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Abstract

Anomalously low 8%C values in foraminifera calcite tests are due to diagenetic alteration in methane
seep sites. Our study applies diagenetically altered fossil benthic foraminifera tests as geochemical
tracers in reconstructing past methane seepage episodes at the Vestnesa Ridge offshore NW Svalbard.
We combine examinations of the test wall microstructure, mineralogical and stable carbon isotope
composition of foraminifera and co-occurring authigenic carbonate nodules. We present a
classification of visual and mineralogical characteristics of the exterior and interior wall microstructure
of the benthic foraminiferal species Cassidulina neoteretis having experienced different degrees of
diagenetic alteration during methane seepage. Carbonate nodules comprising high-Mg calcite cement
with 13-15 mol % MgCOs have §C values as low as -32.3 %o, which is consistent with a methane-
derived origin. The visual, mineralogical and stable isotope investigations of C. neoteretis indicate a
variable degree of diagenetic alteration and show 83C values between -0.6 and -16.9 %o. The negative
813C values in benthic foraminifera are largely caused by precipitation of isotopically light methane-
derived authigenic carbonate as high-Mg-calcite coatings, whose relative contribution to the bulk
foraminifera carbonate is estimated to be up to 58 wt %. Another key finding is the identification a first
seepage episode concurrent with Heinrich Event 1 (HE 1), and a second episode at the onset of the

Bglling-Allergd period.
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Highlights

Diagenetically altered foraminifera can be used as a tracer for methane seepage.
- The degree of diagenetic alteration displays variable methane seepage intensity.
- Diagenetically altered foraminifera report two seepage episodes (HE1; Bglling-Allergd).

- Seepage during HE1 lasted longer than previously constrained.

1 Introduction

A large amount of methane is trapped as methane hydrates and free gas reservoirs in continental
margin sediments worldwide that can be released into the water column and atmosphere during
future global climate warming. Assessment of the climatic effects of such release demands the
development of better tracers to improve our understanding of the intensity and timing of natural past
methane seepage.

A striking feature in the geochemical environment of methane seeps is the presence of methane-
derived 3C-depleted dissolved inorganic carbon (DIC). In sediments exposed to methane seepage, a
microbial consortium consisting of archaea and sulphate-reducing bacteria mediates anaerobic
oxidation of methane (AOM) (Boetius et al., 2000). The bicarbonate (HCO5) ions produced during AOM
react with calcium and magnesium ions present in the pore water and precipitate as methane-derived
authigenic carbonate (MDAC) that are commonly strongly *C-depleted (Aloisi et al., 2000; Bayon et
al., 2007; Crémieére et al., 2016, 2012; Greinert et al., 2001; Naehr et al., 2007).

The carbon isotope composition of foraminiferal test calcite preserved in the stratigraphic record has
long been recognized to reflect changes in paleo-environmental conditions. In a marine environment
unaffected by methane seepage, 5'3C values measured in the calcitic tests of benthic foraminifera
range between 0 and -1.9 %, depending on the species (Wollenburg et al. 2001; Rathburn et al. 2003;
Hill et al. 2004; Mackensen et al. 2006; Panieri and Sen Gupta, 2008). At seafloor methane seeps,
episodic negative excursions in the 8'3C signature of foraminifera are frequently observed (e.g. Wefer
et al., 1994; Kennett and Stott, 1991; Stott, 2002; Thomas, 2002). In many cases, living foraminifera
sampled from seep locations show slightly negative §'C values (as low as -5.6 %o) in calcite tests (Hill
et al., 2004; Sen Gupta et al., 1997), while the §3C value of fossil test calcite can be significantly more
negative (less than -5.6 %o) (Consolaro et al., 2015; Hill et al., 2004; Millo et al., 2005; Martin et al.,
2010, 2007; Panieri, 2006; Panieri et al., 2014; Torres, 2003). Rapidly expanding knowledge on the
geochemical conditions of seafloor methane seeps has contributed to developing an explanation for
those foraminiferal 63C excursions, and suggests their application as proxies for reconstructing past

methane seepage (e.g. Wefer et al., 1994; Kennett and Stott, 1991; Stott, 2002; Thomas, 2002).
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Opinions about the origin of extraordinarily negative 8C values recorded in foraminifera are
divergent. Several studies address the origin of the §3C signatures by comparing the §3C of DIC in
bottom and interstitial water with the §'3C of test calcite from living and dead specimens (Herguera et
al., 2014; Hill et al., 2004; Mackensen et al., 2006; Martin et al., 2010; Rathburn et al., 2000; Torres,
2003). For instance, Herguera et al. (2014) compared 6'3C sighatures of porewater DIC with the §'3C
signature of living benthic foraminifera and demonstrated that methane-derived DIC from porewater
is not directly incorporated during the primary biomineralization of the test. Whereas a recent
publication by Wollenburg et al. (2015) using novel culturing techniques resembling deep-sea
conditions with injections of methane supports the idea that the uptake of methane-derived carbon
during biomineralization is reflected in the test §*C composition of benthic foraminifera. Despite
controversial results, one explanation for slightly negative §'3C values of the test calcite (as low as -5.6
%o) is that foraminifera incorporate methane-derived DIC from the ambient water during the
biomineralization (Panieri et al., 2014; Panieri and Sen Gupta, 2008; Rathburn et al., 2003; Sen Gupta
et al. 1997). An alternative explanation for the slightly negative 6'3C values in benthic foraminifera
include abundant chemosynthetic microbial nutrition sources carrying *C-depleted carbon in their
body tissue (Rathburn et al., 2003; Torres, 2003; Hill et al., 2004; Panieri, 2006; Panieri & Sen Gupta
2008).

After the death of the organisms and the burial of their tests in the sediment, diagenetic alteration of
both benthic and planktic foraminiferal tests through the precipitation of MDAC crystals may
cumulatively add a second phase of carbonate with a strongly negative §3C value. Thus, MDAC
precipitation can overprint the isotope signal of the pristine biogenic test leading to 63C values as low
as -10 %o and below (Torres 2003; Millo et al. 2005; Martin et al. 2007; Consolaro et al. 2015; Panieri
et al. 2014, 2016a). Visible changes in the foraminifera test microstructure and wall surface texture
due to diagenetic alteration have been described on complete tests and polished wall sections by Edgar
et al. (2013), Sexton and Wilson (2009), Regenberg et al. (2007) and Sexton et al. (2006) for planktonic
foraminifera in the context of paleoceanographic reconstructions. Sexton et al. (2006) introduce the
term “glassy” for translucent tests resembling the appearance of living foraminifera, and “frosty” for
tests having their interior and exterior walls extensively coated with diagenetic minerals.

In order to unravel the contribution of MDAC to the 83C signal in foraminifera, we investigate the test
wall microstructure, the mineralogical and stable isotope composition from benthic foraminifera and
carbonate nodules using light microscopy, Scanning Electron Microscopy (SEM) coupled with Energy
Dispersive X-ray Spectrometry (EDS) and mass spectrometry. Based on visual and geochemical
investigations, we develop a framework of criteria to identify different states of diagenetic alteration.
Furthermore, our mass balance approach allows the estimation of the relative contribution of MDAC

in the bulk isotope signal of fossil foraminifera. Our study is the first detailed investigation of a distinct
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seepage episode that occurred for about 1 000 years between 17 700 and 16 680 cal years BP
concurrent with HE 1 (Bond et al. 1993) and was earlier identified by Ambrose et al. (2015) based on
findings of chemosynthetic bivalves. We seek to systematically classify the test wall microstructure of
diagenetically altered benthic foraminifera, investigate the MDAC contribution to the foraminifera test
8Cvalue, and evaluate the suitability of diagenetically altered foraminifera for tracing paleo-methane

seepage timing and intensity.

2 Setting of the study site

The Vestnesa Ridge is an elongated sediment drift located at 79° N at the NW Svalbard continental
margin in the eastern Fram Strait (Figure 1). The Molloy Deep bounds the Vestnesa Ridge in the west
and the Molloy Transform Fault and the Knipovich Ridge in the south (Plaza-Faverola et al., 2015;
Winkelmann et al., 2008). The Vestnesa Ridge in about 1200 m water depth is approximately 100 km
long and bends SE-NW to E-W. Its sediments reach a thickness of > 2 km (Eiken and Hinz, 1993), resting
on < 20 Ma old oceanic crust (Hustoft et al., 2009) that is part of an ultraslow spreading ridge (Johnson
et al.,, 2015). Sediments at the NW Svalbard continental margin have been divided into three
seismostratigraphic units including syn-rift and post-rift deposits (YP-1), contourites (YP-2) and
glaciomarine contourites and turbidites (YP-3) (Mattingsdal et al., 2014). The youngest sediments of
Late Pleistocene and Holocene age at the Vestnesa Ridge are composed of silty contourites, turbidites
and hemipelagites with abundant ice rafted debris (Howe et al., 2008).

The crest of the Vestnesa Ridge is pierced by active and inactive pockmarks that are formed in areas
of highly localized seepage of fluids in unconsolidated fine-grained sediments (Vogt et al., 1994; Judd
and Hovland, 2007). Pockmarks on the Vestnesa Ridge vary in size and can be as large as 700 m in
diameter (Blinz et al., 2012).

The Vestnesa Ridge hosts a subsurface gas hydrate system with significant amounts of trapped gas
that is susceptible to seepage in response to tectonic stress. Seismic studies indicate that multiple
seepage episodes have occurred during the last 2.7 Ma being closely linked to fault reactivation and
fracturing (Plaza-Faverola et al., 2015).

A seismic Bottom Simulating Reflector (BSR) located at 200 ms bsf TWT (~160-180 m bsf, below sea
floor) suggests the presence of free gas and methane hydrate in the pore space of the deeper sediment
layers (Petersen et al. 2010; Blnz et al. 2012). In seismic studies, vertical fluid flow conduits were
observed to cross cut the bedded sediment layers and bypass the BSR. Those conduits connect the
pockmarks at the seafloor with the methane reservoir, allow the gas to migrate vertically, and finally

escape into the water column. Numerous up to 900 m high gas flares were observed by Smith et al.
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(2014) in recent times. The geochemical measurements of gas from hydrates collected at the Vestnesa

Ridge reveal the thermogenic origin of the gas (Smith et al., 2014).

3 Methodology

3.1 Core collection and non-destructive analyses

During the CAGE HH-13 cruise using the research vessel R/V Helmer Hanssen (The Arctic University of
Tromsg), gravity core HH-13-203 (79°00.14N, 06°55.68E, 300 cm sediment recovery, 11 cm core
diameter) was collected from an active pockmark with a gas flare in 1210 m water depth (Mienert,
2013). After recovery, the core was cut into 100 cm sections and kept cool at 5°C. At the Department
of Geology at The Arctic University of Norway in Tromsg, the cores were split longitudinally, described
visually, photographed (Jai L-107CC 3 CCD RGB Line Scan Camera) and X-ray-scanned (Geotek MSCL-
XR 3.0). The presented element-geochemical data were acquired with an Avaatech XRF Core Scanner
at 1 cm steps using the following settings: down-core slit size: 10 mm; cross-core slit size: 12 mm; 10
kV; 1000 pA; no filter; and 10 seconds measuring time. The raw data were subsequently processed
with the software WinAxil. We show here the calcium (Ca) counts normalized to Aluminium (Al) for

the purpose of identifying carbonate-rich intervals in the sediment core (Richter et al., 2006).

3.2 Visual investigations of foraminifera tests and carbonate nodules

Sediment samples for micropalaeontological and stable isotope analysis were collected typically at 10
cm intervals in 1 cm thick slices and at higher spatial resolution in the depth interval from 220 to 270
cm (Table 1). The samples were weighed and wet-sieved (mesh sizes 63 um; 100 um; 1 mm) after
freeze-drying. The sieve residues were dried at 40°C and subsequently investigated using light
microscopes. About 15-28 specimens of the benthic foraminifera species C. neoteretis (Seidenkrantz,
1995) were picked for bulk isotope measurements from the dry residue of the >100 um size fraction.
This species was selected since it is most abundant throughout the core, and it also is abundant in the
Arctic Ocean. Unbroken tests of C. neoteretis were picked for visual inspection and photographed using
a Leica DFC 450 digital camera mounted on a Leica Z16 Apo light microscope. About 15 images with
different focal plains of the three-dimensional test were stacked using Zeiss Helicon Focus software
and described adopting the terminology developed by Edgar et al. (2013), Sexton and Wilson (2009)
and Sexton et al. (2006).

For SEM analyses of selected samples, five complete foraminifera specimens were placed on adhesive
tape in a circular 25 mm diameter mold, mounted using Struers Epofix, and polished to expose cross-

sections through the tests. This allows studying the microstructure of the test walls and the interior of
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the chambers. After polishing, the samples were washed with MilliQ water for 10 minutes in an
ultrasonic bath. Complete specimens and polished sections of foraminifera were examined with a SEM
Hitachi Tabletop Microscope TM-3000 and a SEM Carl Zeiss LEO 1450VP.

The state of preservation of C. neoteretis, which has a hyaline calcareous finely perforated wall, was
characterized by investigating 5-30 specimens using light microscopy and up to five specimens with
SEM imagery of test microstructures, and combined with geochemical analyses. The microstructure of
the whole test, its exterior wall texture, wall cross section, the chamber interior and pore areas are
best viewed in high-resolution SEM images. Subsequently, the same (up to five) imaged specimens
were analysed by EDS to assess the elemental composition of the test and secondary precipitates. The
uncalibrated EDS measurements do not provide an absolute quantification of the elemental
composition of the studied material, but allow for a semi-quantitative assessment. When investigating
the secondary precipitates, we focus on its relative Mg-content being indicative of methane-induced
diagenetic alteration (Aloisi et al., 2000).

In order to systematically describe our observations, we introduce an array of criteria for the test
microstructure and elemental composition in order to distinguish the degree of diagenetic alteration.
Firstly, for the exterior wall we considered surface characteristics such as reflectance, transparency,
colour, and ornamentation (aspect of pores); secondly, for the Interior wall we considered the surface
characteristics, and the presence of secondary minerals (high-Mg calcite).

The core interval between 170 to 280 cm contains carbonate nodules composed by carbonate
cemented sediments (Table 1). We crushed the nodules in order to expose their structure and

investigated their visual appearance using SEM.

3.3 Stable isotope analyses

Stable carbon (83C) and oxygen (680) isotope analyses of 20 C. neoteretis samples, consisting of 15
to 28 tests, and 11 carbonate nodules were performed using a ThermoFinnigan MAT252 mass
spectrometer coupled to a CarboKiel-Il carbonate preparation device at the Serveis Cientifico-Técnics
of the University in Barcelona, Spain. Analytical precision was estimated to be better than 0.03 %o for
carbon and 0.08 %o for oxygen by measuring the certified standard NBS-19. We report all isotope

results in standard delta notation relative to Vienna Pee Dee Belemnite (VPDB).

3.4 Mineralogy and petrography
We studied the elemental composition of complete specimens and polished cross-sections of C.

neoteretis using a SEM Hitachi Tabletop Microscope TM-3000 equipped with a Bruker Quantax 70
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Energy Dispersive X-ray Spectrometer. Element mapping was performed for a time interval of 360
seconds.

On the same carbonate nodule samples that were used for determining stable isotope ratios (Table 1),
we performed XRD analyses of unoriented samples using a Bruker D8 Advance diffractometer (Cu K,
radiation in 3-75° 20 range). The quantitative mineralogical composition of the carbonate phases were
interpreted and modeled by using the Rietveld algorithm-based code Topas-4 by Bruker. Following a
displacement correction of the spectrum made on the main quartz peak, the displacement of calcite

d104 Was used to estimate the MgCOs mol % (Goldsmith and Graf, 1958).

4 Results

4.1 Lithology and chronology

A detailed sedimentological description and the chronological framework of the gravity core HH-13-
203 is published by Ambrose et al. (2015), and here we report its main characteristics. The core
recovered 300 cm of Late Pleistocene and Early Holocene sediments composed of homogeneous dark
grey clay with mm-sized carbonate nodules, shell fragments, and isolated clasts (Figure 2A). In the top
10 cm of the core, diatoms (Coscinodiscus spp.) are abundant, belonging to a chronostratigraphic
marker horizon on the west Svalbard slope dated to 10 100 + 150 to 9 840 + 200 cal years BP (TP 2 and
3in Jessen et al., 2010). Gravel-sized clasts of variable lithology are present in the intervals from 20 to
100 cm and from 210 to 230 cm. The upper contact of a clast-rich layer (210 cm) to homogeneous mud
(172-210 cm) corresponds to a clast rich layer in Jessen et al. (2010), dated to 14 780 + 220 cal years
BP (TP 6) while the base of core HH-13-203 (290.5 cm) is dated to 21 031 cal years BP (Ambrose et al.,
2015). In the stratigraphic interval between 236 and 268 cm, dated to 16 680 cal years BP near the top
of the interval, complete valves and shell fragments of juvenile and mature bivalves and gastropods
identified as members of a chemosynthesis-based macrofaunal community (hereafter named shell
bed).

High Ca/Al ratios occur in intervals with carbonate nodules (220-280 cm) and between 170-180 cm.
The nodules occur at the stratigraphic position of the shell bed, but also above and below it (Figure
2A). The present-day sulphate-methane transition zone (SMTZ) is located at 100-140 cm (Hong et al.,
2016). The nodules are composed of irregular 5-10 um sized carbonate crystals with disseminated
pyrite (Figure 3 A) cementing detrital grains (Figure 3 C; D). Despite the solid appearance of the
carbonate nodules, porosity was relatively high (Figure 3 B). Our XRD analyses indicate that the
carbonate phase in the nodules is high-Mg calcite with 13-15 mol % of Mg. The 8'3C values of the
carbonate nodules (Table 1) range between -32.4 %o (246 cm) and -11.6 %o (280.5 cm) while the 380
values from 5.3 %o (280.5 cm) to 6.7 %o (246 cm).
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4.2 State of preservation and chemical composition of benthic foraminifera tests

The preservation of foraminiferal tests in core HH-13-203 is generally good in sediment intervals from
0 to 160 cm (tentative age: Early Holocene), at 200 cm (tentative age: Bglling-Allergd) and below 280
cm (tentative age: post-LGM). The preservation varies from 160 to 190 cm, in the shell bed (236 to 268
cm, 17 to 16 cal kyr BP), and above and below it (220 to 280 cm, tentative age: equivalent to HE 1).
Based on our criteria of the test microstructure, we describe pristine and three stages of diagenetic
alteration of the tests of C. neoteretis (Figs. 4, 5). At the current position of the SMTZ C. neoteretis is

absent.

4.2.1  Pristine foraminifera

Well-preserved pristine C. neoteretis tests from stratigraphic intervals from 0 to 160 cm, at 200 cm and
below 280 cm resemble modern living foraminifera tests (Figs. 4, 5). The tests are optically smooth
with high reflectance and transparency. The “glassy” (Sexton et al., 2006) appearance makes
morphological features such as chambers, sutures and even pores easy to observe when using light
microscopy. SEM imagery does not reveal foreign grains or crystals on exterior and interior walls, pores
are unplugged, and wall cross sections are homogeneous with a well-defined outline. The tests are
composed of biogenic low Mg-calcite; anomalous amounts of high-Mg calcite are not observed. In
most foraminifera species, the original magnesium amount of the seawater is heavily reduced during
biomineralization of the tests, resulting in a Mg content as low as 0.2 MgCQOs; (Bentov and Erez, 2006;

Blackmon and Todd, 1959).

4.2.2  Minor diagenetic alteration

Tests having experienced minor diagenetic alteration cannot be distinguished using light microscopy
exclusively. The exterior walls of those tests are glassy, but exhibit decreased reflectance and
transparency (Figs. 4, 5). The tests are white in colour or translucent, morphological features are well
visible, and pores are unplugged. In contrast to pristine tests, SEM-EDS data reveal a fine-grained

approximately 1-3 pm thick patina of high-Mg calcite crystals on the interior and/or exterior test walls.

4.2.3 Moderate diagenetic alteration

Foraminiferal tests with moderate diagenetic alteration appear white or yellow in the light microscope.
The tests have lost their optically smooth surface texture, transparency and reflectance. Instead, SEM-
EDS observations reveal a pervasive coating with high-Mg calcite crystals covering the interior and

exterior walls (Figs. 4, 5). The mineral precipitation generates a “frosty” wall texture (Sexton et al.,
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2006). Pores and pore rims on interior walls remain free of diagenetic precipitates. The visibility of
micro morphological features (sharply outlined sutures and pores) is deteriorating while wall cross

sections remain homogeneous and solid.

4.2.4  Major diagenetic alteration

In the light microscope, foraminiferal tests having experienced major diagenetic alteration appear
frosty, with low reflectance and transparency, and yellow to dark brown in colour. Sometimes they can
be dark grey or black.

SEM-EDS studies demonstrate that high-Mg calcite crystals cover the exterior and interior walls
forming a solid crust (Figs. 4, 5). The crusts on the interior walls are up to 10 um thick and appear
slightly darker on electron backscatter images due to lower backscatter response of high-Mg calcite
compared to biogenic calcite. Observations of high-Mg calcite crystals entirely plugging the pores and
filling the chambers are limited to the stage of major diagenetic alteration of the benthic foraminiferal
tests. We observe that the Mg-content of the precipitate due to the cumulatively added amount of

secondary minerals increases with stronger diagenetic alteration (Figure 5).

4.3 Stable isotope composition of foraminifera

Our results reveal that pristine (glassy) tests of C. neoteretis exhibit 3*3C values ranging from -0.6 to -
3.3 %o (Table 1). In contrast, foraminiferal tests with different diagenetic alteration stages occurring
in the same sample in the intervals between 160 to 190 cm and 220 to 280 cm have 8*3C values ranging
from -4.5 %o (230 cm) to -16.9 %o (180 cm, Figure 2, Table 1). In the shell bed (236 to 268 cm) where
tests show primarily major diagenetic alteration, §!3C values range from -7.7 %o (270 cm) to -10.6 %o
(240 cm, Figure 2, Table 1).

The oxygen isotope values are less variable ranging from 4.3 %o to 5.3 %0 and exhibit a slight tendency

of enrichment in 80 in the stratigraphic interval with diagenetic alteration (Figure 2, Table 1).

5 Discussion

5.1 MDAC precipitation on benthic foraminiferal tests

A 3'3C range between 0 and -1 %o is considered to represent normal marine conditions in C. neoteretis
tests from the northern Barents Sea (0 to -1 %o, Wollenburg et al., 2001) and a control site at the Hakon
Mosby Mud Volcano (-1.15 %o, Mackensen et al., 2006). In our 8'3C record, the majority of the 3'3C

values from C. neoteretis (Table 1) deviate from values expected in a normal marine environment. As

9
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previously observed, the foraminifera can incorporate *C-depleted methane-influenced DIC while
metabolically active (Hill et al., 2004; Panieri and Sen Gupta, 2008) but when the 8%3C values of
foraminifera tests are lower than -5.6 %o, like in our study, this appears unlikely. We argue that
methane seepage from the Vestnesa Ridge caused diagenetic alteration due to MDAC precipitation on
foraminifera tests, leading to strongly negative 83C values (as low as -16.9 %o).

The 8'3C values of the carbonate nodules found in the shell bed that formed during a seepage episode
support that they originate from AOM. Mg-rich carbonates having low &%C values are known to
dominate in cold-seep settings and exhibit distinctive chemical and lithologic characteristics (e.g. Aloisi
et al., 2000; Bayon et al., 2007; Greinert et al., 2001; Naehr et al., 2007). For example, the negative
8™3C values of the carbonate nodules studied here are consistent with other 6**C values measured in
3 000 years old authigenic carbonate crusts found offshore western Svalbard (Berndt et al., 2014),
MDAC from the Marmara Sea (Crémiere et al., 2013), the Black Sea (Mazzini et al., 2004), the Gulf of
Mexico (Formolo et al., 2004), Monterey Bay (Stakes et al., 1999), and the Cascadia margin (Bohrmann
et al., 1998; Greinert et al., 2001).

The visual appearance and mineralogical composition of MDAC nodules and the secondary mineral
precipitates on foraminifera are identical, suggesting the precipitation of MDAC crystals on the test. A
recent paper (Panieri et al., 2016b) found that foraminiferal calcite and authigenic Mg-calcite
overgrowths have identical crystal lattice fringes, meaning they are structurally identical, such that
foraminifera serve as preferred nucleation templates for authigenic Mg-calcite. Foraminifera in
sediment intervals between 160 and 280 cm have 3%3C values as low as -16.9 %o (Table 1). Strongly
negative 83C values in the range of -7 to -9 %o (Torres, 2003), beyond -12 %o (Hill et al., 2004), -17 to -
19.5 %o (Millo et al., 2005), -9.04 to -25.74 %o (Panieri et al., 2009), -15 to -30 %o (Panieri et al. 2016a),
and -29.8 to -35.7 %o (Martin et al., 2010) have also been interpreted to reflect diagenetic alteration
by precipitation of *C-depleted MDAC crystals on foraminifera tests. This is also consistent with two
earlier studies from the Vestnesa Ridge performed by Panieri et al. (2014) and Consolaro et al. (2015).
Comparing the 80 and 6%3C compositions of the carbonate nodules and the benthic foraminifera
(Figure 6) reveals a clustering of values into three groups with little overlap. The §*3C values distinguish
unaltered foraminifera tests (cluster A, §3C > -3.2 %o, 6'0 from 4.3 to 4.9 %o), diagenetically altered
foraminifera tests (cluster B, 8'3C from -4.5 to -16.9 %o, 680 from 4.8 to 5.2 %o), and MDAC nodules
(cluster C, 6*3C from -11.6 to -32.3 %o, 680 from 5.3 to 6.7 %o). The intermediate position of cluster B
suggests a shift of the pristine tests towards more negative 63C values that only MDAC precipitation
can explain.

However, one carbonate nodule, found at 280.5 cm, falls outside the observed isotopic range of

nodules, but shows close proximity to foraminiferal calcite. We interpret this nodule as consisting

10
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mainly of biogenic carbonate from microfossils or a bivalve shell fragment that was masked by MDAC

precipitate, and was therefore not identified as biogenic material.

5.2 Foraminiferal tests as a template for carbonate precipitation

In methane seeps, benthic foraminifera may experience passively secondary overgrowth by MDAC.
Donners et al. (2002) point out that the formation of biominerals and secondary carbonate growth is
controlled by a template offering surface properties such as a suitable molecular structure. Thus,
pristine biogenic test calcite walls may favour the precipitation of a secondary carbonate phase. On C.
neoteretis tests, the authigenic high-Mg calcite crystals precipitate on the interior and exterior walls
until they cover the entire test, initially avoiding the pore areas (Figure 7). Carbonate coating,
particularly in the pore area of interior walls, may play an important role in understanding the
formation of the carbonate overgrowths on benthic foraminifera. Initially, pores themselves and the
surrounding pore mounds remain unaffected by crystal growth (Figure 7, A-E) until the tests reach the
stage of major diagenetic alteration when authigenic carbonate is encrusting the walls and nearly
completely filling the chambers (Figure 7, F). Therefore, our observations show that foraminifera tests
act as nucleation templates for authigenic carbonate crystals, as previously suggested by Panieri et al.
(2016a) and finally proved by Panieri et al. (2016b). This assertion does not exclude MDAC formation
occurring also around other precipitation nuclei with a different chemical composition and surface
structure, but suggests the importance of calcitic microfossils as crystallization template. However, we

cannot fully exclude selective removal of secondary crystals during sonicating.

53 Quantification of MDAC overgrowth on benthic foraminifera
Stable carbon isotope measurements performed on diagenetically altered foraminifera comprise a

signal composed of two components: 1) the biogenic calcite of the pristine foraminifera, and 2) the
secondary MDAC precipitate. In order to determine the amount of MDAC on foraminifera, the two
components need to be evaluated separately.

Chemical cleaning procedures as suggested by Boyle and Rosenthal (1996) and developed onwards by
Pena et al. (2005) are one possibility to separate the components. The method aims at eliminating
contaminant phases and mineral coatings from the foraminifera, but it is difficult to control the exact
amount of authigenic carbonate being removed (Panieri et al., 2008; Consolaro et al., 2015).
Furthermore, the cleaning procedure cannot remove authigenic carbonate crystals that might be
intergrown with the pristine test material ( Panieri et al., 2016b), and it is possible that biogenic calcite
of the pristine foraminifera may also be attacked.

In order to estimate the relative contribution of MDAC in the bulk isotope signal of the foraminifera,

we apply a mass-balance approach. We assume that the bulk carbon isotope measurement of
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foraminifera is a result of mixing two end-member components; the pristine foraminifera tests and the
MDAC represented by carbonate nodules. This method allows estimating the relative amount of MDAC
overgrowth (weightmpac in %) on the pristine bulk foraminifera and is expressed by the following

equation:

WeightMDAC = (613Cbulk—f0ram - 813Cpristine—f0ram) / (613CMDAC - 813Cpristine—foram) x 100 (1)

where 83Chuikforam coOrresponds to the 8'3C measured from 15 to 28 individual C. neoteretis tests.
OB Cpristine-foram represents the assumed 6'3C of pristine foraminifera that is -1 %o (Wollenburg et al.
(2001). To account for possible incorporation of methane-influenced DIC in original test, we include a
second scenario with an initial test calcite composition of -2.8 %o.This value is the most negative value
measured in dead C. neoteretis tests at the Hdkon Mosby Mud Volcano (Mackensen et al., 2006). The
8" Cwmpac (-28.5 £ 2.2 %o) is an average of 11 nodule samples measured here.

The results of the isotope mass balance indicate a highly variable amount of authigenic contribution
to the foraminiferal carbon isotope signal (Figure 2B, Table 1). Maximum MDAC contribution to the
813C signal coincides with sediment intervals with high Ca-content due to the presence of MDAC
nodules or bivalve shells, and sediment intervals with diagenetically altered benthic foraminifera. In
the shell bed interval, the authigenic component in the 3*3C signal ranges from 19 to 35 wt %, and from
11 to 58 wt % in the interval between 160 and 190 cm, respectively. The highest contribution of MDAC
carbon in the bulk isotope signal (55-58 wt %) has been identified at 180 cm, coinciding with the most

negative 8"3C value was measured in foraminifera (-16.9 %o).

5.4 Late Pleistocene and Early Holocene methane seepage at the Vestnesa Ridge

5.4.1 Episodes and timing
Assessing the state of preservation of fossil benthic foraminifera through targeting their test

microstructure, mineralogical and stable isotope composition gives a valuable indication about the
exposure of the microfossils to methane seepage. In sediment core HH-13-203 from an active
pockmark with a gas flare observed on the crest of the Vestnesa Ridge, diagenetically altered benthic
foraminifera identify two methane seepage episodes (Figure 2, Table 1), separated by an interval
lacking signs of diagenesis (200 cm, well preserved C. neoteretis with a §'C of -3.25 %o).

In-situ occurring chemosynthetic Vesicomyidae bivalves document a first seepage episode persisting
for about 1 000 years between 17 700 and 16 680 cal years BP (Ambrose et al. 2015), concurrent with
HE 1 (Bond et al. 1993). MDAC-cemented bivalves dated to 17 789 + 182 cal years BP have also been

described from a nearby core location by Sztybor and Rasmussen (2016) most likely belonging to the
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same faunal community and seepage episode based on the corresponding sediment stratigraphy,
species composition, and age. Vesicomyidae are known to colonize hydrothermal vents and
hydrocarbon seeps with intermediate methane flux where they live partially burrowed at the sediment
surface and rely on sulphide-reducing endosymbiotic bacteria for nutrition (Krylova and Sahling, 2010;
Taylor and Glover, 2010; Sahling et al., 2002). The shell bed evolved at the Vestnesa Ridge during a
seepage episode most likely associated with tectonic activity and subsequent release of methane-rich
fluids (Ambrose et al. 2015; Plaza-Faverola et al., 2015). Findings of diagenetically altered C. neoteretis
tests and MDAC nodules in the sediment interval between 220 and 280 cm are clearly exceeding the
stratigraphic range of the shell bed and the occurrence of MDAC nodules (Figure 2). The seepage
episode preserved in diagenetically altered foraminifera and MDAC nodules suggests the termination
of the seepage episode was later than previously documented by solely presence of the shell bed.
Compared to similar records in north-west Svalbard (Consolaro et al., 2015; Panieri et al., 2014), our
dataset may document the longest methane seepage episode on the Vestnesa Ridge during the Late
Pleistocene and Early Holocene exceeding 1 000 years.

A second seepage episode (160.5 to 190.5 cm) is recorded in sediments younger than 14 780 cal years
BP (Jessen et al., 2010), coeval with the onset of the Bglling-Allergd period (Deschamps et al., 2012;
Lucchi et al., 2015). This finding corresponds to seepage episodes identified by Consolaro et al. (2015;
CIE 1), Panieri et al. (2014; MEE 4), and Sztybor and Rasmussen (2016) in the nearby area, and may
suggest a regional event. Consolaro et al. (2015) discuss increased seismicity in response to rapid
melting of the Svalbard-Barents Ice sheet during the Bglling Interstadial, while Sztybor and Rasmussen
(2016) suggest an increase in bottom water temperature during HE 1 may have led to enhanced

methane flux at the beginning of the Bglling-Allergd Interstadial.

5.4.2 Seepage intensity
The presence or absence of benthic chemosynthetic macrofauna, cm-sized MDAC nodules and

diagenetically altered benthic foraminifera may suggest variable seepage intensity. Methane seeps
hosting benthic macrofaunal assemblages show variations in biomass and species composition
according to fluid flow regime and faunal community age (Bowden et al., 2013; Levin et al., 2016). In
particular, fluid flow intensity can be highly variable from diffusive to advective transports at rates of
a few millimetres to several hundreds of cm per year (Torres et al., 2002), likely determining supply of
reduced sulphur and carbon to benthic chemosynthetic organisms. Initial stages of methane seepage
are characterized by intense fluid flux supporting the establishment of microbial communities,
subsequently allowing larger chemosynthetic organisms with a substantial biomass to colonize the
seep site (Levin et al., 2016). Shell beds are interpreted as characteristic for intermediate to intense

fluid flux with high chemical supply over time scales of decades to centuries (Callender and Powell,
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2000; Kiel, 2010; Bowden et al., 2013; Levin et al., 2016). Thus, the shell bed present in core HH-13-
203 indicates that the organisms were supported by strong fluid flux from the Vestnesa Ridge over
approximately 1 000 years (Ambrose et al. 2015), causing major diagenetic alteration on foraminifera
tests.

In contrast, less intense fluid flow being insufficient to support macrofaunal assemblages could still
have enabled foraminifera to record an emission episode through the uptake of **C-depleted nutrition
sources, and/or the precipitation of MDAC. We consider the seepage-triggered formation of MDAC
nodules and diagenetic alteration of foraminifera to occur in shallow sub-surface sediments (cm to dm
scale) shortly post-dating the sediment deposition. Thus, MDAC nodules and diagenetically altered
foraminifera may document a decline in seepage intensity causing the shell bed organisms to vanish.
Although no MDAC nodules or chemosynthetic macrofauna occur in the second seepage episode, we
attribute the peak values in Ca/Al content and the record’s most negative 3'3C value in C. neoteretis (-
16.9 %o at 180.5 cm) may represent a seepage episode with a short-lived but high-intensity seepage

pulse, creating this negative 83C value.

6 Conclusions
Our results reveal that:

- The mineralogical and stable isotope composition identifies MDAC crystals that precipitated
on exterior and interior test walls of the benthic foraminifera species C. neoteretis cause the
main diagenetic alteration. Based on our observations of the test wall microstructure and
mineralogical composition of C. neoteretis tests, we propose a classification of the benthic
foraminiferal taphonomy that characterizes the exposure of foraminifera to variable methane
seepage intensity.

- The large authigenic component in the foraminifera 5'3C signal strongly suggests that MDAC
precipitates rather than pristine foraminifera act as geochemical proxy of paleo-methane
seepage. The relative contribution of MDAC in the bulk isotopic signal can be as high as 58 wt
%. In contrast, the incorporation of isotopically negative carbon from ambient water and
nutrition sources during primary biomineralization may have had a minor impact on the §'3C
signature.

- Diagenetic alteration of benthic foraminifera is capable of refining methane seepage
reconstructions. In this study, diagenetically altered benthic foraminifera suggest seepage was
longer than previously constrained by bivalves in sediment gravity core HH-13-203 and

exceeded HE 1. We identified a second less intense seepage episode during the onset of the
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Balling-Allergd period. This is consistent with other studies along the Vestnesa Ridge,

suggesting a regional event.

In methane seeps where the precipitation of MDAC is common, testing the status of preservation and
diagenetic alteration of fossils prior to geochemical analyses is of crucial significance. Visual analyses
of whole tests are insufficient since interior structures and finely sculptured features on a micrometre
scale may be overlooked. However, studying the microstructure and geochemical composition of
diagenetically altered foraminifera allowed refining a geochemical tracer for identifying past methane
seepage episodes in sedimentary records where carbonate concretions or chemosynthesis based

bivalve communities might be rare or absent.
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Figure captions

Figure 1

Map of study area. (A) Bathymetric map of the west Svalbard margin and east Fram Strait. The red box
indicates the location of the investigated area at Vestnesa Ridge. MFZ - Molloy Fracture Zone. MD -
Molloy Deep. MR - Molloy Ridge. SFZ - Spitsbergen Fracture Zone. (B) Swath bathymetry map of
Vestnesa Ridge with the location of the studied core HH-13-203 (black circle). For areas shaded in grey,
high-resolution swath bathymetric data are not available. Figure modified from Hustoft et al. (2009).

Figure 2

(A) Lithological description and geochemical records of benthic foraminifera and carbonate nodules in
gravity core HH-13-203. Regional chronological framework from the western Svalbard continental
margin published by Jessen et al. (2010) using ages calibrated according to Fairbanks et al. (2005). Ages
adopted from Ambrose et al. (2015) were calibrated using the Calib 7.1 program (Stuiver et al., 2014)
and the marine calibration curve Marine 13 (Reimer et al.,, 2013). Present-day Sulphate-Methane
Transition Zone (SMTZ) after Hong et al. (2016). Normal range of §23C in benthic foraminifera from 0
to -1 %o after Wollenburg et al. (2001). Note varying scales and breaks in the horizontal axes for §'3C
and 80. (B) Paleo-environmental interpretation. CBC - Chemosynthetic bivalve community. EH - Early
Holocene. HE 1 - Heinrich Event 1. LGM - Last Glacial Maximum.

Figure 3

Backscattered SEM photomicrographs of exposed surfaces after crushing the carbonate nodules in HH-
13-203, 220 to 250 cm. (A) Microcrystalline high-Mg calcite with disseminated pyrite (white dots). (B)
Cavities between high-Mg calcite create porosity in the carbonate nodules. (C; D) Detrital silica grain
embedded in microcrystalline high-Mg calcite. Scale bars are 20 um.

Figure 4

Pristine C. neoteretis tests and tests exhibiting minor, moderate and major diagenetic alteration (DA).
(A) View using a light microscope, (B) Backscatter-SEM image exterior wall, (C) Backscatter-SEM image
interior wall, (D) correspondent EDS image. The colour-change from green in pristine tests towards a
yellow-orange hue in diagenetically altered tests reflects a change in Mg-content from low (green) to
high (yellow-orange). Detail of the image shown in (D) as Backscatter-SEM image (E) and EDS map (F).
We rotated images E and F for moderate and major diagenetic alteration by 90° anticlockwise. Scale
in Ato D is 100 um, scale bars in E and F are 20 um.

Figure 5

Guide to test microstructural characteristics of C. neoteretis and classification of diagenetic alteration
(DA). Whole tests are imaged for exterior wall view, polished sections for interior wall view and high-
Mg calcite maps. Pristine “glassy” foraminifera tests were found in stratigraphic intervals that were
deposited in a normal marine environment lacking the influence of methane-charged pore fluids. In
contrast, less well preserved “frosty” foraminifera experienced diagenetic alteration due to the
precipitation of methane-derived authigenic carbonate after burial. LM — light microscopy, SEM —
backscatter scanning electron microscopy, EDS - energy dispersive X-ray spectrometry.

Figure 6

Cross-plot of §13C and 680 values obtained from unaltered tests of the benthic foraminifera species C.
neoteretis (C. n.) (cluster A), diagenetically altered foraminifera tests inside and outside the shell bed
(cluster B), and carbonate nodules (cluster C). Normal range of 8'3C in benthic foraminifera from 0 to
-1 %o according to Wollenburg et al. (2001).
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Figure 7

Backscatter-SEM images showing interior wall microstructure and aspect of pores in different stages
of diagenetic alteration (DA) in C. neoteretis. (A) Optically smooth pristine test with unplugged pores.
(B) Interior wall with rare high-Mg calcite crystals. (C) Dense high-Mg calcite crystals on interior wall
while pores remain unplugged. (D) Pores still unplugged, but immediate vicinity is overgrown with
high-Mg calcite crystals. (E) Detail of (D) with authigenic carbonate crystals and pores. (F) High-Mg
calcite crystals forming a thick coating inside a chamber, pores are invisible. Scale bars are 10 um.

Table captions

Table 1
Carbon and oxygen stable isotopic composition of benthic foraminifera calcite tests and carbonate
nodules recovered from gravity core HH-13-203. Sections shaded in light grey correspond to identified
methane seepage episodes during HE1 with diagenetic alteration of foraminifera (Fig. 2), sections
shaded in dark grey correspond to the stratigraphic extent of the shell bed according to Ambrose et al.
(2015).
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A) Geochemical records from HH-13-203
X-ray Lithology Age

B) Paleo-environmental interpretation
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Table 1

Depth Authigenic
beneath Cassidulina neoteretis Carbonate nodules contribution
surface 8¢ 50 63C 80

(cm) (%o VPDB) (%o VPDB) (%o VPDB) (%o VPDB) (weight %)
0.5 -0.63 4.29 -
80.5 -1.74 4.94 -
90.5 -2.52 4.85 0-6
130.5 -3.19 4.93 2-8
140.5 -2.58 4.87 0-6
150.5 -2.10 4.85 0-4
160.5 -5.55 4.79 11-17
170.5 -5.82 4.92 12-18
180.5 -16.86 5.24 55-58
190.5 -10.22 5.08 29-34
200.5 -3.25 5.02 2-8
220.5 -9.14 5.05 -29.27 5.95 25-30
224.5 -28.65 6.18 -
228 -28.31 6.20 -
230.5 -4.52 5.02 7-13
239 -28.59 6.12 -
240.5 -10.57 5.07 -30.34 6.09 30-35
246 -32.30 6.74 -
246.5 -31.81 6.42 -
250.5 -9.74 5.27 -31.13 6.40 27-32
260.5 -8.13 5.24 -31.86 5.94 21-26
262.5 -29.29 5.86 -
270.5 -7.69 5.24 19-24
280.5 -9.95 5.29 -11.55 5.26 28-33
290.5 -1.94 5.10 -
299.5 -1.82 5.11 -
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