonate (Peckmann and Thiel, 2004). Carbonate resulting from the oxidation of
thermogenic methane or higher hydrocarbons and organic matter exhibit less negative 513C values than
carbonate resulting from the oxidation of biogenic methane (Roberts and Aharon, 1994; Whiticar, 1999;
Peckmann and Thiel, 2004). The heterogeneity of :3C values of the matrix micrite ranging from —40.5 to
—-19.2%o0 probably results from a mixing of carbonate derived from different carbon sources (cf. Peckmann
and Thiel, 2004). In the course of micrite precipitation at the active Oligocene seeps, the host sediments
were increasingly consolidated, favoring the stabilization of the conduits and allowing for a virtually
undisturbed growth of the authigenic phases within the conduits. The formation of authigenic pyrite
within the matrix micrite indicates bacterial sulfate reduction (Schieber, 2002, but see Ohfuji and
Rickard, 2005). Pyrite at seeps is largely the product of sulfate-dependent AOM, but at some seeps
organiclastic sulfate reduction may also significantly contribute to the production of sulfide (Joye et al.,
2004; Orcutt et al., 2005; Lapham et al., 2008).

Early diagenetic yellow aragonite cement and its putative product yellow calcite cement occur in
many ancient seep limestones (e.g. Beauchamp and Savard, 1992; Savard et al., 1996; Campbell et al.,
2002; Peckmann et al., 2002, 2003; Himmler et al., 2008; Hagemann et al., 2012; Kuechler et al., 2012).
Like the examples of this mineral phase from other seep limestones, yellow aragonite cement of the pipes,
as well as the associated clear variety of fibrous aragonite cement, are methane-derived, early diagenetic
phases. This is revealed by their low 613C values (-50.6 to —41.2%o), indicating that precipitation was
triggered by AOM. Although not detailed by Birgel et al. (2008), the samples of the SR4 deposit used for
comparison in their biomarker study were the pipes described here. The detection of 3C-depleted bicyclic
biphytanic diacids along with other 3C-depleted biomarkers of methanotrophic prokaryotes confirms that
AOM occurred in the conduits and resulted in the formation of authigenic carbonate minerals (Birgel et
al., 2008). Because aragonite precipitation is favored over calcite precipitation in seawater due to the
inhibiting effect of hydrated magnesium ions and the purported inhibition by sulfate ions on the growth
of the calcite crystal lattice (Berner et al., 1978; Busenberg and Plummer, 1985; Morse et al., 1997;
Arvidson and Morse, 2002), yellow and clear aragonite probably precipitated from waters with a
composition similar to that of seawater. It should, however, be noted that the common hypothesis that

sulfate ions inhibit the precipitation of calcite has been challenged (Brady et al., 1996). Instead, dolomite
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and magnesian calcite precipitation is rather catalyzed by sulfide ions, which reduce the amount of energy
required for the dehydration of magnesium ions from aqueous solution (Zhang et al., 2012, 2013).
Nonetheless, this finding does not affect the concept that aragonite preferentially precipitates from waters
of a seawater composition, whereas calcite precipitation tends to be favored under more reducing
conditions.

Given that an at least episodic preferred upward movement of fluids must be assumed in the
conduits when the Oligocene seeps were active, it seems very likely that the conduits were still positioned
close to the seafloor when aragonite cement precipitated. Aragonite is the dominant carbonate mineral
close to the sediment-water interface at modern seeps (e.g. Bohrmann et al., 1998; Luff et al., 2004; Haas
et al., 2010). Oxygen isotopes of seep carbonates are more challenging to interpret than carbon isotopes.
This is mainly due to the ease of oxygen isotope exchange during diagenesis, as the oxygen pool of waters
(as part of the water molecule) involved in late diagenesis is much larger than their carbon pool (e.g.
Peckmann et al., 2003). Because the early diagenetic aragonite cements show slightly positive 6180 values
(0.9 to 1.8%o) similar to modern seep carbonates (cf. Teichert et al., 2005), agreeing with precipitation in
equilibrium or close to equilibrium with Oligocene seawater (cf. Veizer et al., 1999), the presumption that
the aragonite cements formed close to the seafloor from waters with a seawater-like composition is

supported by the oxygen isotope data.

5.1.2. The later stage diagenetic phases — precipitation from fluids affected by methanogenesis

The later stage phases that fill the inner part of pipes include brownish calcite, microspar, and pipe-
filling micrite, reflecting changes in the diagenetic regime. Peckmann et al. (2002) documented the
characteristic crystal morphology of brownish calcite. The formation of the dumbbell-shaped crystal
aggregates may have been induced by bacterial activity (cf. Warthmann et al., 2000), but other factors
(e.g. silicate weathering; Meister et al., 2011) may also have caused or at least contributed to the
generation of the high degree of supersaturation that is required for the precipitation of this type of
crystal aggregate (cf. Fernandez-Diaz et al., 1996). Microspar is commonly assumed to either represent an
abiotically generated cement, or a neomorphic phase that formed during burial (Fliigel, 2004). Because of
the lack of evidence that it is replacive in the studied pipes, it is interpreted to represent a cement rather

than a neomorphic phase. This interpretation is in accord with its carbon and oxygen stable isotope
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composition distinct from that of matrix micrite and pipe-filling micrite (see Fig. 10) as discussed below.
Like brownish calcite and microspar, pipe-filling micrite is interpreted as a later stage cement. Its
homogenous fabric and the scarcity of detrital grains argue for an authigenic formation rather than
placement in the center of the pipe after transportation. Similarly, Campbell et al. (2002) and Kiel et al.
(2013) reported later stage, detrital-poor micrite filling cavities and pore spaces in Mesozoic seep
limestones, demonstrating that micrite phases poor in detritus postdating matrix micrite are common in
seep deposits.

All these later stage diagenetic phases are relatively enriched in 3C compared to the early diagenetic
phases of the pipes (see Fig. 10). Positive §:3C values of methane-seep carbonates, particularly when found
in phases post-dating AOM-derived phases, have been ascribed to methanogenesis rather than methane
oxidation (Gaillard et al., 1992; Peckmann et al., 2002). The 13C enrichment of pore fluids is caused by the
preferential uptake of 12C during archaeal methanogenesis, leaving the residual carbon pool enriched in
13C (Irwin et al., 1977). During burial and on-going sedimentation or episodic changes in fluid flux, the
pipes may have shifted into the zone of methanogenesis. Subsequently brownish calcite, microspar, and
pipe-filling micrite precipitated. During this stage the pore fluids were depleted in 2C, which was
probably caused by the local production of methane and resulted in 3C-enriched precipitates. Apart from
continued sedimentation resulting in a continuous displacement of biogeochemical zones on longer
timescales, variations in seepage flux control the position of the SMTZ and, accordingly, the zone of AOM
within the sediment column on shorter timescales. Due to flux changes, the SMTZ and consequently the
AOM zone may move upward or downward (e.g. Lapham et al., 2008; Feng et al., 2009). Alternatively,
brownish calcite, microspar, and pipe-filling micrite may not have precipitated in the zone of archaeal
methanogenesis but at shallower depth. In this scenario AOM locally ceased and the fluids from which the
late stage cements precipitated ascended from a zone of methanogenesis below.

The high iron content of brownish calcite of approximately 8 mol% FeCO; suggests its formation in
the zone of methanogenesis (e.g. Irwin, 1980; Coleman, 1985; Mazzullo, 2000). Carbonate minerals
forming in the zone of bacterial sulfate reduction have very low iron contents due to the high affinity of
ferrous iron to sulfide ions, resulting in the formation of iron sulfide (Berner 1984; Raiswell and Berner,
1985). Alternatively, high iron contents are typical of carbonate minerals forming in the zone of iron
reduction (Coleman, 1985). Nonetheless, 63C values of brownish calcite of 0.3 to 2.5%. render

precipitation within the iron reduction zone unlikely, as the diagenetic carbonate minerals of this
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biogeochemical zone are typified by lower §:3C values (Coleman, 1985, 1993). Based on its high §:3C
values and its relatively high iron content, it seems unlikely that brownish calcite formed in the zone of
bacterial sulfate reduction. Yet, scarce pyrite occurs intermingled between the crystal aggregates of
brownish calcite. It is possible that the accessory pyrite is of a detrital origin and does not reflect the
geochemical environment during the formation of brownish calcite. If, however, pyrite formed in situ, this
mutually exclusive mineral assemblage would indicate a change of environmental conditions on a spatial
microscale or a succession of variable biogeochemical processes during later stage diagenesis.

Brownish calcite, microspar, and pipe-filling micrite are characterized by much lower 6180 values
than the earlier stage cements. A decrease of the 180 content of later diagenetic mineral phases of seep
carbonates has been documented in previous studies (e.g. Campbell et al., 2002; Peckmann et al., 2002,
2003; Himmler et al., 2008). The common overall trend from positive towards more negative 8180 values
in seep carbonates along with an inverse trend in stable carbon isotopes has been attributed to
progressive diagenesis including changes in the composition of pore fluids and a concomitant increase in
formation temperatures during burial (Campbell et al., 2002; Peckmann et al., 2002), a scenario that also
applies to the pipes. With respect to the formation scenario of the later diagenetic minerals, the 80
depletion of these phases suggests precipitation at greater depth, some distance from the sediment-water
interface. However, as stated above, it cannot be excluded that 80 depleted fluids ascended from a deeper
zone of methanogenesis to the depth of the sedimentary column in which the later stage diagenetic phases

formed within the pipes (cf. Campbell, 2006, her Fig. 9A).
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Burrow (?) in marine sediment

Fig. 11. Cartoon illustrating the paragenetic sequence of the Lincoln Creek Formation pipes, not to scale;
mm = matrix micrite, ya = yellow aragonite, ca = clear aragonite, bc = brownish calcite, ms = microspar,
m = pipe-filling micrite. (A) Open channel interpreted to represent a burrow within the host sediment
(gray background). (B) Precipitation of methane-derived matrix micrite stabilizes the channel. (C)
Methane-derived yellow and clear aragonite cements precipitate consecutively on the inner walls of the
channel. (D) Precipitation of later stage pipe-filling phases (brownish calcite, microspar, pipe-filling

micrite) from a carbonate pool affected by methanogenesis. See text for further details.
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5.2. Possible origins of conduits

In contrast to the large subsurface tubular carbonate concretions that have been interpreted to
represent the subsurface plumbing system of methane seeps (e.g. Nyman et al., 2010), the much smaller
pipes from the Lincoln Creek Formation formed much shallower in the sediment and directly merge into
the massive seep deposits. It is inferred that the pipes were originally burrows produced by organisms
that dwelled at the ancient seep sites. Seep-endemic megafauna preserved in the studied seep deposits
include hexactinellid sponges, corals, bivalves, gastropods, and decapod crustaceans (cf. Peckmann et al.,
2002). Among those, some of the bivalves and decapods could have produced burrows that later served as
fluid migration pathways and were successively filled by authigenic carbonate phases (e.g. Campbell et al.,
2008).

Semi-infaunal to infaunal seep-dwelling bivalves include vesicomyids such as Calyptogena sp. (e.g.
Nobuhara, 2003; Campbell, 2006), solemyids including Acharax sp. (Seike et al., 2012), and several
lucinid (Kiel, 2013) and thyasirid (Kiel et al., 2008) species. The bivalves listed above are known to live in
symbiosis with chemoautotrophic bacteria (e.g. Distel et al., 1988; Dando et al., 1993; Imhoff et al., 2003;
Taylor and Glover, 2010). By extending their foot into the sediment (e.g. the vesicomyid clam
Calyptogena sp.) or by repetitively migrating from the oxic to the anoxic zone in their burrows (e.g.
solemyids like Acharax johnsont), the chemosymbiotic bivalves obtain access to reduced compounds
(Childress and Girguis, 2010; Seike et al., 2012), allowing the bivalves to supply their bacterial symbionts
with sulfide while still accessing oxygen from seawater (Levin, 2005; Childress and Girguis, 2010).
Acharax johnsoni has been described to reach shell lengths of up to 8.7 cm at seeps and produces burrows
of up to 2 cm in diameter (Seike et al., 2012). Lucinid bivalves can extend their foot up to five times the
length of their shell, thyasirids even up to fifteen times (Dufour and Felbeck, 2003). Lucinid and thyasirid
bivalves described from ancient seeps reach shell sizes from 6 to 20 cm and 0.5 to 1.5 cm, respectively
(Kiel et al., 2008; Kiel, 2013), suggesting that these species could have penetrated 30 to 50 cm deep into
the sediment. Solemyid bivalves from the Neogene Quinault seep deposit, western Olympic Peninsula,
reach a length of approximately 1.5 cm; their burrows have been found to extend 20 cm into the sediment
(Campbell, 1992). Considering the size of burrows and tracks made by bivalves, the studied pipes could
well have been formed by bivalve mollusks. The shape of bivalve burrow and track structures ranges from
straight (Dufour and Felbeck, 2003), to Y and U shaped (e.g. Campbell, 1992; Seike et al., 2012). Solemyid
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bivalves are known to produce very distinctive burrows with ovate to chalice-shaped cross-sections (e.g.
Frey, 1968). As the pipes exhibit circular cross-sections, solemyid bivalves can probably be excluded as
producers. Moreover, none of the bivalves recognized in the SR4 deposit are large enough to have
produced the pipes described here. Bivalves from SR5 and the Canyon River site are possible producers of
the pipes, because fossils of thyasirids up to 5.5 cm long, and lucinids up to 5.0 cm long are found in strata
a few meters above both sites, but not in direct association with the carbonate pipes. Yet another problem
with the interpretation that the pipes represent former structures generated by chemosymbiotic bivalves
concerns the unknown permanence of bivalve burrows and tracks. It can be excluded that the burrows
were completely filled by authigenic mineral phases while the bivalves where still alive, and it is
questionable whether or not bivalve burrows maintain their structural integrity after the death of their
producers.

Channeling of fluid flow at seeps due to the burrowing activity of bivalves has been suggested
previously. When describing the burrows from the Neogene Quinault deposit, Campbell (1992) invoked
that they may have served as pathways for seeping fluids. Dufour and Felbeck (2003) showed that tracks
of thyasirid and lucinid bivalves act as conduits allowing for enhanced sulfide flux toward the seafloor
during the life span of the bivalves. Similarly, Nobuhara (2003) considered the effects of bivalve
bioirrigation and pumping activity that promotes upward fluid flow. He even mentioned the occurrence of
rims of aragonite cement on the inner walls of open burrows, similar to what is found for the pipes in this
study. Such an early lining of burrow walls by aragonite cement may well stabilize the burrow integrity
and allow for a subsequent filling of the tubular cavity. In a modeling approach, Wallmann et al. (1997)
showed that the activity of burrowing organisms, including bioirrigation, plays a vital role for solute
transport in the surficial sediments at seeps, accelerating carbonate authigenesis.

Another feasible scenario for a biological origin of the studied pipes is bioturbation by sediment-
dwelling crustaceans including callianassid decapods. These crustaceans construct straight to branched,
vertical to horizontal burrows (Griffis and Suchanek, 1991; Papaspyrou et al., 2005), which are frequently
preserved as trace fossils such as Spongeliomorpha, Ophiomorpha, and Thalassinoides (Neto de
Carvalho et al., 2007; Peckmann et al., 2007; Campbell et al., 2008, 2010; Chien et al., 2012; Wetzel,
2013). It has long been suggested that some crustaceans inhabit sediments with anoxic pore waters
(Bromley, 1996). They can apparently tolerate anoxia for some time and are capable of ventilating parts of

their burrows with oxygenated seawater (Forster and Graf, 1992; Anderson et al., 1994). Callianassid
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decapods excrete mucus, which stabilizes burrow walls and acts as organic substrate for the growth of
bacteria, representing an additional food source for the crustaceans (Bertics et al., 2010; Griffis and
Suchanek, 1991). Due to such stabilization, decapod burrows remain stable for extended periods of time
(Dworschak, 1983; Aller and Aller, 1986; de Vaugelas and Buscail, 1990; Papaspyrou et al., 2005). The
occurrence of crustacean microcoprolites of the ichnogenus Palaxius in the pipes provides evidence that
decapod crustaceans lived at the studied seeps. It has been suggested that burrowing activity of
crustaceans at seeps promotes the seepage of methane-rich fluids (Peckmann et al., 2007; Wetzel, 2013;
Wiese et al., this issue).

The burrow systems of callianassids are built up by shafts and chambers, which measure 1 and 2 cm
in diameter, respectively, and can extend up to 3 m into the sediment (Bertics et al., 2010).
Spongeliomorpha burrows may reach up to 5 cm in diameter (De Gibert and Ekdale, 2010a), revealing
that diameter and overall size of the burrows may vary considerably. The surfaces of these trace fossils are
often characterized by distinct morphological features known as bioglyphs (De Gibert and Ekdale, 2010b).
Thalassinoides, unlike Spongeliomorpha, does not exhibit such bioglyphs on the inner walls of the
burrows (De Gibert and Ekdale, 2010a). Unfortunately, we could not identify bioglyphs with certainty on
the pipes. However, based on their size, shape, branching, and the preferred subvertical but also
subhorizontal orientation, it is feasible that the pipes resulted from the burrowing activity of decapod
crustaceans. Fossils of callianassid crustaceans are abundant at the SR4 locality in direct association with
the pipes, but not enclosed within them. We did not detect any crustacean fossils at the SR5 or CRB
localities, although they do occur a few meters stratigraphically above both sites. Bivalves cannot be
excluded as alternative producers, however, the documented persistence of crustacean burrows argues in
favor of crustaceans as producers of the conduits. Although a completely abiogenic origin of the pipes also
cannot be excluded, it seems more likely that they resulted from the burrowing activity of sediment-
dwelling metazoans. Regardless of how the pipes were originally formed, they subsequently regulated
fluid flow in the uppermost part of the plumbing systems of the Oligocene seeps.

An envisioned scenario of the formation of the pipes is shown in Fig. 12. The study site was located
at an active continental margin where methane seepage occurred. The seeps were colonized by megafauna
causing bioturbation (burrowing) of the unconsolidated host sediment (Fig. 12A). Concomitant with the
burrowing activity or slightly later, methane migrated upwards through the burrows (Fig. 12A).

Henceforth the burrows acted as conduits for focused methane flux and AOM was not restricted to the
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host sediment, but also occurred within the conduits (Fig. 12B). Precipitation of matrix micrite stabilized
the conduits in the host sediment before methane-derived carbonate cements started to precipitate on the
inner walls of the conduits (Fig. 12B). Due to enhanced supply of dissolved sulfate from above and
directed transport of methane from below, the zone of AOM was widened in the periphery of the conduits
and biogeochemical activity flourished within the conduits (Fig. 12B). For the formation of the later
diagenetic phases (brownish calcite, microspar, and pipe-filling micrite) two scenarios seem equally
plausible. (1) Enhanced upward flux of deeper burial fluids imprinted by methanogenesis resulted in the
displacement of the SMTZ closer to the sediment-water interface, leading to the precipitation of the later
stage carbonate phases within the conduits (Fig. 12C). (2) Ongoing sedimentation and burial resulted in
the displacement of the conduits into the zone of methanogenesis (Fig. 12D), where the later stage phases

formed.
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Fig. 12. Cartoon illustrating the envisioned temporal and spatial sequence of events responsible for the
formation of the mineralized conduits from the Lincoln Creek Formation, not to scale, SWI = sediment-
water interface, b = burrow, SMTZ = sulfate methane transition zone, dsc = dense seep carbonate. (A)
Active methane seepage in a convergent margin setting. Seepage towards the oxic bioturbated zone (dark
brown). Burrows offer preferred migration pathways for sulfate and methane, enabling focused fluid flow
through the sediment. (B) Methane seepage from the zone of methanogenesis (light gray) reaches the
zone of AOM (dark gray). Methane and sulfate flux are enhanced within the burrow, triggering the
precipitation of AOM-related aragonite cements (cf. Fig. 11C). (C) Scenario I: Local cessation of AOM and
upward displacement of the SMTZ lead to precipitation of later stage diagenetic minerals (brownish
calcite, microspar, pipe-filling micrite) within the pipe from a carbonate pool affected by methanogenesis
(cf. Fig. 11D). (D) Scenario II: On-going sedimentation (beige) and subsequent burial lead to placement of
the burrows into the zone of methanogenesis, inducing precipitation of later stage diagenetic phases. See

text for further details.
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6. Conclusions

The Lincoln Creek Formation in Washington State contains small- to medium sized carbonate
pipes that directly grade into the base of methane-seep deposits. The pipes are characterized by an inward
directed paragenetic sequence of authigenic carbonate phases, which reflects a succession of
biogeochemical processes. The early stage phases including micrite, yellow aragonite, and clear aragonite
cement resulted from anaerobic oxidation of methane. Biogenic methane was most probably the
dominant carbon source, as indicated by biomarker patterns (Birgel et al., 2008) and 63Ccarbonate Values as
low as —51%o. The inner portions of the pipes are filled by later stage carbonate phases that apparently
reflect methanogenesis, agreeing with the more positive 613C values of brownish calcite, microspar, and
pipe-filling micrite and the high iron content of brownish calcite.

The pipes from the Lincoln Creek formation probably resulted from bioturbation of seep-dwelling
decapod crustaceans or bivalves. This notion is supported by pipe size and morphology, which agree with
both invertebrate groups as potential producers of the burrows that acted as fluid conduits. Based on the
occurrence of abundant authigenic, methane-derived carbonate phases within the pipes, the formerly
open conduits apparently facilitated seepage of methane-rich fluids to the sediment-water interface. Our
findings are in accord with observations made at modern seeps and agree with modeling approaches,
highlighting that the transport of fluids within near-surface sediments at seeps is dominated by the

activity of the local fauna.
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Abstract. Hydrocarbon seepage is a widespread process at
the continental margins of the Gulf of Mexico. We used
a multidisciplinary approach, including multibeam mapping
and visual seafloor observations with different underwa-
ter vehicles to study the extent and character of complex
hydrocarbon seepage in the Bay of Campeche, southern
Gulf of Mexico. Our observations showed that seafloor as-
phalt deposits previously only known from the Chapopote
Knoll also occur at numerous other knolls and ridges in wa-
ter depths from 1230 to 3150 m. In particular the deeper sites
(Chapopopte and Mictlan knolls) were characterized by as-
phalt deposits accompanied by extrusion of liquid oil in form
of whips or sheets, and in some places (Tsanyao Yang, Mict-
lan, and Chapopote knolls) by gas emission and the pres-
ence of gas hydrates in addition. Molecular and stable carbon
isotopic compositions of gaseous hydrocarbons suggest their
primarily thermogenic origin. Relatively fresh asphalt struc-
tures were settled by chemosynthetic communities includ-
ing bacterial mats and vestimentiferan tube worms, whereas
older flows appeared largely inert and devoid of corals and
anemones at the deep sites. The gas hydrates at Tsanyao
Yang and Mictlan Knolls were covered by a 5-to-10 cm-thick

reaction zone composed of authigenic carbonates, detritus,
and microbial mats, and were densely colonized by 1-2m-
long tube worms, bivalves, snails, and shrimps. This study
increased knowledge on the occurrences and dimensions of
asphalt fields and associated gas hydrates at the Campeche
Knolls. The extent of all discovered seepage structure ar-
eas indicates that emission of complex hydrocarbons is a
widespread, thus important feature of the southern Gulf of
Mexico.

1 Introduction

Asphalt volcanism in the Campeche Knolls, southern Gulf of
Mexico (GoM) has been described as a distinct form of nat-
ural hydrocarbon seepage (MacDonald et al., 2004). Heavy
oil is extruded and forms lava-like flows that cover ~ 100
to ~ 1000m? of abyssal knolls and ridges (Briining et al.,
2010). The flows consist of high-density oil with an abun-
dant asphaltene fraction (MacDonald et al., 2004) with a ter-
pane composition similar to what has been reported from
some crude oils in the Bay of Campeche (Scholz-Bottcher
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et al., 2008; Schubotz et al., 2011b). As described by Briin-
ing et al. (2010), the heavy oil is at a transition point be-
tween mobile and immobile when it flows; fluid-phase ma-
terial can spread smoothly over the seafloor and, because
its density is initially less than seawater, local bulges and
“whips” occur due to buoyancy. After exposure to seawater,
the heavy oil solidifies to brittle layers because of weather-
ing processes and loss of volatile hydrocarbons. Fissures and
cracks through the solidified asphalt deposits were observed
to develop with time. Fragmentation of brittle asphalt pro-
ceeds until cobble-to-boulder-sized pieces become buried by
sedimentation (Briining et al., 2010).

Most of the research conducted so far concentrated on
the type locality, Chapopote Knoll, which was named af-
ter the Aztec word for tar. Because it forms a knoll with a
central crater-like depression with extensive hard substrata,
the term ‘““asphalt volcano” was introduced for Chapopote
Knoll (MacDonald et al., 2004). Chapopote Knoll is sug-
gested to overlie a reservoir—seal system for hydrocarbons.
From seismic studies it was inferred that coarse-grained sed-
iments sealed by a thin (100-200 m) veneer of fine-grained
sediments within the core of the knoll act as a temporal hy-
drocarbon reservoir (Ding et al., 2008). Ding et al. (2008)
speculated that the shallow reservoir plays a role in creating
a heavy oil prior to its seafloor discharge: the oil in the region
forms from Jurassic source material that has solidified within
the hydrocarbon generation window over an extended time
period (Magoon et al., 2001). Processes such as biodegrada-
tion, water washing, or gas injection in the shallow reservoir
could further increase its specific gravity (Tissot and Welte,
1984). However, Schubotz et al. (2011b) did not find evi-
dence for biodegradation in ductile (fresh) asphalts, so the
sequence leading to the characteristic asphalt deposition re-
mains speculative. In the Campeche Knolls, oil seepage is
widespread as evidenced by sea surface oil slicks detected
by synthetic aperture radar satellite images (Fig. 1; Williams
et al., 2006). The sea surface slicks occur above dozens of
knolls and ridges (Ding et al.,, 2010) and are thus a sig-
nificant component of natural seepage in the south-western
Gulf of Mexico (MacDonald et al., 2015). Seismic studies
at the knolls and ridges indicate shallow subsurface hydro-
carbon accumulation as well (Ding et al., 2010) but prior to
the present study it was unclear whether these systems also
produced asphalt deposits at the seafloor.

The natural hydrocarbon seeps at Chapopote Knoll com-
prise typical seep components that provide habitat for di-
verse biological communities. For example, in addition to
asphalt deposits, there are reports of oil-soaked sediments
(MacDonald et al., 2004; Schubotz et al., 2011a, b), gas hy-
drate occurrences (MacDonald et al., 2004, Schubotz et al.,
2011b, Klapp et al., 2010a, b), gas venting (Briining et al.,
2010), and authigenic carbonates (Naehr et al., 2009). The
asphalt deposits sustain hydrocarbon-degrading and sulfate-
reducing bacteria within their interiors (Schubotz et al.,
2011b), as well as surface bacterial mats and vestimen-
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Figure 1. Geomorphological setting of the southern Gulf of Mex-
ico based on shaded GEBCO (General Bathymetric Chart of the
Oceans) bathymetry. The Campeche Knolls and Sigsbee Knolls are
located within the subprovince 4S, which is part of the South Gulf
Salt Province (outlined in blue) as suggested by Cruz-Mercado et
al. (2011). Locations of definite (green dots) and probable (purple
dots) oil slick origins at the sea surface according to Williams et
al. (2006) and the extent of the respective study area (outer rectan-
gle) are shown.

tiferan tube worms that colonize fissures in the asphalt de-
posits (MacDonald et al., 2004; Briining et al., 2010). Oil-
impregnated sediments were found to harbour a complex mi-
crobial community which sustained both methanotrophy and
methanogenesis (Schubotz et al., 2010a, b). The stable iso-
topes of methane in gas hydrates associated with asphalt sug-
gested methanogenesis (Schubotz et al., 2011b). Two species
of mytilid mussel (Bathymodiolus brooksi and B. haeckerae)
occurred close to an oil and gas seep, harbouring different en-
dosymbiotic communities (Raggi et al., 2013). A novel sym-
biont related to the hydrocarbon-degrading bacteria genus
Cycloclasticus was verified in the seep-associated mussel B.
haeckerae (Raggi et al., 2013).

Subsequent to the initial discovery at Chapopote
Knoll (MacDonald et al., 2004) asphalt deposits were found
at other continental margin settings as well. In the Santa
Barbara Basin off California, asphalt volcanoes about 15
and 20m high formed 31 to 44kyr ago (Valentine et al.,
2010). These structures occur at water depths of around 150
to 180 m in a region additionally comprising tar mounds at
~30m depths (Vernon and Slater, 1963). In the northern
Gulf of Mexico, asphalt mounds about 1 m in height and
up to several metres in basal diameter exist in the Puma
appraisal area (Weiland et al., 2008) and the Shenzi field
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(Williamson et al., 2008) at water depths of about 1500 m.
In addition, more than 2000 asphalt mounds with diameters
ranging from less than a metre up to 50 m were observed
on the Angolan margin at a water depth between 1350 and
2150 m (Jones et al., 2014). Based on their morphological
appearance, their partial coverage by sediments, and the gen-
eral lack of chemosynthetic organisms growing on the as-
phalt, the asphalt deposits in other regions seem to be older
than those described in the southern GoM (Briining et al.,
2010). Moreover, in contrast to those in the southern GoM,
asphalt deposits in the other regions are populated by regular,
heterotrophic deep-sea organisms growing on hard substrate.
Old asphalt deposits have therefore been suggested to fos-
ter the deep-sea habitat heterogeneity and provide additional
settling grounds for species dispersal, which results in an in-
crease in overall diversity (Jones et al., 2014). The Campeche
Knoll asphalt region remains the deepest example known to
date. The potential influence of pressure and temperature on
emission of asphalt, liquid oil, and gas and their interaction
with microbial and metazoan communities warrants further
investigation.

We conducted an interdisciplinary research campaign at
the Campeche Knolls in spring 2015 on board the R/V
Meteor. Sites for investigation were developed following a
nested approach. We used the information of oil slicks at the
sea surface (Williams et al., 2006; MacDonald et al., 2015;
Suresh, 2015) to systematically identify potential targets with
active hydrocarbon systems. To further focus our activities,
we looked for evidence of gas bubble emissions by scan-
ning the water column with a ship-based hull-mounted multi-
beam echosounder. High-resolution bathymetry of the most
promising sites was acquired by the SEAL 5000 autonomous
underwater vehicle (AUV) mapping. Finally, we conducted
seafloor observations and sampling by QUEST 4000 m re-
motely operated vehicle (ROV), concentrating on three sites
at depths >2900 m. Specifically, we were interested in dis-
entangling the various seafloor manifestations resulting from
the geochemically diverse seepage of heavy oil (leading to
asphalt deposits), oil (leading to sea surface slicks), and gas
(as bubbles and hydrate deposits). By concentrating on the
description of the different environments that we encoun-
tered at the hydrocarbon seeps, we provide an overview for
more detailed studies that will focus on the geochemistry of
different oils, authigenic carbonate composition, microbiol-
ogy, and fauna. We additionally show, based on our recent
findings and results obtained during three precursor cruises
(Bohrmann and Schenk, 2004; Bohrmann et al., 2008; Mac-
Donald et al., 2007), that asphalt deposits are not limited to
the type locality Chapopote Knoll, but are inherent to natural
hydrocarbon seepage in the entire Campeche Knolls.
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2 Geological setting of the Campeche Knolls

The Campeche Knolls (Fig. 1) are part of the large South
Gulf Salt Province that stretches from the southern land mar-
gin across the shelf and the Campeche Knolls to the Sigs-
bee Knolls in the north. The Sigsbee Abyssal Plain separates
the salt province in the southern GoM from the Mississippi—
Texas—Louisiana salt province in the north. Salt tectonism in
the southern deep GoM basin is believed to be an analogue
to that of the Texas—Louisiana slope (Garrison and Martin,
1973). Because the basins share similar salt deposition histo-
ries, it is inferred that most of the salt was deposited during
the rifting stage of the gulf in the Late Jurassic, equivalent
to the Louann salt of the Texas—Louisiana slope (Salvador,
1991).

The Campeche Knolls comprise knolls and ridges that
are limited to the west by smooth abyssal seafloor of
the salt-free Veracruz tongue (Bryant et al., 1991). The
Campeche Canyon, which is not a canyon in erosional sense,
formed through the development of the eastern limit of the
Campeche Knolls and the carbonate Campeche Platform.
Northward, smooth seafloor separates the Campeche Knolls
from the Sigsbee Knolls. The Campeche Knolls are covered
by a 5-10 km sediment column that hosts prolific petroleum
source rocks, with the most productive being of Late Juras-
sic and Cretaceous age (Magoon et al., 2001). Most of the
sediment thickness results from deposition during Cenozoic
times and was controlled by orogenic events in the Mexican
region and sea-level changes.

The distribution of oil slicks at the sea surface (Williams
et al., 2006; MacDonald et al., 2015; Suresh, 2015) aggre-
gates along the north-western sector of the Campeche Knolls
(Fig. 1). Interpretation of seismic lines and basin modelling
carried out by the Mexican petroleum company PEMEX
led to the conclusion that the subprovince designated as 4S
(Fig. 1) contains the largest allochthonous and autochthonous
salt deposits (Cruz-Mercado et al., 2011; Sanchez-Rivera et
al., 2011). The actual density of salt bodies increases from
the south-east to the north-western region of the Campeche
Knolls. It is proposed that gravitational forces toward the
north-west cause contraction and compression in the north-
western distal part of the system in which structural folds,
high-angle reverse faults, and numerous allochthonous salt
bodies developed since the late Miocene (Cruz-Mercado et
al., 2011; Sanchez-Rivera et al., 2011).

3 Material and methods

Natural oil slicks at the sea surface were detected by syn-
thetic aperture radar in the region of the southern GoM by
Williams et al. (2006). Based on their analyses of repeated
observations, they postulated seep locations on the seafloor
that could be the origins of the oil slicks. With regard to in-
terpretation limits of the remotely sensed data they distin-
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guished between definite, probable, and possible seep loca-
tions. Figures 1 and 2 show the inferred seep locations they
classified as definite or probable. We excluded the numer-
ous possible seep locations for clarity and because many of
the possible seeps were located outside of Campeche Knolls,
suggesting that the corresponding oil slicks might not be
caused by natural oil seepage. Those sea surface patterns
might have been caused by other processes, i.e. algae blooms,
local wind fields, or anthropogenic activity.

Ship-based hydroacoustic surveys and dives with an au-
tonomous underwater vehicle (AUV) and a remotely oper-
ated vehicle (ROV) were conducted during cruise R/V Me-
teor (M 114) from 12 February to 28 March 2015.

The multibeam echosounder (MBES) Kongsberg EM 122
operating at 12 kHz was used for bathymetric mapping. To-
gether with bathymetry data collected during two earlier
cruises with R/V Sonne in 2003 (SO 174; Bohrmann and
Schenk, 2004) and R/V Meteor (M67/2; Bohrmann et al.,
2008), good bathymetric coverage was acquired in the entire
north-western sector of the Campeche Knolls (Fig. 2).

We additionally examined the water column data of the
MBES systematically for evidence of gas emissions along
the entire cruise track of M 114 (Fig. 2, inset). Water col-
umn imaging for the detection of gas bubble plumes was con-
ducted with the Fledermaus Midwater software programme
(company: Quality Positioning Services B. V., the Nether-
lands). Gas bubble plumes cause high backscatter in the
water column. In this paper we assume that all acoustic
anomalies were related to gas venting and will refer to
them as “flares”. Flares were traced through the water col-
umn by analysing swath by swath, which results in a three-
dimensional representation of the bubble streams. We de-
tected numerous gas bubble flares, some of which could be
traced completely from the water column down to the seabed.
Most flares, however, were only observed in the midwater
column and the point of origin at the seabed could not be
traced. In those instances, we projected the flares down to
the seafloor and give this point as a coordinate. We assume
that this lack of backscatter from gas bubbles in great water
depths results from the pressure dependence of the backscat-
ter strength (Greinert et al., 2006). Further in-depth studies
are required to confirm this. For the objectives of this study,
we linearly projected flares from midwater depths to the
seabed and assumed that bubbles were escaping the seafloor
around these sites. We defined survey areas at the seafloor,
which included the putative gas emission sites, and con-
ducted AUV-based micro-bathymetric mapping and ROV-
mounted horizontally scanning sonar to locate gas emission
sites.

High-resolution bathymetry data were acquired with the
MBES Kongsberg 2040 during dives with the AUV SEAL
5000 at an altitude of 80m. Ship-based and AUV-based
bathymetry data were processed with MB-Systems (Caress
and Cheyes, 2014).
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Figure 2. Swath bathymetry draped over GEBCO bathymetry of the
Campeche Knolls and cruise track of M 114 (inset). Indicated are
oil slick origins as inferred from oil slicks at the sea surface accord-
ing to Williams et al. (2006), classified as definite (green dots) and
probable (purple dots). Seafloor locations of hydrocarbon seepage
sites investigated in this study are also shown (open stars, number
in brackets). Specifics of those sites are given in Table 1.

The Kongsberg 675 kHz Type 1071 forward-looking sonar
on ROV QUEST 4000 m was used for the localization of bub-
ble plumes following the method described in Nikolovska et
al. (2008). Seafloor images shown in this study were taken ei-
ther with the digital Inside Pacific Scorpio 3.3 megapixel still
camera or frame-grabbed (Adobe Premiere Pro) from video
footage gained with the Insite Pacific Zeus 3CCD HDTV
video camera.

In order to geochemically characterize the different hy-
drocarbon components, gas bubbles (clear and oil coated)
and oil drops released from the seafloor were captured with
the pressure-tight gas bubble sampler (GBS) at four different
knolls and ridges (Supplement Table 1). Two bubble streams
were sampled at Tsanyao Yang Knoll whereas at all other in-
vestigated sites only one bubble stream was sampled. Gas
bubble samples were not recovered from Knoll 2000. Re-
peated sampling was conducted at Mictlan Knoll during dif-
ferent dives and at different heights above the seafloor. Oil
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drops were captured together with chimney-like structures
at Marker M114-5 at a site similar in appearance to that
shown in Fig. 6d. The samples were analysed for molecu-
lar compositions and 8'3C-CHy signatures according to Pape
et al. (2010) and Romer et al. (2012). Biological samples
were taken by push corer, scoop net, manipulator, or baited
trap with the help of the ROV. Based on the video footage
and studies of the animals on board, we identified the fauna
to various taxonomic levels but detailed onshore studies are
needed to fully explore their taxonomy.

Underwater navigation of AUV and ROV were achieved
by use of the IXSEA Posidonia ultrashort baseline system.
Spatial data were integrated into the Arc-GIS programme
(ESRI) and maps were produced by combined usage of the
Arc-GIS and Adobe Illustrator programmes.

Camera sled surveys were conducted during cruises SO
174 (Bohrmann and Schenk, 2004), M 67/2 (Bohrmann et
al., 2008), and Chapopote III with R/V Justo Sierra in 2007
(MacDonald et al., 2007). Three different camera systems
were used for taking video images (M 67/2 and Chapopote
IIT) and photographs (SO 174) at the seafloor. The locations
of camera sled observations given in Table 1 are approxi-
mated based on ship position.

4 Results
4.1 Site descriptions
4.1.1 Tsanyao Yang Knoll (about 3400 m water depth)

Tsanyao Yang Knoll is a dome approximately 400 m high
and 6 km wide (Fig. 3a), which we named after Prof. Tsanyao
Yang from the Department of Geosciences, National Univer-
sity of Taiwan. “Frank” Yang dedicated his life to studying
mud volcanoes and hydrocarbon seeps on- and offshore Tai-
wan; he sadly passed away while we were conducting this
present study at sea.

Gas emissions were recorded as flares with the
echosounder from the seafloor at water depths as great as
3500 m at the plateau-like summit (Fig. 3a). Figure 3b shows
the ROV dive track within a depression about 150 to 200 m
wide and 30 m deep. Here, we discovered spectacular gas-
hydrate exposures at three sites (Site 1, 2, and 3) at depths
of about 3420 m. In contrast to the knolls and ridges further
south, we did not observe widespread asphalt deposits during
the dives at Tsanyao Yang Knoll.

The gas hydrates were found in mounds that were 1-2m
high and 3-10m wide at their bases and densely colonized
by vestimentiferan tube worms, probably of the genus Es-
carpia (Fig. 4a). The mounds had regular borders of gravel-
to-boulder-sized rock clasts and shells that separated seep-
influenced sediments from normal deep-sea sediments. In
some locations, clusters of living vesicomyid clams (Abysso-
gena southwardae) were observed in the transition zone. In
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several instances, the mounds were fractured, exposing 1—
2 m hanging walls of gas hydrate with vigorous gas bubble
streams observed emitting from the base (Fig. 4b). Exposed
hydrate preserved a fabric of frozen bubbles, which indicated
rapid formation (Suess et al., 2001). Some bubble-fabric gas
hydrate formed from rising bubbles when they attached to the
vertical wall due to adhesion or were captured by overhang-
ing structures. Many bubble streams were composed of trans-
parent bubbles forming white gas hydrates but some streams
contained oil-coated bubbles forming blackish-coloured hy-
drates. We additionally observed dense hydrate cropping out
over most of the visible exposed fracture, as exemplified in
Fig. 4b. Most of the hydrate was white, but blackish-stained
hydrate was also observed.

The outermost 5 to 10 cm-thick layer of the mounds were
composed of authigenic carbonates entangled with the pos-
terior parts of the vestimentiferan tubes and other detritus.
For convenience, we term these tube worm parts the “rhi-
zosphere” hereafter. Fleshy, thick microbial mats were at-
tached to the carbonates in the lower portion of the rhi-
zosphere. We hypothesize that the carbonates were formed
under anoxic conditions in the interior of the rhizosphere,
similar to those authigenic carbonates growing in the sed-
iments within the sulfate—-methane transition zone at other
seeps (Formolo et al., 2004). A flourishing ecosystem of
seep-typical fauna (e.g. living mytilid mussels, gastropods,
Alvinocaris sp. shrimp) occupied the top of the carbonates at
the base of the vestimentiferan tubes (Fig. 4c). The vestimen-
tiferan tubes were densely overgrown by colonies of epifau-
nal suspension feeders (e.g. hydrozoans and anemones).

At site 3, we observed a mound composed of re-
worked sediment components and gravel-to-pebble-sized
rocks (Fig. 4d). An exposed lens-shaped chunk of hydrate
(1.5m wide and 0.5m high) was present at the top of the
mound (Fig. 4f). The upper part of the hydrate showed a
dense fabric while the lower part was porous, suggesting that
it formed from frozen gas bubbles (Fig. 4f). The two hydrate
fabrics were separated by a layer that looked like organic
material. Ice worms (cf. Hesiocaeca methanicola) were ob-
served living in the bubble-fabric hydrate.

4.1.2 Mictlan Knoll (about 3100 m water depth)

Mictlan Knoll features the characteristics of an asphalt vol-
cano (sensu MacDonald et al., 2004) with a crater-like sum-
mit area on top of an approximately 250 m-high circular
knoll, which is about 10km wide at its base (Fig. 5a). This
knoll contained diverse and widespread structures related to
heavy oil seepage. We named it Mictlan, which means un-
derworld in the Aztec language.

The MBES surveys revealed evidence for gas emission
along the crater rim. We conducted five ROV dives on dif-
ferent areas of the crestal region (Fig. 5b) and illustrate our
findings with images from four sites: Hydrate Hill, Marker
M114-5, Marker M114-1, and “fresh asphalts”.

Biogeosciences, 13, 4491-4512, 2016



4496

H. Sahling et al.: Massive asphalt deposits, oil seepage, and gas venting

Table 1. Summary of evidence for hydrocarbon seepage in the southern Gulf of Mexico based on AUV SEAL 5000, ROV QUEST 4000 m,
and camera sled observations obtained during cruises R/V Sonne cruise 174, R/V Meteor cruise 67/2, R/V Justo Sierra cruise Campeche I11,
and R/V Meteor cruise 114/2. The positions marked with an asterisk are based on ship positions.

Seafloor Struc- Location Depth Tools Observation
ture
Tsanyao Yang 22°23.55'N; 3420m M 114/2 ROV Dive 358 (15 Mar 2015),  Vestimentifera on hydrate outcrops,
Knoll 93°24.33' W Dive 361 (19 Mar 2015), AUV Dive 69  gas bubble, and oil emission,
(24 Feb 2015) carbonates, mytilid and vesicomyid
bivalves
Mictlan Knoll 22°1.4'N; 3180m M 114/2 ROV Dive 355 (11 Mar 2015),  Asphalt deposits, gas bubble, and oil
93°14.9' W Dive 357 (14 Mar 2015), Dive 360 (18 emission, vestimentifera, white
Mar 2015), Dive 363 (21 Mar 2015), bacterial mats, mytilid, and
Dive 364 (22 Mar 2015), AUV Dive 68  vesicomyid bivalves
(23 Feb 2015)
Chapopote 21°53.95'N; 2920 m SO 174 OFOS 13 (1 Nov 2003), OFOS  Asphalt deposits, gas bubble, and oil
Knoll 93°26.25' W 14 (2 Nov 2013); M 67/2 ROV Dive 80  emission, vestimentifera, white
(10 Apr 2006), Dive 81 (11 Apr 2006), bacterial mats, mytilid, and
Dive 82 (12 Apr2016), Dive 83 (14 Apr  vesicomyid bivalves
2006), Dive 84 (15 Apr 2006); M 114/2
ROV Dive 354 (10 Mar 2015), Dive
356 (13 Mar 2015), Dive 359 (16 Mar
2015), Dive 363 (21 Mar 2015), AUV
Dive 70 (25 Feb 2015)
UNAM ridge 19°55.90'N; 1230 m M 114/2 ROV Dive 351 (4 Mar 2015),  Asphalt deposits, carbonates,
94°20.89’' W Dive 352 (5 Mar 2015) vestimentifera, mytilidae, gas bubble
emission
Knoll 2000 20°01.12'N; 1860 m M114/2 ROV Dive 353 (8 Mar 2015) Carbonates and possibly asphalts,
94°26.20' W white bacterial mats on blackish
seafloor, pogonophoran tube worms
1 20°4.95' N; 1300 m R/V Justo Sierra camera survey, Asphalt, vestimentifera, soft coral
93°57.85' W* Site L89 (18 Sep 2007)
2 20°19.55'N; 1780 m R/V Justo Sierra camera survey, Asphalt or carbonate pieces,
93°59.15' W* Site L87 (20 Sep 2007) sparse bacterial mats
3 20°22.02'N; 1700 m R/V Justo Sierra camera survey, Asphalt, tube worm, mussels
93°54.28' W* Site L86 (21 Sep 2007)
4 21°11.45'N; 2335m R/V Justo Sierra camera survey, Asphalt or carbonate
93°53.40/ W* Site L97 (22 Sep 2007)
5 19°54.917'N; 1100 m R/V Justo Sierra camera survey, Asphalt or carbonate, bacterial mats
93°56.366' W* Site L94 (19 Sep 2007)
6 21°39.5'N; 2980 m M 67/2 TV-Sled survey (9 Apr 2006) Asphalt deposits some 10 m
93°26.1' W* in diameter
7 Ca. 21°25'N; 2400-2440m SO 174/2 OFOS 10 (29 Oct 2003), Sediment covered, outcropping
93°22' W* and OFOS 12 (31 Oct 2003) asphalts, scattered living vesicomyid
21°23.8'N; clams, vestimentifera, bacterial mats
93°23.3' W*

Hydrate Hill is a 30 m-high elevation with a densely popu-
lated vestimentiferan tube worm field (cf. Escarpia spp.) on
its top which was 20 to 30 m wide (Fig. 6a—c). At the sum-
mit, gas escaped the seafloor and gas hydrates occurred be-
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low an overhanging protrusion consisting of carbonates and
vestimentifera. Exposed rocks at the base of the hill appeared
to be fragmented asphalts (Fig. 6¢) but no samples were re-
covered. We therefore suggest that the entire hill is an ac-
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Figure 3. (a) Ship-based swath bathymetry of Tsanyao Yang Knoll (see Fig. 2 for location), flare locations (red dots), and the area shown in
(b) (box). (b) ROV QUEST Dive 361 track and the main study sites plotted on AUV swath bathymetry.

cumulation of asphalt talus that is covered at its summit by
authigenic carbonates and vestimentifera.

At Marker M114-5, we observed 1-2m-sized asphalt
humps with small colonies of vestimentiferan tube worms
that were less than 1 m long. Remarkably, at this site viscous
oil was slowly seeping (about one drop every few minutes)
through slender, white-coated chimneys some 10-30cm in
height (Fig. 6d). In the area around Marker M 114-5 about 10
sites with chimney clusters were observed.

At Marker M114-1, oil seepage occurred through a flat-
topped mound about 1 m-high and tens of metres wide, which
was composed of fragmented asphalt and soft sediments. The
mound surface was covered by a highly patchy community
of 50 cm-long vestimentiferan tube worms, mytilid bivalves
(Bathymodolus brooksi), bacterial mats, and various epizoic
groups of suspension feeders such as sponges, hydrozoa, and
anemones (Fig. 6e, f). Oil drops escaped the sediments at a
low rate (one drop of oil every 1-5 min). Rising drops at first
remained attached to the seafloor by elongating threads and
only eventually broke loose, leaving behind strands of oil that
floated or adhered to the nearby organisms. Oil was also re-
leased from the sediments during sampling of sediments and
organisms collected with the ROV and the sample material
was heavily soaked with oil when recovered aboard ship.

In the area denoted “fresh asphalts” (Fig. 5b), we observed
a variety of structures that provide insight into the flow be-
haviour of heavy oil deposition at the seafloor. Although the
extrusion process of heavy oil was not directly observed by
us at the seafloor, the resulting flow structures are illustra-
tive. Based on our observations, two main types of heavy-oil
emission and post-emission behaviour may be distinguished.
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The first type includes extrusion of heavy oil forming strands
or sheets that float into the water due to positive buoyancy
while they remain attached to the seabed owing to cohesion
(Fig. 7a—c). Over time, the strands and sheets apparently lose
buoyancy and pile up on the seafloor forming decimetre-to-
metre-high accumulations. The second type comprises ex-
trusion of oil that is heavier than seawater and spreads on
the seabed following gravity (Fig. 7d—f). These flows solidify
over time and, subsequently, accumulate sediments on their
surface as illustrated in Fig. 7e and f. Dimensions of flows
observed in this study ranged between decimetre and tens of
metres in diameter.

4.1.3 Chapopote Knoll (about 2900 m water depth)

Flare mapping with the ship-based MBES system revealed
that plumes interpreted to be due to gas emission at this site
were widespread along the crater rim (Fig. 8a). Flares were
rather dispersed; consequently, we mapped areas with gas
emissions rather than individual emission sites. Subsequent
ROV dives focused on the 50 m-wide flow of the main as-
phalt field and a location that had been named the “bubble
site” during previous visits (Fig. 8b; Briining et al., 2010).
The first analysis of the results obtained during our return
visit in 2015 revealed that the appearance of the main as-
phalt field was little altered from what was observed during
the first exploration in 2006 (Briining et al. 2010). The ex-
tent of the flow and distributions of bacterial mats and ves-
timentiferan tube worm remained largely unchanged. While
expanding the mapped area in the course of this study, it be-
came apparent that the main asphalt flows terminated on soft
sediments in the north and west (Fig. 9a), but overlaid older

Biogeosciences, 13, 4491-4512, 2016



4498

H. Sahling et al.: Massive asphalt deposits, oil seepage, and gas venting

Figure 4. Seafloor images taken at Tsanyao Yang Knoll during ROV QUEST Dive 361. (a) Vestimentiferan tube worm bushes on a fractured
mound (arrow). Scale bar 50 cm in foreground. (b) Gas bubble plume (arrow) rose through the gap of a fractured mound. Hydrates formed
at the hanging walls. Scale bar 50 cm. (¢) Close-up of the mound surface with bubbles emitted into the water column (arrows) from the same
spot. Gas hydrate occurred below a layer of authigenic carbonates with mytilids, vestimentifera, gastropods, and shrimps on top. Scale bar
10 cm. (d) Mound with exposed gas hydrate (arrow) detailed in (e), (f). Scale bar 50 cm. (e) Lens-shaped, exposed gas hydrate composed
of bubble-fabric hydrate below and dense hydrate above the arrow. Scale bar 50 cm. (f) Bubble-fabric hydrate inhabited by ice worms (cf.
Hesiocaeca methanicola). Scale bar 1 cm. All images courtesy of MARUM.

flows characterized by fragmented asphalts (Fig. 9b) toward
the south and east. Noting significant sediment cover on older
asphalts, we conjecture that the main asphalt flow represents
the most recent stage of several flow events.

The bubble site is located on a ridge several metres high,
formed of fragmented asphalts with soft sediments inter-
spersed between the flow breccia. Gas bubbles escaped the

Biogeosciences, 13, 4491-4512, 2016

seafloor and gas hydrates were present below a seafloor pro-
trusion (Fig. 9¢, d). Recovered sediments and rocks were
heavily impregnated with oil. The fauna comprised mytilid
bivalves including Bathymodiolus heckerae, B. brooksii, ves-
timentiferan tube worms, and a variety of organisms at-
tracted by the seep system, such as Munidopsis geyeri and
Alvinocaris muricola crustaceans (Gaytan-Caballero, 2009),
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Figure 5. Maps of Mictlan Knoll (see Fig. 2 for location): (a) AUV-based bathymetry draped over ship-based bathymetry and positions
of flares (red dots). The box defines the area illustrated in (b). (b) ROV QUEST dive tracks and main study sites plotted on AUV-based

bathymetry.

gastropods, and sponges (Fig. 9d, e). A few metres away
from the bubble site, oil drops or oil-coated bubbles were re-
leased from the seafloor (Fig. 9f) and dark orange, oil coated
hydrate masses were exposed.

4.1.4 Kbnoll 2000 (about 1850 m water depth)

Knoll 2000 is an elongated feature next to a ridge with
two faint flares that originated on the eastern flank of the
knoll (Fig. 10). During an ROV dive, authigenic carbon-
ates and dark-stained sediments with whitish patches, in-
terpreted to be bacterial mats, were observed (Fig. 1le,
f). Some of the authigenic carbonates were dark-stained
and may have contained asphalt. The recovery of frenulate
tube worms (Siboglinidae; Frenulata) in whitish-stained sed-
iments (Fig. 11e) was noteworthy because species of this
group were not observed at the other sites investigated in this
study. However, because of their thin tubes, the tube worms
were invisible for the camera systems during the dive. Gas
bubble emissions were not observed during the one ROV dive
to Knoll 2000.

4.1.5 UNAM ridge (about 1230 m water depth)

UNAM ridge is an approximately 500 m-high ridge named
after the Universidad Nacional Auténoma de México in ap-
preciation of the collaborative effort to study the deep-water
hydrocarbon seeps off Mexico. This was the shallowest site
visited during this study. At least five flares were detected
above the crest (Fig. 10). Two ROV dives revealed evi-
dence for an active, albeit senescent seep system. Remark-
ably, soft corals and other hard-ground suspension feeders
were found to settle on iron/manganese-stained carbonates
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and weathered asphalts (Fig. 11a). The occurrence of ves-
timentiferans tube worms was limited to a few bushes. Re-
cumbent tube worms were dominant (Fig. 11b), which is
generally considered as an indicator for a senescent com-
munity. Iron/manganese-stained carbonates were observed
along with debris of mytilid shells (Fig. 11c). The most ac-
tive seep site was situated on the side of a pockmark-like de-
pression and comprised a relatively small bubble stream with
only few specimens of living mytilid mussels on carbonates
(Fig. 11d). On a small 20 cm-high and 1 m-wide sediment
mound we observed a white, hydrate-like texture through a
drape of sediment, suggesting the presence of gas hydrates
but as we did not attempt any sampling, we cannot prove the
occurrence of hydrates.

4.2 Seafloor observations by camera sled

In addition to the findings during M 114, camera sled de-
ployments during the preceding cruises SO 174, M 67/2, and
Chapopote III revealed evidence for the presence of asphalts
and chemosynthetic communities at seven further knolls and
ridges as summarized in Table 1 and Fig. 2. We realized that
the identification of asphalts on the basis of images alone
is ambiguous because the appearance of iron/manganese-
stained carbonates is similar to that of weathered asphalts as
shown in Figs. 11a, ¢ and 9b respectively. Nevertheless, the
camera sled observations suggests that natural hydrocarbon
seepage is widespread in the area of the Campeche Knolls.

4.3 Gas composition and isotopes

Hydrocarbons analysed from all gas bubble samples col-
lected with the gas bubble sampler from Tsanyao Yang
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Figure 6. Seafloor images taken at Mictlan Knoll during ROV QUEST Dives 357 (a—d) and 360 (e, f). (a) Hydrate below overhanging ves-
timentiferan tube worms (arrow). Scale bar 50 cm. (b) Gas bubble stream (arrow) rose through the hydrates and vestimentifera shown in (a).
Scale bar 50 cm. (¢) Fragmented asphalt, authigenic carbonates (arrow), and vestimentifera. Scale bar 50 cm. (d) Oil drops released through
white-coated chimneys. Scale bar 20 cm. (e) Flourishing ecosystem (mytilids, vestimentifera with epizoic suspension feeders, bacterial mats)
next to oil-soaked sediments shown in (f). (f) Viscous oil drops emanated from the sediments leaving strands behind (arrow). Scale bar 20 cm.

All images courtesy of MARUM.

Knoll, Mictlan Knoll, Chapopote Knoll, and UNAM ridge
were dominated by methane with a C; /C; ratio varying be-
tween 14 and 185 (Fig. 12). The methane stable carbon iso-
tope composition (8'3C-CHy4) ranged between —45.1 and
—49.8%0 V-PDB. The oil drop sample revealed a relative
CHgy-depletion (Cy / C, =2) compared to the gas samples
and the §13C-CH4 value (—56.4%0 V-PDB) was more neg-
ative.

Biogeosciences, 13, 4491-4512, 2016

5 Discussion

5.1 Natural hydrocarbon seepage in the Campeche
Knolls

The region of the Campeche Knolls shows evidence of abun-
dant natural hydrocarbon seepage. This was already evi-
dent by the widespread presence of oil slicks at the sea sur-
face (Williams et al., 2006; MacDonald et al., 2015; Suresh,
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Figure 7. Seafloor images taken at Mictlan Knoll during ROV QUEST Dives 357 (b, ¢), 363 (a, e), and 364 (d—f). (a—c) Oil whips and sheets
(arrows) floating in the water. Old whips and sheets apparently lost buoyancy and pile-up at the seafloor. (d—f) Flow structures of heavy oil.

Scale bar all images 50 cm. All images courtesy of MARUM.

2015). Knolls and ridges in Campeche Knolls are generally
the seabed expressions of salt diapirism that causes hydro-
carbons to accumulate and, eventually, to migrate though the
sediments to the seafloor (Ding et al., 2008, 2010). More than
50 knolls and ridges in our study area exhibited single or mul-
tiple oil slick origins (Fig. 2), which suggests that they are
as naturally prolific an oil seepage area as the salt province
in the much better-studied northern Gulf of Mexico (GoM;
e.g. MacDonald et al., 1993, 1996). In the Campeche Knolls,
hydrocarbon seepage occurs in water depths down to about
3500 m, which is considerably deeper than seeps discovered
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at the middle—lower continental slope in the northern GoM
(~2750 to ~970 m; Roberts et al., 2010). Only the seeps
at the Florida Escapment are located in comparable water
depths at 3300 m (Paull et al., 1984; Cordes et al., 2007b).
While previous studies focused on Chapopote Knoll, we
summarize in this study hydrocarbon seepage at the seafloor
at five sites by ROV observations (including Chapopote
Knoll) and, in addition, at seven sites by camera sled sur-
veys at knolls and ridges (Fig. 2, Table 1). These sites range
from depths around 1100 m in the south to 3420 m in the
north of the study area. At all 12 sites we found evidence
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Figure 8. Maps of Chapopote Knoll (see Fig. 2 for location): (a) AUV-based bathymetry draped over ship-based bathymetry and areas of
flares (yellow). The box shows the area in (b). (b) ROV QUEST dive tracks and main study sites plotted on AUV-based bathymetry.

of natural hydrocarbon seepage as indicated by the presence
of chemoautotrophic communities, authigenic carbonates, or
asphalt deposits, confirming that hydrocarbon seepage is a
widespread process in the region of the Campeche Knolls.
All of the 12 sites are located at the seafloor below sea sur-
face oil slicks detected by satellite imagery (Williams et al.,
2006). However, it should be noted that we only studied the
seafloor close to oil slicks and that our method is biased, i.e.
it does not provide a correlation between sea surface slicks
and seafloor seepage.

Asphalt deposits were visually identified at seven sites
(UNAM ridge, Chapopote Knoll and Mictlan Knoll; Sites 1,
3, 6, and 7; Table 1) and they probably also occur at four
more sites (Knoll 2000, Sites 2, 4, and 5; Table 1). This
clearly shows that seepage of heavy oil is an intrinsic prop-
erty of the Campeche Knolls (Fig. 2). A possible reason for
this is that the crude oil in the Campeche salt province is
generally heavy (Magoon et al., 2001) in terms of API grav-
ity (American Petroleum Institute gravity). For now we can
only speculate on the mechanisms that lead to the expulsion
and deposition of heavy oil on the seafloor, but we assume
it is a combination of salt tectonic movements and high gas
content that lead to the rise of this heavy oil to the seafloor,
where it is then subjected to postdepositional weathering pro-
cesses.

Out of the about ten sites with asphalt deposits at the
seafloor, only three knolls (Chapopote Knoll, Mictlan Knoll,
and Site 3; Table 1) exhibit features characteristic of as-
phalt volcanism (sensu MacDonald et al., 2004), which
forms conical mounts with crater-like depressions and ex-
tensive hard substrata. The other sites either form ridges or
the asphalts are associated with more complex morpholo-
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gies. Tsanyao Yang Knoll is a noteworthy exception, be-
cause we did not find indications for the presence of ex-
tensive asphalt deposits, although seepage of oil was ob-
served. The fact that we did not observe large asphalt de-
posits might be the result of a too-limited survey effort. Al-
ternatively, we speculate that the absence of asphalt deposits
at Tsanyao Yang Knoll are related to its unique shape as it is
the only flat-topped knoll analysed in this study: its morphol-
ogy resembles that of passive-type salt diapirs (Ding et al.,
2010), where salt intruding very close to the seafloor caused
bending-up of hydrocarbon-bearing strata to the seabed. The
structural framework of passive-type salt diapirs may not
provide the necessary shallow hydrocarbon reservoir typical
for the other knolls and ridges (Ding et al., 2008; 2010).

During our investigations it became clear that in most in-
stances gas venting, oil seepage, and flows of heavy oil (lead-
ing to asphalt deposits) were temporally and spatially segre-
gated. Oil and gas seepage occurred separately from asphalt
occurrences (e.g. at Mictlan Knoll) but also through fractures
in asphalts that probably act as conduits for gas/oil migration
(e.g. at Hydrate Hill, Marker M114-5, Marker M114-1, and
the bubble site at Chapopote). Different chemical composi-
tions of oil and gas result in different manifestations at the
seafloor, which we discuss in the following section.

5.2 Geochemical characterization of gas, hydrate, and
oil

In order to characterize the origin of hydrocarbons generated
in the deep subsurface below the emission sites, we anal-
ysed bubble-forming gas escaping the seafloor. Compared
to the other hydrocarbon-containing organic substances dis-
charged at the Campeche Knolls (e.g. oil, heavy oil), rapidly
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Figure 9. Seafloor images taken at Chapopote Knoll during ROV QUEST Dives 354 (c, e), 362 (a, f), and 365 (b, d). (a) Main asphalt
field with vestimentifera bordering a bacterial mat (arrow) on soft sediments. Scale bar 50 cm. (b) Older flow characterized by fragmented
asphalt. Scale bar 50 cm. (¢) Catching hydrate-coated bubbles at the bubble site. Scale bar 10 cm. (d) Gas hydrate outcrop (arrow) with
mytilids, gastropods, galatheid crab. Note bubble fabric of exposed hydrate. Scale bar 50 cm. (e) Sponges, hydrozoans, mytilids at the bubble
site. Scale bar 50 cm. (f) Oil drops and oil whips (arrows) close to the bubble site. Scale bar 50 cm. All images courtesy of MARUM.

emitted vent gas is believed to be less affected by alter-
ation in the course of upward migration in the sediment,
thus it can provide an insight into the chemical character-
istics of the subsurface reservoir of light hydrocarbons. Con-
sidering the molecular compositions of light hydrocarbons
(expressed as C; / C; ratios) and stable carbon isotopic sig-
natures of methane (§'3C-CHy), most samples plot within or
close to the empirical field proposed for a thermocatalytic
origin (Fig. 12).
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The variability of § 13C-CHy4 values in gas bubbles was
noticeably small (A8'3C-CHy =4.7%o0 V-PDB), given the
fact that sampling was conducted at four different knolls
and ridges positioned at some tens to hundreds of kilome-
tres distance from each other. In contrast, C; / C; ratios ap-
pear to be more variable with the highest values determined
for apparently pure gas bubbles from Hydrate Hill at Mictlan
Knoll (185, GeoB19336-15) and lowest values for oil-coated
bubbles at Tsanyao Yang Knoll (14, GeoB19337-2). A vari-

Biogeosciences, 13, 4491-4512, 2016



4504 H. Sahling et al.: Massive asphalt deposits, oil seepage, and gas venting
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Figure 10. Ship-based bathymetry of Knoll 2000 and UNAM ridge
(see Fig. 2 for location), locations of flares (red dots), and ROV
QUEST dive tracks (green).

ety of possible post-genetic processes can affect the distribu-
tions of light hydrocarbons, e.g. abiotic molecular fraction-
ation during migration (Leythaeuser et al., 1980), admixture
with oil-derived components or secondary methane (Milkov
and Dzou, 2007), and microbial oxidation of methane and
non-methane hydrocarbons (Hoehler et al., 1994; Joye et al.,
2004; Kniemeyer et al., 2007). However, the causes for the
variations in C; / C; ratios observed in this study remain un-
explained.

Methane in the gas bubbles sampled during this study was
enriched in 13C relative to oil samples (8'*C-CH4 < —50.3 %o
), which were either collected during this study (one sample)
or in the course of previous studies (Fig. 12) (MacDonald
et al., 2004; Schubotz et al., 2011b). The variability in the
813C-CH, and C; / Ca ratios of the oil samples either reflects
site-specific properties of the oil source or indicates alteration
processes during migration to variable extents. More nega-
tive values §'3C-CHy of the oil samples in general may result
from admixture by microbial-produced '3C-depleted sec-
ondary methane from the oxidation of higher short-chained
hydrocarbons at shallow sediment depth (Milkov and Dzou,
2007; Schubotz et al., 2011b).

We failed to sample gas hydrates during this study, but
shallow hydrates were collected from two sites at Chapopote
Knoll during previous investigations (MacDonald et al.,
2004; Schubotz et al., 2011b). Hydrate-bound methane in
these studies was depleted in '*C by >3 %0 compared to
methane in bubbles collected in our study. It should be
stressed that sampling was conducted in different years and
not at exactly the same sites. Nevertheless, 813C—CH4 differ-
ences between gas bubbles and hydrates within Chapopote
Knoll are an interesting result, as hydrate deposits close to
the seafloor are considered to form from gas bubbles (see
below) without significant isotopic fractionation of methane
(Bourry et al., 2009; Pape et al., 2010; Sassen et al., 2004).
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The difference in §'3C of >3 %o between methane in bub-
ble streams and in shallow hydrates at Chapopote Knoll,
therefore, suggests some contribution of microbial-generated
methane to the hydrate.

5.3 Gas venting, hydrate occurrence, and the
vestimentifera-gas/hydrate habitat

Gas emissions are integral parts of submarine seep sys-
tems in various geological settings worldwide but hydrate-
containing mounds overgrown by dense vestimentiferan tube
worm fields probably belonging to the genus Escarpia are,
to our knowledge, unique to the Campeche Knolls. Massive
hydrate deposits close to the seafloor are considered to result
from gas bubble migration through the sediments (Haeckel
et al., 2004; Smith et al., 2014). Part of the gas can be se-
questered as gas hydrate at shallow sediment depths in case
the crystallization force overcomes the effective overburden
stress (Torres et al., 2004). Shallow hydrate deposits typically
form a mounded topography of soft sediment at the seafloor
as observed at Hydrate Ridge (Cascadia Margin; Suess et
al., 2001; Sahling et al., 2002) and Bush Hill in the northern
GoM (MacDonald et al., 1994). At Hydrate Ridge, intensive
anaerobic oxidation of methane (AOM) in sediments overly-
ing hydrates results in production of hydrogen sulfide that is
consumed by sulfide-oxidizing bacteria that form mats drap-
ing the mounds (Boetius et al., 2000; Treude et al., 2003).
Sulfate reduction coupled to the degradation of higher-order
hydrocarbons brought along with oil propagating in the sed-
iments was additionally proposed to occur in the northern
GoM (Formolo et al., 2004; Joye et al., 2004).

In our study, we found vestimentiferan tube worms cap-
ping hydrate deposits, which has not been observed before in
such a clear association. In order to illustrate the relevant pro-
cesses, we illustrate the two different situations encountered
at Tsanyao Yang Knoll and Mictlan Knoll in Fig. 13. At both
knolls, gas bubbles percolated through the mounds and we
propose that the continuous gas supply from below drives hy-
drate formation in the shallow subsurface. At Tsanyao Yang
Knoll, hydrate formed as massive layers in the sediments
within the mound (Fig. 4b), whereas for Mictlan Knoll we
speculate that hydrates occupy voids between fragmented as-
phalt (Fig. 6a—c). In both cases, hydrates serve as methane
reservoir (e.g. Sahling et al., 2002) from which methane and
other short-chained hydrocarbons are constantly diffusing to-
wards the overlaying seawater. We further propose that AOM
dominates in the rhizosphere, which is a distinct 5-10 cm-
thick layer consisting of the posterior tubes of the vestimen-
tiferan tube worms. Vestimentiferan tube worms can release
sulfate through their posterior tubes (Dattagupta et al., 2006,
2008) and we therefore suggest that the rhizosphere in par-
ticular is supporting AOM. Due to the fact that AOM effi-
ciently produce alkalinity necessary for carbonate precipi-
tation, we propose that vestimentifera in the southern GoM
largely rely on sulfide produced by sulfate reduction coupled
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Figure 11. Seafloor images taken at UNAM ridge (a—d) and Knoll 2000 (e, f) during ROV QUEST dives 352 and 353 respectively. (a) Soft
coral and other suspension feeders on iron-/manganese-stained authigenic carbonates. (b) Recumbent vestimentifera. (¢) Authigenic carbon-
ates and mytilid shells. (d) A few living mytilids attached to carbonates (foreground) and a 1 m-wide circular depression. (e) Frenulate tube
worms were recovered from samples of whitish-stained sediments (arrow) next to carbonates inhabited by suspension feeders (Actinoscyphia
sp., anemones, sponges). (f) Whitish patches at seafloor interpreted to be bacterial mats on dark-stained sediments. Scale bar all images

50 cm. All images courtesy of MARUM.

to methane oxidation. This is further supported by the com-
position of the gas that forms the hydrate, which is dominated
by methane (Fig. 12). The geochemistry in the southern GoM
is in contrast to that for vestimentifera in the northern GoM,
which rely on sulfide produced by sulfate-reduction coupled
to methane oxidation and likely augmented by degenera-
tion of organic carbon that may include higher hydrocarbons
(e.g. Joye et al., 2004). We favour the concept that consid-
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ers the vestimentifera as ecosystem engineers (sensu Cordes
et al., 2003, 2005) that play a pivotal role for this particular
gas/hydrate habitat as they intensify chemical turnover pro-
cesses within the rhizosphere, and the space at and in be-
tween the tubes provides habitat for numerous other seep-
typical species. Moreover, the thick blanket of the rhizo-
sphere shields gas hydrate from direct contact with seawater

Biogeosciences, 13, 4491-4512, 2016
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Figure 12. Molecular (C; / Cy) vs. stable C isotopic composition
of methane (§13C-CHy) sampled by gas bubble sampler at Tsanyao
Yang Knoll (blue), Mictlan Knoll (red), Chapopote Knoll (yellow),
and UNAM ridge (green) and a single oil-associated gas sample
(Mictlan Knoll) collected during this study with the GBS. Stars in-
dicate samples analysed in this study, dots and squares are values
according to results for methane in hydrates and oil collected dur-
ing previous campaigns (MacDonald et al., 2004; Schubotz et al.,
2011b). Classification according to the Bernard diagram, modified
after Whiticar (1990). Gas samples studied herein are plotted close
to the empirical field of thermogenic methane.

and may impede its dissolution, thereby preserving the driver
of AOM.

With regard to our discovery of the vestimentifera-
gas/hydrate habitat, we attempted to characterize differ-
ences in environmental parameters in the Campeche Knolls
and areas where bacterial mats drape soft sediments cover-
ing hydrates (MacDonald et al., 1994; Suess et al., 2001).
First, seeps in the southern GoM occur at greater water
depth (~ 3000 m) than the hydrate mounds at Hydrate Ridge
(~780m) and at Bush Hill in the northern GoM (~ 540 m).
The higher pressure at greater water depth in conjunction
with very vigorous gas bubble emission could lead to more
voluminous and more rapid formation of gas hydrate close
to the seafloor. In addition, the deep-water physical environ-
ment is more stable compared to at the upper slope, where
temperature is higher and pressure changes are considerably
larger (MacDonald et al., 1994, 2005). Further, with respect
to the mature vestimentiferan communities and authigenic
carbonates within the rhizosphere we speculate that gas seep-
age at our study sites was stable on extended timescales. Ves-
timentifera are considered to be long-living organisms, with
estimated lifespans of 170-250 years for 2 m-long species
in the northern GoM (Bergquist et al., 2000; Cordes et al.,
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2007a). Although the vestimentiferan species present in the
southern GoM probably belong to the genus Escarpia and are
thus different from those in the northern GoM, it is possible
that slow growth is a general characteristic of vestimentifera
at seeps and that the vestimentifera observed in our study
(with tube length of ~2m) might be considerably old as
well. Independent support comes from a modelling study that
suggested timescales of 100 to 500 years for the formation of
authigenic carbonate crust which are a few centimetres thick
(Luff et al., 2004).

5.4 Heavy oil flows leading to asphalt deposits and
asphalt as habitat

Our ROV-based observations revealed numerous examples
for voluminous asphalt deposits at Chapopote Knoll and
Mictlan Knoll. Their formation has been explained by a
model proposed by Briining et al. (2010), which takes the
API gravity into account. Oil that floats in the water while
still being attached to the seabed has an API gravity slighter
higher than 10° API, which corresponds to a density close
to seawater. This places it at the boundary between heavy
oil (10-12 to 20° API) and very heavy oil (< 10-12° API),
that are mobile and immobile at reservoir conditions respec-
tively (Tissot and Welte, 1984). Oil whips and sheets were
observed (Fig. 7a—c) indicating seepage of heavy oil that has
slight positive buoyancy (>10° API) but is sufficiently co-
hesive to remain attached to the point of extrusion. In con-
trast, the extensive asphalt deposits must have been nega-
tively buoyant (<10° API) when they exited because they
clearly flowed at the seafloor (Figs. 7d—f, 9a). Incorporation
of sediments into and accumulation of sediments onto flow-
ing asphalts will also contribute to their negative buoyancy.
Formation of asphalt deposits thus depends on the viscosity
of the extruded heavy-to-very-heavy oil (~ 10° API) and the
duration for which it is exposed to weathering processes at
the seafloor that lead to a transition from mobile to immobile;
i.e. the viscosity is high enough to allow the ascent through
the sediment, but after emission at the seafloor, it rapidly be-
comes immobile, probably due an increase in viscosity due
to the loss of volatile compounds.

In spite of this, additional possibly post-depositional pro-
cesses lead to a decrease in bulk density, which can be
deduced from observations at the main asphalt field at
Chapopote Knoll. Pure gas hydrate, which typically exhibits
a specific density less than seawater (ca. 0.9 gcm™3), was
present below and within fresh asphalts (Schubotz et al.,
2011b; Klapp et al., 2010a, b) and asphalt pieces floated
up when extracted from an intact flow (Briining et al.,
2010). The elevated gas content might be explained by post-
depositional hydrate formation and gas invasion into the pore
space of the asphalts resulting from gas supply from be-
low. However, with respect to the considerable difference in
813C signatures between hydrate methane below the asphalts
(—54.8 %0; Schubotz et al., 2011b) and the vent gas methane
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Figure 13. Sketch depicting the interpreted vestimentifera-gas/hydrate habitat encountered at (a) Tsanyao Yang Knoll and (b) Mictlan Knoll.
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(—46.5%o; Fig. 12), it is unlikely that these gases share the
same source. A possible interpretation for the more negative
813C-signature of hydrate-bound methane could be that mi-
crobial methane is produced in sufficient amounts in shallow,
hydrocarbon-soaked sediments below or within the asphalts.

As we did not observe active extrusion of heavy oil during
the ROV dives, discharge rates of heavy oil at the seafloor
remain unknown but could possibly be in the range of weeks
to years. The heavy oil apparently serves as energy source for
chemosynthesis-based organisms like whitish bacterial mats
and vestimentiferan tube worms that generally depend on the
supply of reduced sulfur compounds (Hilario et al., 2011;
Teske and Nelson, 2006). If the outflow of heavy oil is a slow
process, chemosynthetic organisms may grow while the oil is
still in motion. Alternatively, the chemosynthetic organism
may settle after deposition. Chemosynthetic organisms may
thrive on reduced sulfur compounds contained in the heavy
oil or on sulfide produced during microbial oil degradation
coupled to sulfate reduction (Schubotz et al., 2011b).

Based on their distribution at the seafloor exemplified
in Fig. 7d and e, we propose that predominantly relatively
young ejections, such as whips and sheets in the water col-
umn, and those in the central parts of asphalt flows, are pop-
ulated by whitish bacterial mats. Moreover, the spatial ex-
tent of bacterial mats at the main asphalt field at Chapopote
Knoll during this study in 2015 was very similar to that ob-
served during its initial documentation in 2006 (Briining et
al., 2010), demonstrating considerable ecosystem stability
over a decade. This is remarkable as we observed holothuri-
ans, galatheid crabs, and myriads of small crustaceans in-
ferred to be grazing on the bacteria. This indicates a high pri-
mary production by chemosynthetic microbes. At more dis-
tal parts of the most recent asphalt deposits, bacterial mats
were absent, while tube worms occurred nestling in fissures
(Figs. 7e and 9a). Considering the relatively low growth rates

www.biogeosciences.net/13/4491/2016/

of vestimentiferan tube worms (Bergquist et al., 2000), we
propose that even the most recent asphalt deposits discovered
in this study have already existed for decades. The ostensible
absence of bacteria on asphalt surface and the presence of
vestimentifera growing posteriorly into the substrate suggest
that the sulfide source progresses towards deeper parts of the
asphalts with time. This would be in line with our concept
of successive stages being represented by bacteria and tube
worms.

The most common asphalt deposits in our study were in
an inert stage. It was devoid of any macro- or megafauna and
ranged in terms of appearance from solid asphalt flows to
partly or entirely fragmented asphalt deposits (e.g. Fig. 9b).
We suggest that these asphalts no longer serve as habitats
for chemosynthesis-based bacteria or tube worms because a
greater portion of volatiles has already escaped to the wa-
ter column. Furthermore, we point out that authigenic car-
bonates were virtually absent where fragmented asphalts oc-
curred alone, i.e. without oil or gas seepage (Naehr et al.,
2009). This observation suggests that microbial degradation
of heavy oil does not produce sufficient alkalinity for authi-
genic carbonate formation. Based on our findings we may
refer to the asphalt deposits without visible chemosynthetic
fauna prevailing in the Campeche Knolls as being in an in-
ert stage. Heterotrophic suspension feeders that are common
in other regions with asphalt deposits (Weiland et al., 2008;
Williamson et al., 2008; Valentine et al., 2010; Jones et al.,
2014) were also absent at the inert stage at the Campeche
Knolls. In our study area soft corals attached to asphalts were
only found at the shallowest site investigated, UNAM ridge
at 1230 m water depth (Fig. 11a). Therefore, the paucity of
suspension feeders in the region of the Campeche Knolls
might be caused by a limited food supply at the deep-water
asphalt deposits, Mictlan Knoll and Chapopote Knoll (3420
to 2900 m water depth respectively).

Biogeosciences, 13, 4491-4512, 2016
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In contrast to seafloor asphalt deposits in other regions
(Weiland et al., 2008; Williamson et al., 2008; Valentine et
al., 2010; Jones et al., 2014), those in the Campeche Knolls
are sourced by geologically recent emissions of heavy oil.
However, given that lobate flow patterns are still discernible
for asphalts in the Santa Barbara Basin 31 to 44 kyr after
seafloor deposition (Valentine et al., 2010), asphalt deposits
sourced by emission of heavy oil in the Campeche Knolls
may have existed for tens to probably hundreds of thousands
of years while being fragmented and draped by sediments.
The Campeche Knolls asphalts provide a natural laboratory
for studying their more recent genesis as well as their alter-
ation through time.

5.5 Oil seepage and oil-soaked sediments as habitat

Because oil seepage is an integral component of the hydro-
carbon seepage system at the Campeche Knolls, as revealed
by numerous oil slicks at the sea surface (Fig. 1), we con-
centrated on identifying oil seepage sites at the seafloor. In
general, oil may rise as oil-coated gas bubbles or as oil drops
(De Beukelaer et al., 2003; Leifer and MacDonald, 2003).
Oily bubbles are difficult to identify visually during ascent
through the water column, as they can appear as transparent
as pure gas bubbles. Therefore, oil might have been a signif-
icant component of the observed gas bubble streams. Only
in a few instances, the coating of gas bubbles was dark and
the hydrate forming from the bubbles was dark stained. In
contrast, a release of oil drops was clearly observed and oc-
curred in association with two different seafloor manifesta-
tions: white-coated chimneys (Fig. 6d) and oil-soaked sedi-
ments inhabited by Bathymodiolus heckerae (Fig. 9f). These
observations demonstrate that a seep system of oil exists
next to a seep system of heavy oil leading to asphalt de-
posits. Seepage of oil was associated with old asphalt de-
posits (sediment-covered asphalt mounds and fragmented as-
phalt pieces) at three sites (Marker M114-1 and M115-5 at
Mictlan Knoll; bubble site at Chapopote Knoll), suggesting
that the oil migrated through the sediments along pre-existing
pathways.

At Chapopote Knoll and Mictlan Knoll biological commu-
nities were physically exposed to oil (Figs. 6f, 9f). As found
in the northern GoM, degradation of oil-derived compo-
nents in sediments, like non-methane hydrocarbons, can be
performed by sulfate-reducing bacteria (belonging to the 6-
proteobacteria group) while producing hydrogen sulfide (e.g.
Joye et al., 2004; Kniemeyer et al., 2007). This is used as an
energy source for chemosynthesis-based organisms such as
mat-forming, sulfide-oxidizing bacteria, and vestimentifera
living in symbiosis with chemosynthetic bacteria. The two
mytilid species studied in our area harbour symbionts that
are capable of oxidizing sulfides as well as methane (Raggi
et al., 2013). In addition, the mussel Bathymodiolus heckerae
from the bubble site at Chapopote Knoll evidenced a unique
symbiosis with a proteobacterium of the genus Cycloclasti-
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cus, which is supposed to degrade hydrocarbons (Raggi et
al., 2013). This symbiosis is unique to that site where the an-
imals are virtually bathed in oil.

6 Summary

Natural oil seepage is inherent to the Campeche Knolls, as
revealed by our new findings obtained during cruise M114 in
2015, and by a reanalyses of seafloor images gathered dur-
ing previous cruises. Unique to the Campeche Knolls is the
widespread occurrence of asphalt deposits, which was defi-
nitely confirmed at seven sites. The flow structures of heavy
oil encountered at Chapopote Knoll and Mictlan Knoll are
noteworthy, as they represent more recent asphalt deposits
compared to those described from other continental margin
settings. The recently discharged asphalts sustain chemosyn-
thetic organisms such as bacterial mats and vestimentifera as
well as a suite of heterotrophic organisms that warrant further
taxonomic studies. Based on our preliminary observations,
and in contrast to the asphalt deposits at other continental
margins, those at the deeper Campeche Knolls (>2900 m wa-
ter depth) are generally not utilized by sessile, filter-feeding
organisms that attach to hard substrates.

Seepage of oil and gas bubbles co-occurs next to and
through the asphalt deposits. Most intriguing was our find-
ing of vigorous gas bubble streams forming hydrate mounds
(Tsanyao Yang Knoll) or percolating through old, frag-
mented asphalts leading to hydrate precipitation in the voids
between the asphalt breccia (Mictlan Knoll). The hydrates
likely serve as a shallow methane reservoir underlying dense
communities of vestimentiferan tube worms, which then act
as ecosystem engineers, facilitating AOM, and preserving the
hydrate. We further suggest that in the tube worms rhizo-
sphere, intense microbially mediated turnover processes are
probably taking place, which facilitated the precipitation of
authigenic carbonates. Our observation of the closely associ-
ated hydrate and vestimentiferan tube worm is unparalleled,
but this relationship and the involved biogeochemical pro-
cesses could also be relevant in other hydrocarbon settings
with shallow hydrate deposits. The healthy-appearing vesti-
mentifera growing on hydrate suggest considerable stability
of these habitats over extended time spans, required for es-
tablishment of the slow-growing vestimentifera and forma-
tion of authigenic carbonates.

Oil drops escaped the seafloor through small chimney-like
structures or, together with gas bubbles, through a mixture of
fragmented, old asphalt and sediments. In the latter case, sed-
iments were heavily impregnated by oil. The seep-associated
communities appeared very diverse, with two chemosyn-
thetic mussel species and various other heterotrophic organ-
isms.
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7 Data availability

The data will be freely accessible through the world data
center PANGAEA after publishing the major results in peer-
reviewed publications. The data will become available at:
https://doi.pangaea.de/10.1594/PANGAEA.860373.

The Supplement related to this article is available online
at doi:10.5194/bg-13-4491-2016-supplement.
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ABSTRACT

Keywords
Black shales, carbonate authigenesis, cold

seeps, oceanic anoxic events, Tarfaya Basin. During the Cretaceous major episodes of oceanic anoxic conditions triggered

large scale deposition of marine black shales rich in organic carbon. Several
oceanic anoxic events (OAEs) have been documented including the Cenomanian
to Turonian OAE 2, which is among the best studied examples to date. This
study reports on a large limestone body that occurs within a black shale succes-
sion exposed in a coastal section of the Tarfaya Basin, Morocco. The black shales
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were deposited in the aftermath of OAE 2 in a shallow continental sea. To deci-
pher the mode and causes of carbonate formation in black shales, a combination
of element geochemistry, palaeontology, thin section petrography, carbon and
oxygen stable isotope geochemistry and lipid biomarkers are used. The '*C-

doi: 10.1002/dep2.24

depleted biphytanic diacids reveal that the carbonate deposit resulted, at least in
part, from microbially mediated anaerobic oxidation of methane in the shallow
subseafloor at a hydrocarbon seep. The lowest obtained 8"°Ceyrponate Values of
—23-5%, are not low enough to exclude other carbon sources than methane
apart from admixed marine carbonate, indicating a potential contribution from
in situ remineralization of organic matter contained in the black shales. Nanno-
fossil and trace metal inventories of the black shales and the macrofaunal assem-
blage of the carbonate body reveal that environmental conditions became less
reducing during the deposition of the background shales that enclose the car-
bonate body, but the palacoenvironment was overall mostly characterized by
high productivity and episodically euxinic bottom waters. This study
reconstructs the evolution of a hydrocarbon seep that was situated within a
shallow continental sea in the aftermath of OAE 2, and sheds light on how these
environmental factors influenced carbonate formation and the ecology at the
seep site.

termed black shales, and phases of their coeval and

repeated occurrence in the Phanerozoic rock record have

INTRODUCTION

The Cretaceous was a period in Earth history when major ~ been referred to as oceanic anoxic events (OAEs, Sch-

episodes of oceanic anoxic conditions led to large scale
accumulation of organic matter in marine sediments
(Arthur & Sageman, 1994; Larson & Erba, 1999; Jones &
Jenkyns, 2001). These organic-rich deposits have been

langer & Jenkyns, 1976; Weissert et al., 1979; Schlanger
et al., 1987; Kerr, 1998; Jenkyns, 2003; Meyer & Kump,
2008). Sea-level was markedly elevated during some peri-
ods of the Cretaceous compared to the present due to the
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warm, equable climate (Sames et al., 2016 and references
therein). The expansion of shallow epicontinental seas,
where upwelling and enhanced nutrient flux from the
continents increased primary production, enabled the
accumulation of organic carbon-rich sediments in water
depths of several hundreds of metres (Hallam & Brad-
shaw, 1977; Weissert, 1981; Kuhnt et al, 1990; Arthur &
Sageman, 1994). Two processes held primarily responsible
for the deposition of black shales are (1) pulses of
enhanced primary productivity accompanied by elevated
atmospheric carbon dioxide concentrations and sea sur-
face temperatures (Barron, 1983; Ingall et al, 1993; For-
ster et al., 2007), and (2) the increased preservation of
organic matter within restricted, stratified, oxygen-defi-
cient basins (Mascle et al., 1997; Meyer & Kump, 2008).
With supporting evidence for both scenarios, it is likely
that both production and preservation in stratified basins
increased sequestration rates of organic carbon in Creta-
ceous marine sediments (Jenkyns et al, 2007; Owens
et al., 2013).

Several OAEs have been documented during the Creta-
ceous including the Aptian to Albian OAE 1, the Ceno-
manian to Turonian OAE 2 and the Coniacian to
Santonian OAE 3 (Jenkyns, 2010 and references therein).
The OAE 2, or Bonarelli event (Bonarelli, 1891; Schlanger
et al., 1987), is among the best studied examples to date.
High rates of sea floor spreading and volcanic activity —
both linked to the breakup of Gondwana with the forma-
tion of early ocean basins as carbon sinks and the evolu-
tion of ocean gateways — led to increasing atmospheric
carbon dioxide concentrations followed by a significant
turnover of ocean chemistry and extinctions of marine
biota (Brumsack, 1980; Arthur et al., 1985; Larson, 1991;
Kaiho, 1994; Wagner & Pletsch, 1999; Gale et al., 2000;
McAnena et al., 2013). Black shales related to OAE 2 have
been reported from many parts of the world including
the proto southern North Atlantic and eastern Tethys
Oceans (Liining et al., 2004). During OAE 2 the Tethys
and Atlantic Oceans were affected by sluggish circulation
of bottom waters caused by the shallow and partly closed
connections to neighbouring oceans (Kuypers et al,
2002). Replenishment of oxygen was impeded within
these partially isolated basins, favouring the development
of anoxic and, possibly, euxinic conditions even in the
photic zone (Herbin ef al., 1986; Baudin, 1995; Sinninghe
Damsté & Koster, 1998; Handoh et al., 1999). Large areas
of the continental shelf and slope along the northern
parts of Algeria, Libya, Tunisia and Morocco were
deprived of oxygen, and enabled the rapid accumulation
of shales and limestones rich in organic carbon linked to
cyclic perturbations of redox-nutrient cycles and orbital
forcing (Leine, 1986; El Albani et al, 1999a; Nederbragt
& Fiorentino, 1999; Kolonic et al, 2005; Poulton et al.,
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2015; for Atlantic-wide teleconnections see Wagner et al.,
2013 and references therein).

The Cretaceous has yielded several unusual carbonate
deposits occurring before, during and after the OAEs.
Some of these deposits have been ascribed to carbonate
precipitation related to chemosynthesis-based microbial
activity, and include examples from the Western Interior
Seaway (Kauffman ef al., 1996; Metz, 2010; Kiel et al.,
2012) and the northern Tethyan and North African conti-
nental margins (Layeb et al, 2012, 2014). Limestones
from the Western Interior Seaway feature shallow-water
methane-seep deposits that formed during OAE 2 in
warm bottom waters (Kiel et al., 2012), and are character-
ized by '’C-depleted carbonate mineral phases and a
high-abundance but low-diversity faunal assemblage. The
Campanian organic-rich Pierre Shales comprise numerous
peculiar carbonate bodies, collectively known as the Tepee
Buttes (Shapiro & Fricke, 2002; Metz, 2010). These
deposits are rich in chemosymbiotic macrofaunal com-
munities and exhibit diagnostic '*C-depleted mineral fab-
rics and '’C-depleted molecular fossils of the anaerobic
oxidation of methane (AOM) consortium, confirming
that carbonate precipitation was driven by microbial oxi-
dation of methane (Kauffman et al., 1996; Birgel et al.,
2006). The fossiliferous Tepee Butte limestones possibly
formed during periods of enhanced bottom water oxy-
genation, supported by the presence of molecular fossils
of aerobic methanotrophic bacteria (Birgel et al., 2006).
Layeb et al. (2012) documented carbonate build-ups from
the Lower Cretaceous Fahdene Basin in Tunisia. These
limestones reveal a thrombolitic fabric and formed within
organic-rich black shales deposited during the Late Albian
OAE 1d. The fabric and texture of these limestones sug-
gest the involvement of microbes during their formation
below a water body with eutrophic, anoxic waters. Layeb
et al. (2014) further reported on mound-shaped carbon-
ate structures associated with OAE 2 within Late Ceno-
manian black shales from the Bahloul Formation in
Northern Tunisia. The genesis of the Tunisian limestones
possibly involved microorganisms mineralizing large
amounts of organic matter, as suggested by '*C-depleted
carbonate cements and thrombolitic fabrics (Layeb et al,
2014).

This study reports on a large limestone body associated
with black shales deposited in the aftermath of OAE 2
exposed along a coastal section of the Tarfaya Basin,
Morocco. A combination of petrography, macro- and
micropalaeontology, carbon and oxygen stable isotope
and trace element geochemistry, as well as lipid biomark-
ers has been used to decipher the mode of carbonate
accretion that led to the unusual morphology of this
limestone body. The potential triggers for carbonate pre-
cipitation within the mid-Cretaceous organic-rich

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists. 5
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deposits, and the impact of the prevailing oceano-
graphic and geochemical conditions on the benthonic
environment and faunal communities are assessed.
Although the Amma Fatma limestone body reveals only
a limited number of lithological features typical of
hydrocarbon seep carbonates and apparently no ende-
mic seep fauna, it is shown to have resulted from
methane seepage. The lack of obligate, endemic seep
fauna is interpreted to have been caused by (1) shallow
water depth — a factor known to discriminate against
seep taxa (Kiel, 2010) — and (2) the eutrophic
palaecoenvironment in the aftermath of OAE 2 that
favoured photosynthetic primary production and subse-
quent consumption of organic matter by heterotrophs.
This work reveals that seep deposits are difficult to
identify in high productivity settings, where chemosyn-
thesis-based seep fauna is likely to be outcompeted by
heterotrophic background fauna.

GEOLOGICAL SETTING

Deposits from the Cenomanian—Turonian (C/T) boundary
in Northern Africa have been intensively studied in Tunisia
and Morocco. This is partly due to the fact that these
regions feature up to 800 m thick successions of organic-
rich shales and limestones (Kuhnt et al., 2001; Kolonic

et al., 2002), making them prolific petroleum source rocks
(Leine, 1986) and high resolution climate archives (Kolonic
et al., 2005; Kuhnt et al.,, 2005). The southern Moroccan
passive continental margin includes the Tarfaya Basin, one
of several palaeo-shelf basins located on the coasts of Sene-
gal, Morocco and Tunisia (Figs 1 and 2A; Liining ef al.,
2004; Kolonic et al., 2005). It covers an area of around
170 000 km* and features the highest accumulation rates
of organic matter from the C/T boundary known to date,
as well as one of the largest oil shale deposits in the world
(Amblés et al., 1994; Kuhnt et al., 2001). The Tarfaya Basin
is situated to the south of the Anti-Atlas Mountains and
extends into the Tindouf Basin to the East, the Senegal
Basin to the South, and is bordered by the East Canary
Ridge to the West (Kolonic et al., 2002). It has been sug-
gested that the basin was a distal section of the proto south-
ern North Atlantic with outer shelf to upper bathyal water
depths of 200 to 300 m (Figs 1 and 2B; El Albani ef al,
1999b; Kuhnt et al., 2001). It experienced intense upwel-
ling, extended oxygen minimum zones and recurrent pulses
of high primary production since at least the Late Cenoma-
nian (Kuhnt & Wiedmann, 1995; El Albani et al., 1999a,b;
Kolonic et al., 2002, 2005), leading to pronounced redox
cycles on orbital time scales that alternated between sul-
phidic and anoxic ferruginous water-column conditions
(Poulton et al., 2015).

60°

30°

0°

—90° —60°

—30° 0°

Fig. 1. Palaeogeographical map of the mid-Cretaceous (ca 94 Ma) showing the study site within the Tarfaya Basin, Morocco. Light blue areas
represent continental plates covered by shallow epicontinental seas, brown areas represent dry land. Brown, thick lines delineate palaeocoastlines

(modified from Kuypers et al., 2002).
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Fig. 2. (A) Locality map showing the distribution of unfolded
Mesozoic and Cenozoic Basins containing black shales (grey) from the
C/T boundary along the northwestern African continental margin
(modified from Kolonic et al, 2005). Yellow stars indicating the
Amma Fatma section in (A), (B) and the small inset map in the upper
left, which indicates the location of the studied section in Africa. (B)
Palaeogeographic map of the Tarfaya Basin (modified from Kolonic
et al., 2005); AF = Amma Fatma, MB = Mohammed Plage, S13, S57
and S75 = drill cores described by Leine (1986) and Kolonic et al.
(2005).

The carbonate body studied here crops out at Amma
Fatma Plage, which is a coastal to middle shelf section at
the northern edge of the Tarfaya Basin (Fig. 2). Amma
Fatma Plage is located ca 8 km to the south-west of
Mohammed Plage, the latter being a well-studied coastal
section of the basin where deposition of organic-rich
shales and carbonate beds occurred close to the palaeo-
coastline (El Albani et al,, 1999b; Kolonic et al., 2005).
Both sites experienced a series of transgressional cycles
during the mid to late Cretaceous that caused repeated
and widespread flooding, and initiated the deposition of
laminated biogenic sediments associated with OAE 2

Seepage on a high productivity shelf 7

(Kolonic et al., 2002, 2005; Gebhardt et al., 2004; Kuhnt
et al., 2009; Gertsch et al., 2010). Amma Fatma Plage lies
along a 175 km long palaeotransect through the Tarfaya
Basin, together with shallow exploration wells S13, S57,
S75 and Mohammed Plage (cf. Kolonic et al, 2002,
2005). The transect runs in SW to NE direction and con-
nects its deepest and most distal part at wells S13 and
S57 to its most proximal part at Mohammed Plage
(Fig. 2B). Exploration well S13 is interpreted as an open-
marine shelf setting with water depths of 200 to 300 m,
whereas Mohammed Plage and Amma Fatma Plage repre-
sent shallower, proximal successions deposited at the
northwestern margin of the Sahara platform (Kolonic
et al., 2002, 2005; Kuhnt et al., 2009).

MATERIAL AND METHODS

Petrography, mineralogy and palaeontology

Rock samples from the carbonate body and from a verti-
cal profile at Amma Fatma Plage were collected during a
field trip in 2003. Samples from the studied sedimentary
succession were recovered from a fresh coastal exposure
in direct proximity to the carbonate body, and taken at
regular intervals of 5 to 10 cm across the profile. A total
of 20 samples were collected from various zones of the
carbonate body, two further samples were collected from
a carbonate bank covering the structure (hereafter
referred to as cover bed). Thin sections (150 x 100 mm,
100 x 75 mm) were made at the University of Bremen
and the University of Vienna. Thin section microscopy
was conducted using a Leica DM4500 P polarization
microscope (Wetzlar, Germany). Photographs were taken
with a Leica DFC 450 C camera using the Leica Applica-
tion Suite 4.4.0 software. Additionally, a Nikon SMZ 1500
stereomicroscope coupled to a Prog.Res Speed XT core 5
camera, as well as a Nikon Optiphot-2 optical microscope
(Tokyo, Japan) were used for petrographic observations
using the software Prog.Res Capture pro 2.8 for image
analysis and camera control. To discriminate the different
carbonate minerals under the microscope, several thin
sections were stained with a mixture of potassium ferri-
cyanide and alizarin red S solution dissolved in 0-1%
hydrochloric acid (cf. Dickson, 1966). Powdered samples
for X-ray diffraction (XRD) and carbon and oxygen stable
isotope analyses were obtained from polished rock slabs
using a hand-held microdrill at low to medium rotational
speed. For XRD analysis, powdered samples were analysed
with a Panalytical PW 3040/60 X’Pert PRO (CuKa radia-
tion, 40 kV, 40 mA, step size 0-0167-5 s per step) diffrac-
tometer at the University of Vienna. X-ray diffraction
patterns were interpreted using the Panalytical software
“X'Pert High score plus”. Calcareous nannoplankton

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists. 7
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assemblages were studied in 150 samples with a high-
resolution spacing of about 4 to 7 cm within the slabbed
intervals. For the calcareous nannoplankton, smear slides
were prepared using techniques described in Bramlette &
Sullivan (1961) and Hay (1961, 1965). The slides were
examined at a magnification of about 1250 times under
both cross-polarized and phase-contrast illumination.

Inorganic geochemistry — Total organic
carbon, carbon and oxygen stable isotopes
and trace elements

Total carbon (TC) and total organic carbon (TOC) con-
tents of the Amma Fatma carbonate body were deter-
mined using a LECO RC-612 Carbon Analyzer (St.
Joseph, MI, USA), equipped with a solid-state infrared
detector at the Department of Environmental Geo-
sciences at the University of Vienna. All samples were
ground to fine powder in an agate mortar prior to mea-
surements. To measure TC, carbon dioxide was released
at a temperature of 1000°C. Prior to sample measure-
ments a pure CaCOj; standard (Co. Merck, Kenilworth,
NJ, USA) was measured, revealing a relative standard
deviation of 0-06%. The TOC contents were determined
at 550°C. A Synthetic Carbon Leco 502-029 (1-01 £ 0-02
carbon%) standard was measured prior to sample analy-
ses and a standard deviation of 0-005% was calculated.
Carbonate (CaCO3%) contents were calculated according
to the equation: CaCO3% = (TC — TOC) x 8-333. All
black shale samples were carefully dried and ground in
an agate mortar. The TIC and TOC contents of black
shales were measured using a LECO CS-300 carbon-sul-
phur analyser at the Geoscience Department, University
of Bremen. Before TOC determination, inorganic carbon
was carefully removed by repetitive addition of 0-25 N
HCIl. The CaCOj; contents were calculated as above (pre-
cision of measurements +3%). The 8“Croc values
(£0-19, vs. Vienna Pee Dee belemnite, V-PDB) were
determined on decalcified sediment samples using auto-
mated on-line combustion followed by conventional iso-
tope-ratio mass spectrometry.

A total of 48 sample powders from 12 different samples
throughout the Amma Fatma carbonate body were anal-
ysed for their stable carbon and oxygen isotope content.
Sample powders were obtained from polished rock slabs
using a hand-held microdrill. Stable carbon and oxygen
isotope analyses were performed at the light stable isotope
laboratory of the Institute of Earth Sciences, Karl-Fran-
zens University, Graz. Effective accuracy was +0-05 for
8"°C values and 40-11 for 8'®*0 values. The §°C and
3'®0 values are reported relative to V-PDB (standard
deviation smaller than 0-04%,), and appropriate correc-
tion factors were applied.

Trace metal compositions of black shales and lime-
stones were determined using X-ray fluorescence (XRF)
spectrometry on fused-borate glass beads, and by induc-
tively coupled plasma atomic emission spectrometry
(ICP-AES). The XRF calibration curves were based on
international standard reference material. For ICP-AES,
about 50 mg of sample powder was digested in a mixture
of 3 ml HNO; (65%), 2 ml HF (40%) and 2 ml HCI
(36%) of suprapure quality at 200°C and 30 kbar in
closed Teflon vessels (Heinrichs et al, 1986). Sample
powders were then dried by evaporation, and the residue
was re-dissolved in 0-5 ml HNO; (65%) and 4-5 ml
deionized water. The solutions were analysed with ICP-
AES, and the results were checked with international stan-
dard reference material. Relative standard deviations in
duplicate measurement were below 3%. Enrichment fac-
tors (EFs) of trace elements were calculated according to
Brumsack (2006):

EFclement = (element/Al)sample/(element/Al)

average shale

Average shale refers to the composition of collected
shale samples compiled by Wedepohl (1969). An element
with an EF either above or below 1 is considered to be
enriched or depleted compared to average shale, respec-
tively.

Organic geochemistry - Lipid biomarkers

Four carbonate rock samples were chosen for biomarker
analysis, one from the cover bed and one from each of
the zones 4, 3 and 1. The samples were cleaned repeatedly
by washing with 10% hydrochloric acid (HCI) and then
dichloromethane (DCM) to avoid any contamination,
and then ground to fine powder. All carbonates were
treated with a ‘two-step extraction procedure’ to discrimi-
nate preferentially intercrystalline-bound from preferen-
tially intracrystalline-bound molecular fossils (cf. Thiel
et al., 1999; Guido et al., 2013), and to separate com-
pounds tightly associated with the carbonate matrix from
easily extractable compounds. To obtain preferentially
intercrystalline-bound compounds, the ground samples
were extracted by ultrasonication in DCM : MeOH
(3 : 1) nine times until the solvents became colourless to
get the first total lipid extract (TLE). This extract is
referred to as the extract before decalcification below. To
obtain preferentially intracrystalline-bound molecular fos-
sils, the residual sediment of the first extraction step was
decalcified and then extracted again. In detail, doubly dis-
tilled water was added and 10% HCI was slowly poured
onto the samples. To avoid transesterification reactions at
low pH, HCI addition was stopped when ca 75% of the
carbonate was dissolved. The remaining sample powder
was centrifuged and extracted as described above to

8 © 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.



obtain a second TLE. This extract is referred to as the
extract after decalcification below. From here on, the
extracts before and the extract after decalcification are
treated in the same fashion. After washing with clean
water, the samples were saponified with 6% potassium
hydroxide (KOH) in methanol (MeOH) to release bond
carboxylic acids. The supernatants were decanted and the
residues were subsequently extracted via ultrasonication
in DCM/MeOH (3 : 1; v : v) four times until the solvents
became colourless. The combined extracts were then trea-
ted with 10% HCI to transfer the free fatty acids (FAs) to
the organic solvent phase. For gas chromatography (GC)
analyses the extracts were dried with sodium sulphate and
the TLE of both extraction procedures were separated by
column chromatography. Alcohols were derivatized by
adding 100 pl pyridine and 100 pl N,O-bis(trimethylsilyl)
trifluoracetamide (BSTFA) to the alcohol fraction at 70°C
for 30 min. The derivatized fraction was dried under a
stream of nitrogen (N,) and dissolved in n-hexane prior
to injection. The alcohol fractions are not described below
due to the lack of pristine compounds. Free carboxylic
acids were reacted with 1 ml 14% boron trifluoride (BF;)
in MeOH at 70°C for 1 h to form FA methyl esters. After
cooling, the mixture was extracted four times with 2 ml
n-hexane. Combined extracts were evaporated under a
stream of N, and redissolved in n-hexane before injection.
The derivatized carboxylic acid fractions were analysed
using GC-mass spectrometry (GC-MS) with an Agilent
7890 A GC system coupled to an Agilent 5975C inert
MSD mass spectrometer. Quantification was done using
GC-flame ionization detection (GC-FID) with an Agilent
7820 A GC system. Internal standards used were 50-cho-
lestane for the hydrocarbon and 2-Me-C,g FA for the car-
boxylic acid fractions. Both GC systems were equipped
with HP-5 MS UI fused silica columns (30 m x 0-25 mm
i.d., 0-25 pm film thickness). Helium was used as the car-
rier gas. The GC temperature program for hydrocarbons
and carboxylic acids was 60°C (1 min) to 150°C at
10°C min !, then to 320°C (held 25 min) at 4°C min .
Compound assignment was based on retention times and
published mass spectra.

Compound-specific stable carbon isotope analysis was
performed using a Thermo Fisher Trace GC Ultra con-
nected via a Thermo Fisher GC Isolink interface to a
Thermo Fisher Delta V Advantage spectrometer at the
Department of Terrestrial Ecosystem Research, University
of Vienna. Compound-specific carbon isotope values are
given as O values in per mil (%,) relative to V-PDB. The
8"°C values of carboxylic acids (methyl esters) were cor-
rected for additional carbon introduced after derivatiza-
tion. Each measurement was calibrated using several
pulses of carbon dioxide (CO,) of known isotopic com-
position prior to and after the run. Precision was checked
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with an n-alkane mixture (C4 to Csg) of known isotopic
composition. Analytical standard deviation was <0-79%,,.

RESULTS

Amma Fatma section - Lithology,
biostratigraphy and inorganic geochemistry

The complete section at Amma Fatma Plage measures ca
14 m from top to bottom and features cyclic alternations
of black shales, siltstones and organic-rich, marly lime-
stone beds (Figs 3 and 4). The limestones are represented
by (1) carbonate nodules mainly composed of mudstones
and wackestones that are aligned parallel to stratification
and (2) discontinuous bioclastic storm beds with hum-
mocky cross-stratification (cf. El Albani et al., 1999b).
The limestones contain Foraminifera, calcispheres, mol-
luscs including ammonites, brachiopods, variable amounts
of quartz grains and are partly bioturbated. A detailed
microfacies analysis is included in El Albani et al. (1997,
1999a). The succession of 22 beds is shown by the strati-
graphic chart of the outcrop in Figs 3 and 5. Limestone
and black shale beds alternate regularly, whereby their
thicknesses measure 20 to 80 cm and 60 to 300 cm,
respectively. Beds comprising limestone nodules with
chert measure up to 20 cm in thickness. One exception is
a 1 m thick bed 3 m above the base of the profile featur-
ing large carbonate nodules with a corona made of chert.
Calcium carbonate and TOC contents of the black shale
beds vary from 60 to 90% and 4 to 9%, respectively. Cal-
cium carbonate and TOC values throughout the section
are shown in Table 1. The characteristic positive 3°Croc
excursion that is prominently observed across the C/T
boundary in adjacent sites is not found at Amma Fatma
Plage, supporting a post OAE period of deposition. The
measured 8"’ Croc values vary slightly between —26-2 and
—27-8%,.

Biostratigraphic data confirm the positioning relative to
the OAE 2 carbon isotope excursion, placing the investi-
gated sedimentary succession within the H. helvetica
planktonic foraminiferal zone and the coloradoense and
nodosoides ammonite zone of the upper part of the Lower
Turonian stage (cf. Marzouk & Liining, 2005). The posi-
tion of the nannofossil zonal datum marker CC11/CCl12
is placed at about 9-5 m above the helvetica and no-
dosoides zones. Planktonic Foraminifera are present in
very high numbers and benthonic foraminiferal faunas
are of low diversity. A highly diverse and highly abundant
calcareous nannofossil flora was observed in all samples
studied. Preservation is moderate, except in the upper-
most part of the section (from 13-5 m onwards), where
preservation is good. Watznaueria barnesae and Eiffelithus
turriseffeilii are abundant throughout the section (except
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Amma Fatma coastal section

The carbonate body is located
just to the right of the
stratigraphic section
(see Fig. 4).

Concretions
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Fig. 3. (Left) Photograph of the Amma Fatma outcrop section showing beds 5 to 14 separated by dashed red lines; the Amma Fatma carbonate
body lies within beds 6 to 14 delimited by the thick red lines (cf. Fig. 4). (Centre) Lithostratigraphic chart of the Amma Fatma coastal section
showing lithologies and their corresponding thickness. (Right) CaCOs content, total organic carbon (TOC) content and its carbon stable isotope

composition within the corresponding beds.

in two carbonate beds), and are known to be very resis-
tant to solution. Although frequent, the abundance of
Watznaueria barnesae does not surpass 40%, a cut-off
value proposed by Roth & Krumbach (1986) to indicate
that nannofossil distribution patterns can still largely be
used for palaeoecological interpretations, despite diage-
netic and syndepositional dissolution. Notably, Cyclagelo-
sphaera margerelii shows a similarly abundant distribution
and, therefore, appears to be also solution resistant.

The nannofossil distribution in the Amma Fatma sec-
tion is characterized by many species having longer term,
gradual changes, with only some species exhibiting stron-
ger, high-frequency abundance fluctuations over a few
centimetres (Tranolithus orionatus, Zeugrhabdus diplo-
grammus). Abundant species throughout the section
include Zygodiscus erectus, Rhagodiscus splendens and
Eprolithus floralis. R. splendens occurs in moderate and
high abundances in the lowermost and uppermost parts
of the studied section, and is absent in the interval in-

between. Notably, the distribution of E. floralis in the sec-
tion is characterized by similar abundance peaks at the
base and top of the section. Other identified species Broi-
sonia spp. (except B. enormis) and Gartnerago spp.
(Thierstein, 1976; Hattner et al., 1980) are notably rare
throughout the section. An exception is a Gartnerago seg-
mentatum abundance peak between 7-5 and 8 m. Abun-
dance and distribution of all identified nannofossil species
and phosphorus content throughout the Amma Fatma
section are shown in Fig. 5.

Total contents of all measured elements are shown in
Table 1. Prominent trace metal enrichment is restricted
to stratigraphic intervals that correspond to the organic
carbon-rich black shales. Trace metal patterns vary across
the section between alternating black shales and limestone
beds, and also within the black shale successions them-
selves. Calculated EFs of trace metals whose deposition is
influenced by bottom and pore water redox conditions
are plotted with depth in Fig. 6. Mean trace metal
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Fig. 4. (A) Photograph of the Amma Fatma carbonate body with its four zones highlighted by arrows amongst the beds shown in Fig. 3. (B)
Schematic sketch of the Amma Fatma body highlighting the four zones from bottom to top and the cover bed capping the body.

concentrations and EFs of black shale and limestone beds
that correspond to zones 1 to 4 and the cover bed are
shown in Tables 2 and 3, respectively. Zone 1 shows the
lowest concentration of several major elements including
Al, Mg, Fe and Mn (Tables 1 and 2). Particularly, zone 1
has an Al content that is half that of zone 4, which has a
considerable effect on calculated EFs. Zone 4 reveals rela-
tively high Al contents, and all EFs are higher in the lower
zones 1 and 2 compared to zone 4 (Table 3). As EFs may
be exaggerated due to varying Al content, they must be
considered together with absolute contents of the respec-
tive elements. This is particularly the case for bed 14,
which consists mainly of marly limestone and exhibits
low Al concentrations. Chromium, Co and U are the only
trace metals whose concentrations increase from zone 1
to 4 (Table 2), whereas Mo concentrations in zone 1 and
4 are almost equal. There is a distinct peak of all trace
metals except Cr and Co in zone 3, which is not as
apparent in respective EFs due to high Al contents in this
zone. Bed 14 exhibits the lowest contents of most trace
metals with the exception of U. Molybdenum/U ratios
decrease steadily from bottom to top and fall below unity
in bed 14. Correlation coefficients between trace metals
and Al, as well as between trace metals themselves were
calculated and are shown in Table 4. The only trace met-
als that exhibit correlation with Al are Cr and Co, with
the latter correlated better than the former. Trace metal
correlations can be distinguished into three groups of ele-
ments that correlate well among each other, these being

(1) Cr with Cu, (2) Mo with Ni, Zn and V and (3) Zn
with Ni and Cd (Table 4).

The Amma Fatma carbonate body

The carbonate body associated with black shales (Figs 3
and 4) is enclosed by beds 6 to 14 of the Amma Fatma
section, and measures 5-5 m in height and 3-6 m in
width. The carbonate body was divided into 4 zones,
illustrated in a schematic sketch (Fig. 4B). Zones 1 and 2
comprise the base and lowermost part of the structure
and feature concretionary and nodular carbonates pene-
trated by numerous veins made of secondary precipitates
(Fig. 7). A carbonate bank measuring 17 to 19 cm in
thickness separates zone 1 from 2 (Fig. 7B). Zone 3 com-
prises the middle part of the body, and features massive
limestone blocks and nodules. Zone 4 is the topmost part
of the carbonate body and yielded abundant molluscan
fossils, as well as cylindrical to tubular trace fossils
(Fig. 8C). The top of the body is capped by a 15 to
20 cm thick carbonate bank, referred to as a cover bed
(Figs 4 and 8A to C), which corresponds to bed 14 of the
section (Figs 3 and 4A).

The Amma Fatma carbonate body -
Petrography and mineralogy

Micrite (i.e. microcrystalline calcite with a crystal size
below 10 pm) is the dominant primary mineral that
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Seepage on a high productivity shelf
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Fig. 5. Distribution chart of nannofossils and phosphorus content across the Amma Fatma section. Solid red lines delineate upper and lower

boundaries of the Amma Fatma carbonate body; dashed red lines outline zones 1 to 4 and the cover bed (cf. Fig. 4).

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.

14



Seepage on a high productivity shelf 15

Cover bed |

T Tempestite]
34

Concretions ) Bed 4

T T T T T
50 100 5 10 15 20
Mo/U Cr Mo Ni

T T T T T T
10 20 30 40 2 4 86
Zn Cu v Cd

T T T T T T 1 T T
100 2 4 50 100 150 200 20 40
Co Re u

T T T
10 20 50

Fig. 6. Trace metal enrichment factors and Mo/U ratios across the Amma Fatma section. Solid red lines delineate upper and lower boundaries of
the Amma Fatma carbonate body; dashed red lines outline zones 1 to 4 and the cover bed (cf. Fig. 4, 5).

Table 2. Mean element concentrations in ppm of black shale beds. The stratigraphically corresponding zones of the carbonate body are indicated

for comparison

Beds Zone Al Cr Mo Ni Zn Cu \Y Cd Co Re u P Mo/U
14 Cover bed 4794  24.9 3.72 125 299 5.47 87-4 245 2:02 0-030 5.78 376 0-625
13 4 11 066 50-5 16-5 451 89-3 16-4 134 1-59 2:21 0-035 7-91 636 2-07
10 to 12 3 11504 432 199 65-2 164 15.0 210 4.60 2-81 0-095 7-30 726 2.54
9 2 9541 41-2 15.5 56-5 114 136 106 2-96 250 0-047 6-45 558 2-49
6108 1 5817 34.0 16-1 589 157 109 147 4.50 213 0-042 5.55 592 279

Table 3. Mean major and trace element enrichment factors of black shale beds. The stratigraphically corresponding zones of the carbonate body

are indicated for comparison

Beds Zone Cr Mo Ni Zn Cu Vv Cd Co Re u

14 Cover bed 5.67 275 3:25 5:61 290 125 634 1-99 70-4 35.0
13 4 4-69 54.3 5-69 7-95 3-09 863 172 0-956 287 187
10to 12 3 3-60 53.7 6-71 11.8 2-50 119 431 1.22 64-2 14.5
9 2 4.52 59.4 848 12.0 3.06 8.00 371 129 51.5 186
6to8 1 6-06 94.6 136 26-0 3.85 18-2 879 1-81 67-5 24.4

makes up the matrix of the Amma Fatma carbonate body.
Matrix micrite and peloidal micrite occur, whereby the
former is the most abundant carbonate phase in zones 1
and 2, making up at least 80% of the bulk rock volume
(Figs 9 and 10A). Matrix micrite is light to dark brown

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.

in colour, exhibits a very heterogeneous and partly clotted
texture and is rich in detrital material comprising large
amounts of recrystallized bivalve and gastropod shell frag-
ments (Fig. 9A), benthonic Foraminifera (Fig. 9B), Palax-
ius faecal pellets (Fig. 10B), radiolarians (Fig. 11A) and
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Table 4. Mean correlation coefficients of major and trace elements of black shale beds. The stratigraphically corresponding zones of the carbonate body are indicated for comparison

n:V Zn:Cd

. Zn

Mo :V Ni

Mo : Zn

Al:Re Al:U Cr:Cu Mo:Ni

. Co

:Cd Al

VoAl

Al:Mo Al:Ni Al:Zn Al:Cu Al

Al : Cr

Zone

Beds

0-97
0-38
0-93
1-00
0-96

0-96
0-74
0-99
073
0-89

1.00
0-86
0-97
0-81
0-97

0-75
0-75
0-99
1-00
0-95

091
0-70
0-97
0-74
0-96

0-90
0-94
0-99
0-20
0-97

0-76
0-77
0-94
0-00
0-98

0-80
—0-58

—0-62

0-99
0-95
0-96
0-99
0.92

0-99
—0-67
0-79
0-41
0-37

0-99
0-27
0-79
0-93
0-26

0-51
—0-06

0-99
0-01
0.74
0-44
0-24

0-99
—0-25

0-85
—0-25

0-95
0-35
0-98
0-91
0-27

Cover bed

14
13

0-29
073
—1-00

091
—0-98

0-89
0-41
0-29

0-85
—-0-18

0-84
093
0-39

3

10 to 12

0-10

0-19

0-24

1

6to8

clay minerals. Peloidal micrite is particularly abundant in
zones 3 and 4, where it accounts for around 70% of the
rock volume (Figs 10C and 11B). This micrite is charac-
terized by abundant oval to spherically shaped peloids,
which measure 100 to 500 pm in diameter. The peloids
do not show any obvious internal structure and exhibit a
cloudy and heterogeneous fabric. The space between the
peloids is occupied by fine, dispersed equant calcite
cement. Similar to the matrix micrite, the peloidal micrite
exhibits scattered occurrences of Palaxius faecal pellets,
gastropod, bivalve and ammonite shell fragments, as well
as Foraminifera and radiolarian tests. The peloids and
Palaxius faecal pellets are fluorescent under UV light, sug-
gesting that they are enriched in organic matter compared
to the surrounding micrite. Palaxius faecal pellets are pre-
sent in all zones but are particularly common in zones 1
and 2 (Fig. 10B). The crescent-shaped canals are arranged
in two groups around a symmetry plane, and are oriented
in different directions towards and away from the sym-
metry plane. They are oval to spherical in shape and mea-
sure up to 500 pm in diameter. Their internal structure
clearly distinguishes them from the aforementioned micri-
tic peloids. Pyrite occurs as very small and finely dis-
persed grains measuring only several microns in size. In
some rare cases pyrite also forms aggregates and clusters
of idiomorphic crystals (Fig. 9B). Dolomite occurs within
zones 1 and 2. The dolomite crystals are pale grey in col-
our and show well-defined crystal faces (Figs 9B and
10B).

The Amma Fatma limestone is penetrated by numerous
veins, cracks and large cavities throughout zones 1 to 4.
Cavities and veins show the same paragenetic mineral
sequence in all zones: Matrix micrite or peloidal micrite
represents the primary fabric of the rock. Cavities and
veins are rimmed by microquartz, followed by equant cal-
cite spar and megaquartz (Figs 10C, D, 11B, C, 12A and
B). Microquartz (sensu Knauth, 1994) is pale brown to
beige in colour (Figs 10C and 11B, C), and typified by
very small grain sizes reaching no more than several
microns in diameter. In places it can also be found finely
dispersed among the equant calcite crystals. Microquartz
occasionally forms crystal fans showing oscillatory extinc-
tion patterns under crossed polarized light. Volumetri-
cally, equant calcite is the dominant void filling phase in
all four zones (Figs 10A, 11C, 12A and B); its crystals
measure up to 1 mm in diameter. The last phase in the
paragenetic phase sequence is megaquartz (sensu Knauth,
1994). Megaquartz crystals reach up to 1 mm or more in
diameter (Fig. 10C and D). An accessory peculiar carbon-
ate phase present within fractures and voids is an authi-
genic rim of microcrystalline calcite referred to as seam
micrite (Fig. 12). It is present in all zones and occurs
exclusively along the outer rims of veins and cavities,

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.
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Fig. 7. (A) Bottom view of the Amma Fatma body. The width of the
image is 4 m at the base of the carbonate body. (B) A carbonate
bank separating zone 2 from zone 1, hammer for scale. (C)
Concretionary carbonate from zone 2 penetrated by numerous
carbonate veins, hammer for scale.

Fig. 8. Photographs from the topmost part of the body. (A) View
from northeast, the cover bed capping the body bends upwards,
hammer for scale (cf. Fig. 4A). (B) Same as (A), view from south-west,
hammer (arrow) for scale. (C) Tubular fossils from zone 4 of the
carbonate body, coin for scale.

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists. 17
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Fig. 9. Photomicrographs of zone 1 limestones; plane-polarized light. (A) Detritus-rich matrix micrite (mm) surrounding a gastropod shell filled by
peloidal micrite (pm). (B) Stained thin section showing peloidal micrite with faecal pellets (fp), pyrite aggregates (py) and grey, unstained dolomite

crystals (arrows).

Fig. 10. Photomicrographs of zone 2 limestones. (A) Matrix micrite (mm) surrounding a large cavity filled by equant calcite (ec), several mm thick
clay layers (cl) to the left; plane-polarized light. (B) Detailed view of a Palaxius faecal pellet with rhombohedral dolomite crystals (arrows); stained
thin section, plane-polarized light. (C) Large cavity surrounded by matrix micrite (mm), rimmed by microquartz (mig) and equant calcite (ec);
centre of the cavity is filled by large megaquartz crystals (mq); stained thin section, plane-polarized light. (D) Same photograph as (C) in crossed-

polarized light.

where it forms highly irregular patches and fringes
(Fig. 12A and B). Seam micrite is dark brown, almost
black in colour and is very homogenous, showing no
detrital inclusions. It shows strong epifluorescence when
excited with UV light (Fig. 12C).

The carbonate cover bed (Fig. 4) shows a quite similar
paragenetic phase sequence to zones 1 to 4 of the carbon-
ate body (Fig. 4). The matrix comprises micrite, which,
compared to the matrix micrite of zones 1 to 4, contains
less detrital material. It is relatively homogeneous showing
no clotted or peloidal textures and contains minor dolo-
mite crystals (Fig. 13). The fossil content is low, repre-
sented by mainly radiolarian and foraminiferan tests
(Fig. 13A). Similar to the carbonate body, the cover bed
is penetrated by numerous cracks and veins, which have
been filled by secondary precipitates. Cavities contain

microquartz and later formed

(Fig. 13B and C).

equant calcite spar

Macrofauna

The macrofossils collected from Zone 4 of the carbonate
body comprise a low diversity molluscan assemblage of
gastropods, bivalves and ammonites, together with Palax-
ius faecal pellets and burrows. The gastropods comprise
23 specimens of the aporrhaid Drepanocheilus sp.
(Fig. 14A and B), mostly juveniles, but also a few adults
up to 21 mm high, and a single, partially fragmented
specimen that might represent a neogastropod belonging
to the genera Drilluta, Bellifusus or Paleopsephaea
(Fig. 14C). The bivalves belong to three taxa: a single
articulated  lucinid specimen  (Fig. 14E), juvenile

18 © 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.



Fig. 11. Photomicrographs of zone 3 limestones; plane-polarized
light. (A) Microcrystalline calcite matrix featuring abundant radiolarian
tests (arrow). (B) Peloidal micrite with faecal pellets (fp) surrounding
veins and cracks rimmed by microquartz (mig) and filled by equant
calcite (ec). (C) Close-up view of a vein rimmed by microquartz (miq)
and filled by equant calcite (ec).

inoceramids (n = 4; Fig. 14D) and gryphaeid oysters
(n = 6), which could belong to the genus Pycnodonte. The
small specimen sizes (<10 mm) of the two latter taxa and
the articulation of the lucinid precludes further identifica-
tion. The ammonites (n = 5) are juveniles and adults
belonging to the genus Benueites, including Benueites cf.
benueensis.

Seepage on a high productivity shelf 19

Fig. 12. Photomicrographs of zone 4 limestones. (A) Peloidal micrite
(pm) surrounding a void filled by equant calcite (ec), arrows indicate
seam micrite (sm) lining the cavity; plane-polarized light. (B) Close-up
view of the seam micrite (sm), pm = peloidal  micrite,
miq = microquartz, ec = equant calcite; plane-polarized light. (C)
Same detail as (B) under fluorescent light.

Isotope geochemistry, TC and TOC

Results of carbon and oxygen stable isotope analyses are
shown in Fig. 15. Matrix micrite is '*C-depleted to differ-
ent degrees throughout all zones of the carbonate body,
including the cover bed. It revealed the lowest 5'°C values

© 2017 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists. 19



20  D. Smrzka et al.

Fig. 13. Photomicrographs of the cover bed; plane-polarized light.
(A) Close-up view of matrix micrite featuring dolomite crystals (arrow)
and foraminifera tests, stained thin section. (B) Dark brown, fine-
grained micrite pervaded by several veins made of secondary equant
calcite. (C) Large cavity surrounded by matrix micrite (mm) and filled
by microquartz (miq) and equant calcite (ec).

in zone 1, ranging from —23-5 to —21-3%, Zone 2
micrite yielded a wider range of values from —23-1 to
—7-9%., and zone 3 micrite more positive values between
—11-0 to —0-39%,,. Zone 4 micrite shows the largest scatter
of 8"°C values, falling between —22-9 and —1-3%,. The
matrix micrite of the cover bed yielded §"°C values from

—2-3 to —0-4%,. The §"°C values of equant calcite were
analysed from zones 3, 4 and the cover bed. Generally,
equant calcite is less '’C-depleted than matrix micrite. A
sample from zone 3 revealed the only positive 3'°C value
of 1-69/,. Samples from zone 4 and the cover bed show
little heterogeneity and fall between —3-7 to —1-5%, and
—0-9 to —0-79%,, respectively.

The §'0 values of matrix micrite and equant calcite
from all sections of the carbonate body are exclusively
negative. Matrix micrites from zones 1, 2 and 3 exhibit
values from —2-9 to —2-3%,, —3-2 to —2:1%, and —3-4
to —1-8%,, respectively. Zone 4 matrix micrite displays
more scattered 5'°0 values from —4-3 to —1-7%,. Matrix
micrite of the cover bed yielded values from —3-3 to
—2:6%,. The 8'80 value of equant calcite from zone 3
and 2 is —3-49/,. Equant calcite from zone 4 shows the
most negative 5'°0 values from —6-2 to —2-6. Equant
calcite of the cover bed is less 'O depleted (—2-3 and
—1-7%0)-

A total of six samples from the Amma Fatma carbonate
body were analysed for their TC and TOC contents
(Table 5). The TOC content increases significantly from
top to bottom, from 0-1% in zone 4 to 0-7% in zone 1.
The cover bed exhibits a similar TOC content as the top-
most zone 4 of 0-1%.

Biomarkers
Hydrocarbons

Organic matter enclosed in the sediments of the Tarfaya
Basin has been shown to be of low maturity (Kolonic
et al., 2002; Sachse et al., 2012). The hydrocarbon fraction
before decalcification from the cover bed is characterized
by short and long chain n-alkanes that range from C,4 to
Cs4. The shorter-chain C;¢4 to C,, n-alkanes dominate
over longer chain n-alkanes, whereby n-alkanes peak at n-
Cyo. Apart from n-alkanes, the only compounds detected
are minor amounts of the regular isoprenoids pristane
and phytane, with phytane more abundant than pristane.
The hydrocarbon fraction after decalcification from the
cover bed shows a very similar pattern, except that the
contents are much reduced compared to the fraction
before decalcification.

Hydrocarbons in the extract before decalcification from
zone 1 are characterized by the dominance of n-alkanes
from C,4 to Cs0. In contrast with the cover bed, C,4 and
C,s dominate over C,. Pristane and phytane are the only
non-alkane compounds detected in zone 1, with phytane
slightly more abundant than pristane. The hydrocarbon
fraction after decalcification is similar to the fraction
before decalcification except that the overall intensities of
all compounds are greatly reduced. Very similar results
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Fig. 14. Representative macrofossils from Amma Fatma Plage. Carbonate body: (A to E); bed 2 Amma Fatma section: (F to I) from collections of
the Oxford University Museum, U.K. (KX codes). (A) Adult Drepanocheilus sp. (B) Juvenile Drepanocheilus sp. (C) Possible neogastropod; specimen
at outcrop had siphon broken from (but still closely associated with) the main part of the body whorl. (D) Juvenile inoceramid. (E) Lucinid; right
valve with partially fractured anterior margin. (F) Lucinid; right valve (KX.15683). (G) Lucinid; detail of dorsal margin of articulated specimen,
anterior to right. Note well-developed lunule and calcified ligament (KX.15684). (H) Inoceramid, oblique dorsal view of right valve (KX.15696). (1)

Adult Drepanocheilus sp. (KX.15683). All scales = 5 mm.

were obtained for two carbonate samples of zones 3 and
4, and are not further detailed here.

Carboxylic acids

Carboxylic acid fractions before and after decalcification
from the cover bed and zone 1 limestone are shown in
Fig. 16. The carboxylic acid fraction from the cover bed
is dominated by saturated short chain n-fatty acids rang-
ing from C;, to Cig. Most abundant n-fatty acids are Cyq
and C;g, which dominate over C;,. Unsaturated n-fatty
acids and long-chained saturated n-fatty acids are present
in very small amounts (Fig. 16A). The carboxylic acid
fraction after decalcification varies only slightly from the
fraction before decalcification, with medium-chain n-fatty

acids up to C,3 more abundant in the former (Fig. 16B).
The contents of short chained n-fatty acids are markedly
decreased (ca 50% of all carboxylic acids) compared to
the fraction before decalcification (Table 6), however, the
distribution of C;,, C;¢ and C,g is similar.

The carboxylic acid fraction prior to decalcification of
zone 1 limestone (Fig. 16C) is characterized by short-
chained, C;, to C;g n-fatty acids. The C;,, C;4 and C;g n-
fatty acids are dominant over all other compounds. Addi-
tionally, af- and BB-hopanoic acids with 31 and 32 car-
bon atoms are accessory compounds. The carboxylic acid
fraction after decalcification of zone 1 limestone
(Fig. 16D) differs markedly from all other samples. Apart
from short-chain n-fatty acids numerous middle- to long-
chain compounds are abundant. These compounds
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Fig. 15. Carbon and oxygen stable isotope cross-plot of carbonate
phases from zones 1 to 4 (z1 to z4) and the cover bed (cb). All values
are relative to V-PDB.

include Cy4, Cig and C,, o,m-diacids and minor hopanoic
acids, namely Cs,-17B(H),21B(H)-hopanoic acid. Acyclic
to tricyclic biphytanic diacids were only found in zone 1
limestone. The mono- and bicyclic biphytanic diacids
only contain cyclopentane rings, whereas the tricyclic
biphytanic diacid contains two cyclopentane rings and
one cyclohexane ring, according to its mass spectrum and
retention time. Of all biphytanic diacids, bicyclic

Table 5. Total organic carbon (TOC) content of the zones of the car-
bonate body including the cover bed

Sample Zone TOC% TIC% TC%
M-01 Cover Bed 0-12 8:36 8-48
M-03 Zone 4 0-13 823 836
M-06 0-13 8.02 815
M-20 Zone 3 0-45 7-75 8-20
M-11 Zone 1 0-69 7-59 8.28
M-17 0-59 7-65 824

biphytanic diacid (BP-2) dominates over acyclic- (BP-0),
monocyclic- (BP-1) and tricyclic- (BP-3) biphytanic dia-
cids. BP-2 is strongly '*C-depleted (—96%,), while BP-3
shows a higher 8"°C value of —229%,.

The total amount of carboxylic acids varies strongly
between the samples. For the cover bed the amount of
acids in the extract after decalcification is half that of the
fraction before decalcification. For the samples from zones
4, 3 and 1 the ratio is reversed, where the carboxylic acids
were found to be more tightly bound to the carbonate lat-
tice. The amount of acids increases from zone 4 to zone 1.
Contents and phase-specific stable carbon isotope values of
the carboxylic acids are shown in Table 6.

INTERPRETATION AND DISCUSSION

The Amma Fatma carbonate body - A
hydrocarbon seep deposit

The comprehensive data set obtained for the Amma
Fatma carbonate body allows constraining of the geologi-
cal setting and the processes that triggered its formation.
Although this deposit is unlike many hydrocarbon-seep
deposits in terms of its faunal content (cf. Campbell,
2006), there is multiple evidence that it formed at a shal-
low-water seep in a high productivity realm. The stron-
gest indication for methane seepage is the presence of
C-depleted biphytanic diacids, which are molecular fos-
sils of anaerobic methane oxidizing archaeca (ANMEs; Bir-
gel et al, 2008a). These compounds are putative
diagenetic breakdown products of glycerol dibiphytanyl
glycerol tetraethers (GDGTs; Liu et al, 2016) and are
membrane lipids of archaea including ANMEs (see
Schouten et al,, 2013 for a review). Biphytanic diacids
with extreme '*C-depletions have been reported from var-
ious methane-rich environments (Schouten et al., 2003;

Fig. 16. Gas chromatograms (total ion currents) of the carboxylic acid fractions from total rock samples before decalcification (intercrystalline
compounds) and from the residual powders after decalcification (intracrystalline compounds), IS = internal standard. (A) Carboxylic acids from the
cover bed before decalcification. (B) Carboxylic acids from the cover bed after decalcification. (C) Carboxylic acids from zone 1 before
decalcification. (D) Carboxylic acids from zone 1 after decalcification; numbers O to 3 refer to the biphytanic diacids BP-O to BP-3, their 5'3C

values are indicated in parentheses and are versus V-PDB.
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Birgel et al., 2008a; De Boever et al, 2009; Natalicchio
et al,, 2012). GDGTs and biphytanic diacids are uncom-
mon in Mesozoic and Palaeozoic seep limestones, and the
more persistent irregular isoprenoids crocetane and pen-
tamethylicosane (PMI) have been used to track methane
oxidation in the rock record (Birgel et al., 2008b), but
neither of these were found in the Amma Fatma deposit.
The most abundant biphytanic diacid in the Amma
Fatma limestone is BP-2. Values as low as —969,, for BP-
2 in the Amma Fatma deposit have only been reported
from seep-dwelling ANMEs. A similar predominance of
3C-depleted BP-2 among the biphytanic diacids was also
reported for other Cenozoic and modern methane-seep
carbonates (Birgel et al., 2008a). In contrast with BP-2,
BP-3 is derived from other sources, as indicated by its
8"°C value similar to that of crenarchaeol-derived tricyclic
biphytanes of planktonic Thaumarchaeota (Ko6nneke
et al., 2012; Schouten et al., 2013; Pearson et al., 2016).
Interestingly, biphytanic diacids are only present in the
lowermost zone 1, suggesting a heterogeneous composi-
tion of the Amma Fatma carbonate body. In zones 2 to 4,
however, biphytanic diacids and other molecular fossils of
hydrocarbon seepage such as isoprenoid hydrocarbons are
possibly obscured by hydrocarbons and unresolvable
complex mixtures, similar to some modern seep carbon-
ates, particularly oil-seep carbonates (Naehr et al., 2009;
Feng et al., 2014). Since biphytanic diacids were only
detected within the carboxylic acids fraction after decalci-
fication, these compounds are tightly bound to the car-
bonate lattice and consequently reflect environmental
conditions during authigenesis, consistent with anaerobic
methanotrophy contributing to carbonate formation.
Many ancient seep limestones are typified by a distinct
paragenetic sequence of mineral phases that enables the
reconstruction of processes that governed their formation
(Beauchamp & Savard, 1992; Campbell et al., 2002; Peck-
mann et al., 2002; Hagemann et al., 2013; Zwicker et al.,
2015). Microcrystalline calcite (i.e. micrite) forms the
matrix of most seep limestones, and several types can be
distinguished including clotted (Peckmann et al, 2002),
peloidal (Roberts & Aharon, 1994) and detritus-rich
matrix micrite (Kiel et al, 2013; Tong et al., 2016).
Micrite of the Amma Fatma deposit exhibit a wide range
of 8"°C values, a pattern commonly found for seep lime-
stones (cf. Greinert et al., 2001). The composition of the
carbon pool from which carbonates precipitate at seeps
varies over time and depends on the degree of mixing
between various carbon sources (Suess & Whiticar, 1989;
Peckmann & Thiel, 2004). Biogenic and thermogenic
methane, higher hydrocarbon compounds including crude
oil and dissolved inorganic carbon from sea water all con-
tribute to the carbon pool of the parent fluid, and deter-
mining the contribution of each source to carbonate

precipitation at ancient seeps thus remains problematic.
Sulphate-dependent AOM is considered to be the main
process triggering carbonate precipitation at seeps,
whereby the carbonates inherit the '*C-depletion of the
organic carbon sources (Ritger et al., 1987; Peckmann &
Thiel, 2004; Campbell, 2006). Regardless of the carbon
source controlling the isotopic composition of the carbon
pool, the carbonates that precipitate at seeps are usually
more *C-enriched than the organic carbon sources due
to an admixture of marine carbonate (Peckmann & Thiel,
2004).

The lowest 3'°C value of the Amma Fatma matrix
micrite of —23-59), therefore suggests that AOM did not
necessarily contribute substantially to carbonate precipita-
tion, although '>C-depleted biphytanic diacids testify to
the presence of microbial communities performing AOM.
Slightly lower &'°C values were obtained from seep depos-
its associated with Jurassic black shales from Kilve, UK,
and were attributed to biogenic methane production in
the host sediments and its oxidation close to the sea floor
(Xu et al., 2016). The oxidation of higher hydrocarbon
compounds may have contributed to carbonate formation
at Amma Fatma. This notion, however, is rather specula-
tive as evidence for the presence of oil at the ancient seep
is missing, and it is only supported by 8'°C values that
are within the range of carbonates precipitating at mod-
ern oil seeps (cf. Anderson et al, 1983; Sassen et al.,
1999; Formolo et al., 2004). A new approach using trace
and rare earth metal contents may shed light on the com-
position of fluids of the Amma Fatma seep (cf. Smrzka
et al., 2016), and future work may assess the impact of
crude oil at ancient seeps with more confidence. Finally,
the Amma Fatma black shales themselves might have
acted as a readily available source of organic carbon,
causing microbially remineralization-driven carbonate for-
mation. The 8" Croc values of the Amma Fatma succes-
sion are slightly lower than the &"C values of the
authigenic carbonates. Remineralization of large amounts
of organic carbon buried during OAE 2 may have conse-
quently contributed to carbonate precipitation, but it
does not explain the presence of '*C-depleted biphytanic
diacids.

Seam micrite is a peculiar carbonate phase of the
Amma Fatma deposit. Peckmann et al. (2003) described a
similar phase in Eocene seep deposits from Washington
State that also lines cavity walls and predates later-stage
calcite cements. The purity and microfabric of the Amma
Fatma seam micrite are indicative of an in sifu precipita-
tion, and its intense epifluorescence (Fig. 12C) distin-
guishes it from matrix and peloidal micrite. The latter
observation suggests an increased content of organic resi-
due, agreeing with an involvement of microbial activity in
its formation (cf. Peckmann & Thiel, 2004). Equant
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of this family (Dando et al., 1986). The aporrhaid was an
epifaunal/shallow infaunal suspension or deposit feeder.
The possible neogastropod was most likely epifaunal, but
without further taxonomic information its diet cannot be
inferred. The presence of this fauna suggests that oxy-
genated conditions were at least episodically present in
the water column and sediment during the formation of
at least the upper part of the carbonate body, although
the absence of large inoceramid and oyster specimens
may hint at challenging environmental conditions. A tax-
onomically very similar low diversity fauna is present in
shell-rich micritic carbonate concretions from below the
carbonate body in bed 2 at Amma Fatma Plage, collected
by Andrew Gale in 2003 and now housed in the collec-
tions of the Oxford University Museum, UK. This
includes the same species of lucinid (Fig. 14F and G) and
Drepanocheilus sp. (Fig. 14I), but also much larger inoce-
ramids (up to 35 mm long, Fig. 14H). Furthermore, spe-
cies of Pycnodonte, inoceramids, lucinids and aporrhaid
gastropods are common elements in Late Cretaceous fau-
nas from across North Africa (Busson et al., 1999; El Qot,
2006; Ayoub-Hannaa et al., 2014). This indicates that the
Amma Fatma seep fauna contains mostly elements of
normal marine background faunas, and lacks specialized
obligate taxa, possibly apart from the lucinid, which
might belong to the seep obligate genus Nymphalucina
(Kiel, 2013), although is also similar to the lucind figured
in El Qot (2006, plate 14, figs 7 to 10) as Lucina fallax
Forbes, 1846 from the Late Cenomanian of Egypt. This
paucity of obligate seep taxa is a common feature of shal-
low water seep faunas in the Mesozoic and Cenozoic
(Kiel, 2010; Little et al., 2015). Other examples include
the slightly older Cenomanian Tropic Shale seep faunas
from southern Utah, USA (Kiel et al., 2012), which are
dominated by mostly small specimens of the bivalve gen-
era Inoceramus and Nymphalucina, the gastropod genus
Drepanochilus, rarer examples of the neogastropod Pale-
opsephaea and Callianassa decapod claws. A younger
example is the Paleocene Panoche Hills seep deposit from
California, USA (Schwartz et al., 2003), which contains
numerous specimens of Nymphalucina and less common
aporrhaid gastropods (Kiel, 2013).

The Palaxius faecal pellets found throughout the Amma
Fatma carbonate body are microcoprolites, which are
today produced by callianassid decapod crustaceans.
Palaxius microcoprolites are common in Palaeozoic and
Mesozoic shallow water limestones (Senowbari-Daryan
et al., 1992; Schweigert ef al., 1997) and other methane-
seep deposits (Peckmann ef al., 2007; Senowbari-Daryan
et al., 2007; Zwicker et al., 2015). The number and shape
of the crescent shaped canals in the Amma Fatma micro-
coprolites strongly resemble Palaxius decemlunulatus,
which has previously been found in Cretaceous shallow

water carbonate deposits of northern Africa (Senowbari-
Daryan & Kuss, 1992). The high density of Palaxius
microcoprolites in the Amma Fatma body suggests high
productivity and organic matter availability, sustaining
dense populations of crustaceans.

Mode of formation of the Amma Fatma
carbonate deposit

The Amma Fatma carbonate body is not older than
Lower Turonian in age. The presence of ammonites
belonging to the genus Benueites in zone 4 shows that
the upper part of the seep deposit belongs to the no-
dosoides Zone, the youngest zone of the Lower Turonian,
as elsewhere in the Tarfaya Basin. Benueites species,
including benueensis, are associated with Mammites nodo-
soides (Collignon, 1966). El Albani et al. (2001) described
the laminated marls at Amma Fatma and deduced an
early Turonian age based on the ammonite fauna and
planktonic Foraminifera. The macrofaunal assemblage of
the upper part of the Amma Fatma deposit suggests that
the entire water column was at least episodically oxy-
genated at that time. The absence of the diagnostic §'°C
isotope excursion observed for OAEs confirms that the
black shales and the carbonate body formed in the after-
math of OAE 2, and is consistent with biostratigraphic
evidence.

The Amma Fatma deposit is a tall, concretionary car-
bonate body, and in this respect resembles some of the
exhumed Oxfordian seep deposits from Beauvoisin (Peck-
mann et al., 1999) and Miocene deposits of Italy (Conti
et al., 2004). Concretions of various shapes and sizes are
common in Mesozoic strata, and typically stand out from
the host sediment after erosion (Coleman, 1993; Coleman
& Raiswell, 1995; Sellés-Martinez, 1996; Seilacher, 2001;
Marshall & Pirrie, 2013; Liang et al., 2016). What is most
indicative of concretionary growth is that the Amma
Fatma carbonate body clearly stands out from the host
successions. Apart from this large carbonate deposit, lami-
nated strata from Amma Fatma and Mohammed Plage
feature isolated, nodular, diagenetic concretions that pre-
cipitated within the organic carbon-rich limestones and
black shales (El Albani et al., 1997, 1999a). El Albani
et al. (2001) described lower Turonian, elongated carbon-
ate concretions in direct proximity to the Amma Fatma
carbonate body. These concretions formed during early
diagenesis before significant compaction occurred, as fos-
sils were well-preserved and surrounding beds of the host
marls wrap above and below the outside of the concre-
tions. The Amma Fatma deposit crosses almost the entire
section of laminated shales and limestones, making it dif-
ficult to ascertain if the carbonates precipitated during or
after their deposition.
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The cover bed capping the Amma Fatma deposit sheds
light on the mode of accretion. It thins out around the
top of the carbonate body (Fig. 8A and B), which agrees
with the presence of a relief on the sea floor during the
time of deposition. Such a scenario is in contrast with a
thickening of a cover bed as seen during pockmark for-
mation (cf. Agirrezabala et al.,, 2013). The circumstance
that the cover bed is much thinner directly on top of the
seep deposit, and thickens readily away from it, indicates
that the deposit was elevated above the sea floor. Given
the changing environmental conditions, the carbonate
body may have projected into the water column during
episodes of sulphidic bottom waters as observed today in
the Black Sea (Peckmann et al., 2001). However, there is
no evidence for an ancient hardground or firmground, as
cementing epifauna are absent. It is conceivable that con-
cretionary growth accompanied by compaction of the
host sediment were the main modes of accretion of the
Amma Fatma carbonate body, and that carbonate precipi-
tation occurred in the subsurface but close to the sea
floor. Large concretionary bodies require a constant and
large supply of pore water that transports the necessary
solutes to the locus of precipitation (Raiswell & Fischer,
2004; Mozley & Davis, 2005). Diffusive and advective
transport of solutes by seeping fluids is the most likely
mechanism that sustained concretionary growth over long
timescales that subsequently fostered compaction and
cementation of the Turonian black shales and marly lime-
stones.

Mean 8'®0 values of the predominantly authigenic
matrix micrite ranging between —2-6 and —2-99, also
point towards precipitation close to the sea floor, as they
are within the range of values for limestones that precipi-
tated in equilibrium with Cretaceous sea water at
Mohammed Plage (cf. Kuhnt et al., 2009). They show no
appreciable deviation throughout the body, suggesting
that pore waters did not experience large temperature
shifts or meteoric water input that would have produced
more negative 3'°0 values (Hudson, 1978; Astin &
Scotchman, 1988). Such fairly homogeneous oxygen iso-
tope compositions are common for concretions that grew
in shallow sediments close to the sea floor (Hudson &
Friedman, 1974; Raiswell & Fisher, 2000). The 8'%0 val-
ues of the later-stage equant calcite do not differ substan-
tially from those of the matrix micrite, suggesting that
neither phase experienced much elevated temperatures
during burial diagenesis (cf. Campbell et al., 2002).

In contrast, the trend towards lower 3"°C values from
the topmost zone 4 to the lowermost zone 1 (Fig. 15) is
interesting. The bottom zone 1 not only shows the high-
est '°C depletion, but also the sole occurrence of biphy-
tanic diacids and the highest TOC content. Explaining
these patterns is challenging, as the preferential growth
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direction of the Amma Fatma deposit is not obvious.
Neither pervasive growth, outward, downward, nor
upward growth can be excluded, and assumptions on the
mode of accretion remain speculative. Seep carbonate for-
mation is fuelled by a source of reduced, hydrocarbon-
rich fluids from below. Zone 1 was possibly affected most
by these fluids, which drove microbial activity as evi-
denced by the occurrence of '’C-depleted biphytanic dia-
cids. Fluid seepage apparently continued during ongoing
sedimentation of organic material, and zone 1 remained
the hotspot of hydrocarbon-driven authigenesis that
clogged up the pore space and reduced permeability. The
impact of methane-bearing fluids on carbonate precipita-
tion in the upper zones 3 and 4 was apparently lower,
resulting in gradually less negative 8"Carbonate values as
the dominant carbon source changed from isotopically
lighter, seepage-derived hydrocarbons to heavier organic
matter derived from the host black shales associated with
OAE 2.

Methane seepage and carbonate
precipitation in the aftermath of OAE 2

The depositional environment of Amma Fatma Plage was
most likely an outer shelf setting, as suggested by the for-
aminiferal assemblages and smectite-dominated clay min-
eral assemblages (Holbourn et al., 1999) as well as the
macrofossil content of the seep deposit (see above). The
three palaeoecologically significant Foraminifera species
identified at Amma Fatma are Zygodiscus (=Zeugrhabdo-
tus) erectus, Rhagodiscus splendens and Eprolithus floralis.
Generally, temperature and trophic resources are consid-
ered the most important factors affecting the distribution
of calcareous nannoplankton, whereby ecological prefer-
ences of some species are already partly known (Eshet &
Almogi-Labin, 1996; Mattioli, 1997; Liining et al., 1998;
Herrle, 2003). The foraminiferal assemblages in combina-
tion with the occurrence of radiolarians and diatoms sug-
gest high surface water productivity (El Albani et al.,
1999b; Holbourn et al, 1999). Specifically, Zygodiscus
(=Zeugrhabdotus) erectus is interpreted as an indicator for
high productivity (Roth, 1981; Roth & Krumbach, 1986;
Erba et al., 1992; Herrle, 2003). This species is abundant
throughout the Amma Fatma section and lacks any sys-
tematic distributional changes, suggesting persistent high
productivity conditions throughout the entire section
consistent with overall high carbon burial. Another spe-
cies identified as high productivity-prone is Rhagodiscus
splendens. This may indicate further intensification of
upwelling conditions, possibly marking high productivity
phases at the base and the top of the section within a
generally highly productive setting. An additional argu-
ment for upwelling conditions is the presence of
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Eprolithus floralis, which is also considered to be an indi-
cator for cooler waters (Kuhnt et al., 2001). The co-
occurrence of these three species suggests that intensified
upwelling of relatively cool, intermediate water occurred
during the lower Turonian along the Tarfaya shelf. This
interpretation is supported by pronounced peaks in phos-
phorus content that coincide with higher abundances of
Eprolithus floralis and Rhagodiscus splendens at the bottom
and top parts of the Amma Fatma section (Fig. 5). These
observations, together with the characterization of the
macrofaunal assemblage, help to reconstruct the environ-
mental conditions in which the Amma Fatma seep
deposit formed.

Carbonates from zone 4 and the cover bed formed
under the influence of more prolonged periods of oxy-
genated conditions. The occurrence of marine back-
ground fauna suggests that it dominated and out-
competed any specialized seep-specific taxa in this shallow
water and high productivity environment. The absence of
benthonic macrofauna in the lower part of the body
might suggest lower levels of oxygen compared to the
upper part. The presence of Palaxius in the lower part
does not contradict this notion, as callianassid decapod
crustaceans can tolerate extended periods of anoxia (For-
ster & Graf, 1992; Anderson et al., 1994; Bromley, 1996).
The carbonate body formed either during or shortly after
deposition of the host strata, and vital information on the
environmental conditions can be derived by analysing the
trace metal content of host black shales and limestones.
Organic-rich shales are distinctly enriched in trace metals
including Cr, Mo, U, Ni, Zn, Cu, V, Cd, Co and Re,
whereby the modes and mechanisms of enrichment differ
somewhat between these elements (Calvert & Pedersen,
1993; Algeo & Maynard, 2004; Brumsack, 2006). The fact
that all trace metals — with the exception of Cr and Co —
do not correlate with Al confirms that their authigenic
enrichment is due to geochemical changes in bottom and
pore waters. The use of Cr in palacoenvironmental analy-
sis has been cautioned, as it is to a large degree of detrital
provenance and is highly mobile in marine sediments
(Tribovillard et al., 2006). Cobalt mainly resides within
the alumosilicate fraction of the black shales as it shows
the strongest correlation with Al of all trace metals, and
will be consequently omitted from the discussion below.
Black shale beds 7 to 13 show EFs of varying magnitudes,
which argue for changing environmental conditions dur-
ing deposition (Table 3). Molybdenum, Cd, Re and U
exhibit the highest EFs. Molybdenum behaviour in sedi-
mentary pore waters is linked to the presence of hydrogen
sulphide that causes a speciation change from oxidized
Mo to reduced thiomolybdate, which can be much more
readily deposited either on organic species, or be incorpo-
rated and co-precipitated by iron sulphides (Helz et al,

1996). Cadmium exhibits a similar behaviour towards dis-
solved hydrogen sulphide, except that it accumulates as a
separate sulphide phase and can be just as easily enriched
in barely reducing conditions at very low hydrogen sul-
phide concentrations (Rosenthal ef al., 1995). The ease of
Cd enrichment in anoxic sediments and its high sensitiv-
ity towards hydrogen sulphide leads to high EFs, as well
as to the large spread in EFs and total concentrations
between zones 1 and 4 (Tables 2 and 3). Rhenium EFs
are the highest on average of any trace metal. This is due
to its very low crustal concentrations and the ease with
which it accumulates in anoxic sediments (Crusius et al.,
1996). Rhenium enrichment does not require the presence
of free hydrogen sulphide or Fe or Mn (oxy)hydroxides,
and is solely controlled by the redox potential of the
ambient water (Morford et al., 2005). This suggests that
the sediments in which carbonates of zones 1 to 4 formed
were all characterized by a very shallow oxygen penetra-
tion depth or, more likely, periodically anoxic bottom
waters.

In modern sediments U enrichment is observed at
redox potentials present within the Fe reduction zone,
before Mo accumulation occurs under more reducing
conditions (Morford & Emerson, 1999). It has been
argued that preferential U over Mo uptake is an indicator
for suboxic conditions, whereas the reverse is the case
when pore waters are strongly sulphidic (Algeo & Tri-
bovillard, 2009). The decrease in Mo/U ratios, total Mo
concentrations and Mo, Cd and Re EFs, combined with
the concomitant increase in U content from zone 1 to 4
suggests a trend from euxinic conditions in zone 1 to
more mildly anoxic conditions in zone 4. Nickel and Zn
accumulate most effectively under euxinic conditions and
reside in Ni- and Fe-sulphides, respectively (Algeo &
Maynard, 2004). Vanadium can also accumulate effi-
ciently within the nitrate reduction zone of marine sedi-
ments, and does not necessarily require dissolved
sulphide. However, the combined enrichment of V, Zn,
Ni and Mo suggest at least temporal euxinia at the sedi-
ment-water interface throughout zones 1 to 4 (cf. Hetzel
et al.,, 2009). The notion that ambient water mass chem-
istry lead to authigenic enrichment of Mo, Ni, Zn, V and
Cd is supported by the strong positive correlation
between these elements, and their lack of correlation to
Al (Table 4).

Trace metal contents of black shales and limestones are
governed by bottom water redox conditions, as well as
sedimentary redox conditions. Redox-sensitive metals pre-
cipitate at redox boundaries in the sediments that often
lie substantially below the sediment surface, which may
lead to a strong offset between the age of authigenic pre-
cipitates and the age of the sediment in which the ele-
ments are enriched. It can therefore be difficult to
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discriminate between enrichment of trace metals via
direct precipitation from bottom waters, and enrichment
via the precipitation of solid phases within redox zones in
the sediment (cf. Kasten et al., 2003; Reitz et al., 2004).
However, this age offset between authigenic minerals and
the host sediment decreases the more the redox zonation
is compressed in the sediment like in the case of anoxic
bottom waters. Analyses of trace metal enrichment argue
for a formation of black shale and marly limestone beds 7
to 14 under episodic euxinic bottom waters. More impor-
tantly, the distribution of Mo, U, Cd and Re implies
changes in hydrogen sulphide content of the water mass,
from higher contents in zone 1 to lower contents in zone
4. This questions the proposition that the carbonate body
grew in its entirety and simultaneously within the shales
and limestones. Zone 4 carbonates formed under at least
episodically oxygenated conditions, which would have
hampered the formation of black shales in bed 13.

Despite the occurrence of macrofossils in zone 4, the
Amma Fatma body is poor in fossils compared to most
Phanerozoic seep deposits, which are usually replete in
shelly macrofauna (Campbell & Bottjer, 1995; Kiel &
Peckmann, 2007; Little et al., 2015). Most of the shells
identified in thin sections are severely fragmented and
were most likely transported to the site over some dis-
tance, indicating that most of these molluscs did not live
at the seep. Environmental conditions for macrofaunal
species at the Amma Fatma seep were at the very least
challenging, if not precluding their survival altogether.
Euxinic conditions occurred during all stages of carbon-
ate precipitation, interrupted by sporadic oxygenation
during formation of zone 4 that enabled macrofaunal
assemblages to temporarily colonize the seep. Bottom
water conditions were temporarily sulphidic, as were the
shallow sediments where carbonate precipitation
occurred, consistent with reconstructions for the wider
Tarfaya palaeo-shelf area (Kolonic et al., 2005; Poulton
et al., 2015). The carbonate mineralogy of the Amma
Fatma seep deposits is almost exclusively calcite, lacking
any banded and botryoidal aragonite cement. Calcite
precipitation at seeps is favoured over aragonite precipi-
tation under the influence of strongly reducing pore
waters with low sulphate concentrations (Haas et al.,
2010; Nothen & Kasten, 2011). The environmental con-
ditions as constrained by trace metal analyses of the
black shales did consequently not only govern the mode
of accretion, but apparently influenced the mineralogy
of authigenic carbonate at the Amma Fatma seep as
well.

At passive continental margins various processes con-
trol the mechanism of fluid flow from sea floor sedi-
ments, including
convection,  sea-level

thermohaline
changes in

tectonic processes,

changes and
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sedimentation rates (Judd & Hovland, 2007; Suess, 2014).
Relevant factors that may have influenced the mode of
seepage in the Cretaceous Tarfaya Basin include differen-
tial compaction and pore water overpressure, both of
which are in turn controlled by sedimentation rates and
changes in sea-level. Low sea levels promote seepage of
fluids through the sediment column (Teichert et al,
2003), as the hydraulic pressure needs to exceed the pres-
sure of the water column to enable upward fluid flow
towards the sea floor (Carson & Screaton, 1998). High-
frequency sea-level changes at Amma Fatma Plage are
indicated by intercalations of bioclastic storm beds into
the marly, hemipelagic background sediments (cf. El
Albani et al., 1999b). The Amma Fatma coastal section is
early Turonian in age, and studies from the Tarfaya Basin
have demonstrated that the sea-level rose continuously
during the Cenomanian due to a combination of eustatic
sea-level rise and shelf subsidence (Gebhardt et al., 2004;
Mort et al., 2008; Kuhnt et al.,, 2009). This sea-level rise
culminated during the earliest Turonian where sea-levels
were possibly up to 250 m higher than today, the highest
during the Cretaceous (Hagq, 2014). However, Kuhnt et al.
(2009) inferred that the lowermost Turonian at
Mohammed Plage was characterized by a sea-level low-
stand, linked to the ephemeral build-up of Antarctic ice
sheets during that time. This is in accord with the
inferred outer shelf water depths at Amma Fatma, which
should have promoted seepage of hydrocarbon-rich fluids
due to the comparatively low pressure of the water col-
umn. The presence of shallow water species Broisonia
enormis and the abundance peak of Gartnerago segmenta-
tum (Thierstein, 1976; Hattner et al, 1980) further sug-
gests that a short-term shallowing event may have
occurred. Finally, El Albani et al. (1997) noted an upward
increase in the frequency and thickness of the storm beds,
and interpreted this observation as evidence for a falling
sea-level through the section corresponding to the eustatic
sea-level development during the late Early Turonian also
suggested by Hardenbol et al. (1998).

Apart from sea-level changes, sedimentation rates also
affect seepage dynamics in continental margin sediments.
Sedimentation rates in the Tarfaya Basin during OAE 2
were estimated to have been above 10 cm kyr™' (Kuhnt
et al., 2005), or correspond to 4-8 cm kyr ™' at well S13
(see Fig. 2) and 1-6 cm kyr ' at Mohammed Plage (Kolo-
nic et al., 2005). Despite the differences in these recon-
structions, all estimates reflect high sedimentation rates.
Such high sedimentation rates increase sediment loading
on the continental slope that can lead to pore water over-
pressure, which squeezes reduced fluids from the underly-
ing organic carbon-rich source rocks towards the sea floor
(cf. Suess, 2014). Taken together, favourable conditions
for seepage over long timescales were apparently favoured
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by a relative sea-level fall and high sedimentation rates,
which facilitated the precipitation of large amounts of
authigenic carbonate at the Amma Fatma seep.

CONCLUSIONS

The Amma Fatma carbonate body is an unusual seep
deposit, as seep-endemic macrofauna that characterizes
many other seep deposits is absent. Nonetheless, lipid
biomarkers testify to the presence of microbial communi-
ties that performed AOM and contributed to authigenic
carbonate formation. With §'°C values of matrix micrite
as low as —23-59,, it appears that anaerobic oxidation of
methane was not the only trigger for carbonate precipita-
tion. Remineralization of organic matter residing in the
host black shales may have been an additional source of
carbon for limestone formation. Persistent seepage was
probably favoured by a sea-level lowstand and high sedi-
mentation rates. The Amma Fatma deposit formed during
the aftermath of OAE 2 over a considerable length of
time. High productivity and partly euxinic conditions
resulted in the deposition and preservation of black shales
rich in organic matter. The Amma Fatma deposit is poor
in macrofossils, and those present in the uppermost zone
4 are all Cretaceous shallow water species. Their presence
testifies to the sporadic occurrence of oxygenated condi-
tions in the bottom water. However, nannofossil distribu-
tion and pronounced enrichments of trace metals within
the host strata point towards a high productivity setting
with recurrent episodes of euxinia that shaped the shallow
marine environment. Identifying seep deposits in such a
shallow water setting poses a challenge. Diagnostic signals
are masked by high primary production favouring hetero-
trophic taxa, which take advantage of the vast amounts of
organic matter derived from photosynthetic primary pro-
duction and outcompete obligate, endemic chemosymbi-
otic seep fauna. The Amma Fatma carbonate body may
serve as an example on how to identify seep deposits in
high productivity, shallow water settings. In such an envi-
ronment, only a combination of methods will allow to
ascertain that authigenic carbonate deposits formed at
hydrocarbon seeps, and to constrain the modes of car-
bonate formation.
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