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ABSTRACT

During field mapping of Ellef Ringnes Island, Canadian Arctic Archipelago, 139 isolated Lower
Cretaceous methane seep deposits were found from 75 field sites. Stable isotopes of the
carbonates have values&fC= -47%o to -35%o and 580= -4.0%o to +0.7%o. Isoprenoids in
organics from one of the seeps are significantly deplet€g jrwith the most negative §*°C of =
-118%o and -113 %o for PMI and phytane/crocetane, respectively. These values indicate an
origin through methane oxidation, consistent with biomarkers that are characteristic for
anaerobic methanotrophic archaea within the seep deposits, accompanied by terminally-branched
fatty acids sourced by sulphate-reducing bacteria, showing sti@lamlues 92%o). The seep
deposits contain a moderate diversity macrofaunal assemblage containing ammonites, bivalves,
gastropods, scaphopods, ‘vestimentiferan’ worm tubes and brachiopods. The assemblage is
dominated numerically by species that probably had chemosymbionts. The seep deposits formed
in the subsurface with strong redox zones, in an otherwise normal marine setting, characterised
by oxic waters at high paleolatitudes.

While geographically widespread, over an area of ~10,060deep deposits on Ellef
Ringnes Island occur in a narrow stratigraphic horizon, suggesting a large release of biogenic
methane occurred over a brief period of time. This gas release was coincident with a transition
from a cdd to warm climate during the latest Early Albian, and we hypothetize that this may

relate to gas hydrate release.
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1.0 INTRODUCTION

Methane seepage intobodern marine environment was first recognized at the foot of the Florida

Escarpment (Paull et al., 1984). Since then, the seepage of methane-enriched fluids from the

seabed into the water column has been found socbenmon feature along continental margins,

forming in many casedistinctive seafloor feature such as pockmarks and mud volcanoes, and

ranging from isolated occurrences to high density fields on the sea flo

br (e.g. Judd and Hovland,

2007(Kulm et al., 198@Suess, 20147t seep sitesamajor proportion of the methane is

consumed in sub-surface sedimdntsulfate-dependent anaerobic oxidation of methane (AOM)

biogeochemical procegs (Hoehler et al., 1994), mediated by anaerobic methane oxidizing archaea

(ANMES) and sulfate-reducing bacteria (SRB) (Boetius et al., [00Dbichs et al., 199|9

Milucka et al., 201@Orphan et al., 2001). AOM produces an excess of

dissolved inorganic

carbon (DIC), promoting the rapid precipitation of authigenic carbonates deplét€dais a by-

product|(Paull et al., 198&itger et al., 1987). These carbonates have complex cement fabrics

(e.g| Aloisi et al., 20C11Haas et al., 201Naehr et al., ZOCIRitger et al., 1987), and a wide

variety of morphologies (e.g. nodules, tubular/tabular concretions, cemented breccias and

pavements) and sizes (e.g. Campbell, 2006). The seep carbonates are often exhumed onto the

seafloor by sediment erosion and can then act as hard substrates for attached epifaunal animals

(e.g. serpulid tubeworms). Active methane seeps support diverse and

high-biomass communities

of macrofauna, which are dominated by animals having symbiotic relationships with

chemotrophic bacteria (principally methanotrophs and thiotrophs). These taxa include bivalves

(e.g. solemyid, vesicomyid, lucinid and thyasirid clams, and bathymodiolin mussels) and

siboglinid (vestimentiferan) tubeworms (¢.g. Dubilier et al., ﬂﬂl@&)in, 2001|Pau|| etal.,

1984|Sibuet and Olu, 1998).
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One of the first identifications of methane seeps in the geological record was from Lower

Cretaceous strata in the Sverdrup Basin (Fig. 1) (Beauchamp et al., 1989). In that study, four

methane seep deposits were described, two each on Ellef Ringnes and Prince Patrick islands in

the remote Canadian High Arctic, and the first linkage with modern cold methane seeps was

made. Subsequent detailed petrographic studies of samples from these ¢leposits (Beauchamp and

Savard, 199@Savard et al., 1996) identified a suite of early phase carbonate cements (calcite

microspar, fibrous botryoidal and splayed calcite and anhedral yellow calcite) with very negative
513C isotope values derived from methane and, on Ellef Ringnes Island only, late phase
carbonate cements (saddle dolomite, bladed calcite and coarse anhedral calcite) with less
negative3*3C values formed during burial diagenesis. Savard et al. (1996) showed that original
aragonite is present in the early phase cements from the seep deposits from both islands; this

constituted the first recognition of aragonite precipitation at ancient methane seeps deposited

under ‘calcite sea’ conditions.|Beauchamp et al. (1989) and Beauchamp and Savard (1992)

recorded a biota of molluscs (abundant bivalves, smaller numbers of ammonites and gastropods),
worm tubes (larger diameter serpulids and smaller diameter possible serpulids), foraminifera,

fish teeth and wood fragments from all four seep deposits, and, in addition, terebratulid

brachiopods (later described as Modestella jelefzkyi (Sandy] 1990)) and coiled spirorbid tubes in

the southern deposit of Prince Patrick Island.

Since recognition of the Cretaceous Sverdrup Basin examples, many ancient fossil-rich
seep deposits have been recognised in the rock record throughout the world, from as old as the
Devonian, or even Silurian, with similar paragenetic cement phases and stable isotopic

compositions (see Campbell, 2006 and references therein). In addition, organic biomarkers for

AOM have been discovered in seep deposits back to the Carboni|ferous (Birgel et a]., 2008a).

4
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Like modern examples, ancient seep deposits have a wide variety of morphologies, but
lens shapes at various scales (metres to 10s metres in diameter and centimetres to metres high)
are common (Campbell, 2006). These are often exposed on the land ssirfidcessed mound-
shaped structures, due to the erosion of enclosing fine grained sediments. Ancient seep
carbonates can occur as isolated deposits, but are usually found with other examples in the same
sedimentary sequence, sometimes at high density. For example, in Late Cretaceous sediments of

the Western Interior Seaway, USA, up to*T8pee Buttes’ seep deposits crop out over 25 krh

areal(Cochran et al., 2015), 15 Late Jurassic to Early Cretaceous seep deposits crop out along 10

km of exposure in Spitsbergen (Hammer et al. 2011), and numerous Paleocene seep deposits are

exposed over 5 km in the Panoche Hills, Califofnia (Schwartz et al.| 2003).

The original studigof the Sverdrup Basin seep deposits (Beauchamp et al., 1989;

Beauchamp and Savard, 1992; Savard et al., 1996). were based on only a few hand samples

collected as part of a regional mapping expedition in the mids]1msichuk and Roy, 19¥5).

While this allowed recognition of methane seeps in the geologic record, the overall context of the
sites was poorly constrained. For three decades no additional fielcheebbleen conducted on

Ellef Ringnes Island given the remoteness, and the seep deposits there were thought to be
isolated occurrences. However, a series of expeditiptise Geological Survey of Canada

between 2009 and 2014d to the discovery of37 new methane seep deposits across the island,
aremarkable density that rivals any other occurrence of seepage in the geologic record
(Campbell, 2006). Here we give an integrated morphological, geochemical and paleontological
description of theenewly discovered seep deposits, analyse their geographic and stratigraphic
context, and constrain the style, duration and distribution of seafloor seepage in the Sverdrup
Basin in context of Lower Cretaceous climate change.

5



111

112 2.0GEOLOGIC SETTING

113 Ellef Ringnes Island is part of the Canadian High Arctic, Nunavut, Canada (Higcdmprises

114 Jurassic through Paleogene sediments of the Sverdrup Basin, a major Carboniferous to Paleocene

115 depocentrg (Embry and Beauchamp, 2008). The basin is a ~1000 km long, north-easterly

116 trending depression filled with up to 13 km of marine and non-marine sediments, as well as

117 Cretaceous (predominantly Aptian) basaltic flows and mafic dykes ang sills (Balkwill, 1978)

118 (Fig. 2. The Sverdrup Basin originated during Carboniferous-Early Permian rjfting (Balkwill,

119 [1978). Deepening and enlargement of the basin eslnlimarine transgression and the

120 deposition of over 400 m of evaporiteisthe Upper Carboniferous Otto Fiord Formation

121 (Nassichuk and Davies, 1113U10rsteinsson, 1974). Later lithostatic loading, related to the high

122 clastic sediment flux in the Triassic, initiated diapirism of Otto Fiord Formation evaporites in the

123 central part of the Sverdrup Bagin (Gould and DeMille, ﬂﬁ&ﬂcauley et al., 20Q0

124 |Thorsteinsson, 1974). Stratigraphic evidence shows that diapirs were still mobile during the

125 Cretaceous (Dewing et al., 2016), during the time when seep deposits described here were

126 formed.

127 Subsidence and sedimentation increased in the basin during renewed rifting and extension

128 in the Upper Jurassic to Lower Cretacegtmbry and Beauchamp, 27J08). Sediment supply

129 rates greatly increased and normal faults were active. Thick, coarse-grained fluvial sediments
130 (Isachsen Formation) and offshore muds and silts (Christopher Formation) were deposited from
131 the Hauterivian to the Late Albian. Marginal uplift in the mid-Aptian occurred in the northeast

132 Sverdrup Basin, where common volcanic units (sills and basalt flows) were emplaced between

133 130 and 90 Mg (Embry and Beauchamp, 2 imur et al., 2016).
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Methane seep deposits in this study are found within the Upper Aptian to Upper Albian
Christopher Formation that is composed of medium-grey to black silty mudstone and fine
siltstone, and is divided into the lower Invincible Point and upper MacDougall Point members.

The two members are separated by a resistant reddish-brown volcanogenic sandstone and

hyalotuff (marker bed in Fig. 3) (Embry, 1985), that was dated at 105.4 +/-0.22 Ma (Even\chick

et al., 201%). During Christopher Formation deposition, the Sverdrup Basin was located at ~72°

N, relatively close to its current latitude of ~789N (Wynne et al., L988),

The Sverdrup Basin rock units on Ellef Ringnes Island are characterized by a general

southward dip, which exposes Lower Jurassic rocks in the northwest regions of the island and

uppermost Cretaceous rocks in the south|east (Evenchick and Embry{2@d2ehick and

Embry, 2012[Stott, 1969). Large scale, northwest-trending open folds are present over most of

the island and deform Cretaceous and older sediments (Evenchick and EmerE%i:Ehick

and Embry, 2012|b) (Fig. 2). Salt diapirism caused localized deformation and tilting of overlying

sedimentg (Boutelier et al., 20 Il[lewing et al., 2016). Steep faults associated with salt diapirs

are radially positioned in relation to individual diapirs, displaying strikes 30° to 60° relative to

the diapir boundary (Evenchick and Embry, 20 l]E\aanchick and Embry, 201pb), and

offsetting Cretaceous strata. Diapirs expaasdtie surface on Ellef Ringnes Island include the

Contour, Dumbells, Hakkon, Helicopter, Hoodoo, Isachsen, and Malloch domes (Fig. 2).

3.0METHODS

3.1 Field Sampling
As part of the Geological Survey of Canada’s Geo-Mapping for Energy and Minerals (GEM)

Program, a geological mapping campaign to Ellef Ringnes Island was undertaken from 2009 to

7
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2011, which includedfocussed search for methane seep deposits in addition to those previously

discovered bly Beauchamp et al. (1989). The seep deposits were readily identified in the field as

they form resistive, positive relief mounds of carbonate, projecting from the otherwise mudstone-
dominated strata that forms a rolling landscape of Arctic tundra (Figs. 4a,b). The two seep sites
originally reported by Beauchamp et al. (1989) were visited and sampled as well. All seep sites
were located with a high-yield GPS receiver relative to NAD-83 (Fig. 2; Table 1). Some seep
sites constituted a single carbonate body, while others had several (up to 8) individual deposits,
and are listed in Table 1 as a single site. We defined an individual carbonate mound with defined
edges as a ‘seep deposit’ and a ‘seep site’ as a location with one or more seep deposits in close
proximity (< 5 m). The size of the seep deposits was measured as length and width parallel to
bedding and height perpendicular to bedding. Multiple hand samples ranging in size from a few
cm up to 30 cm in diameter were collected from different areas of 80 seep deposits. Macrofossils
were collected from 35 deposits, with numbers ranging from three to 80 specimens from each

site (Table L

3.2 Petrography

A subset of hand samples collected in the field were preparéd fan thick uncovered and
unpolished thin sections. Observation ofséhnin sections was conducted with a Nikon Eclipse
E600W Polarizing Microscope at the Geological Survey of Canada in Calgary, to identify

sediment type and carbonate cements.
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3.3 Geochemistry

One hundred and eleven samples from the Ellef Ringnes seep deposits were anady@d for
and&*®0values of distinct carbonate phases (micrite, yellow calcite, boytroidal calcite, and

blocky calcite)carbonate infilling articulated fossils (‘fossil fill”), calcified wood, and carbonate
cemented sandstones underlying the seep deposits (Table 2). Powdered samples were obtained
by drilling cut rock faces, and then analysed at the Isotope Science Laboratory at the University
of Calgary (ISL-UofC). Approximately 2 mg of powdered material was reacted with anhydrous
phosphoric acid in a Y tube reaction vessel at 25 °C. The evGi2eavas cryogenically

distilled from the reaction vessel into a 6 mm Pyrex tube and flame seale@OF lgas was

then inlet to the ion source of a VG 903, stable isotope ratio mass spectrometer and analyzed for
13CA2C and*®0/%0 ratios. Selected internal standardSC values of -40.31 and.51 %o)

were run at the beginning and end of the sample set and were used to normalize the data as well
as to correct for any instrument drift. The results are expressed as conventialgs relative

to the Vienna Peedee Belemnite standard (V-PDB). The precision and accuracy of the analysis
was 0.2o for both3*3Cvepe and'80vpos.

Carbon isotopes of organic matter were measured in four seep deposit samples from site
10KRWO0O01 To characterise background host shale chemistry, an additt@samples of
Christopher Formation mudstone were collected at approximately every 10 m in section
11KRWO0045, from 25 m above the zone of seep deposits (which is 34 m thick; see section 4.1)
to the base of the formation, 400 m below the seep zone (Table 3). The mudstone and seep
carbonate samples were washed with hydrochloric acid, and rinsed with hot distilled water to
remove any carbonate before determinatiod# of organic carbon using the same methods as

above.



201 Molybdenum (Mo) concentrations in mudstones are frequently used as an indicator of
202 paleo-redox conditions. Under anoxic/euxinic conditions molybdate ions are converted to

203 oxythiomolybdate ions, which react with, and are sequestered by sulphide minerals or organic

204  matter, becoming enriched in sediments (Emerson and Huesteq Vb@klin et al., 2009),

205 relative to values for marine carbonates of 0.4 ppm and Post Archean Average Shale (PAAS)

206 concentration of 1.0 ppm (Taylor and McLennan, 1g85ekian and Wedepohl, 19|61). We

207 made elemental determinations for Mo concentration on the Christopher Formation shale

208 samples detailed above (Table 3) and 62 seep carbonate samples (Table 2). All samples for Mo
209 determination were powdered in an agate mortar and pestle, digested in a 2:2:1:1 acid solution of
210 H20O-HF-HCIO4-HNO3, and subsequently analyzed using a PerkinElmer Elan 9000 mass

211 spectrometer, with + 2% analytical error.

212

213 3.4 Biomarkersfor AOM

214  Four carbonate samples franseep deposdt Hoodoo Dome (field station 10KRWOOL1 in Table

215 1) were prepared and decalcified after methods descriped in Birgel et al. (2006a). After a

216 saponification procedure with 6% KOH in methanol, the samples were extracted with a
217 microwave extraction system (CEM Discovery) at 80 °C and 250 W with a dichloromethane-
218 methanol (3:1) mixture. The total extracts were pre-cleaned by a separation into an n-hexane

219 soluble and dichloromethane-soluble fraction. The n-hexane fraction was further separated by

220 column chromatography into four fractions of increasing polelirity (Birgel et al., 2008b). Only the

221 hydrocarbon and the carboxylic acid fractions were found to contain compounds to constrain
222 carbonate precipitation. Other than the hydrocarbon and carboxylic acid fractions, the alcohol
223 fraction, was affected by thermal maturation and biodegradation and did not contain genuine

10
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lipid biomarker signatures. This peculiarity is observed also in other ancient methane seep

carbonates experiencing low to intermediate maturity|(e.g. Birgel et al., [PBiOgdl et al.,

20062“ Little et al., 201YNatalicchio et al., 20145 he carboxylic acids were found to contain

two octadecenoic acids, which are rather unlikely to be preserved, especially when looking at the
low to intermediate mature hydrocarbons (see also section 4.5). Both the hydrocarbons and the
carboxylic acids were analyzed by coupled gas chromatograpsg spectrometry (GC-MS)

with an Agilent 7890 A GC system, coupled to an Agilent 5975 C inert MSD mass spectrometer
at the Department for Geodynamics and Sedimentology, University of Vienna. The carrier gas
was helium. The GC temperature program used was as follows: 60 °C (1 min); from 60 °C to
150 °C at 10 °C/min; from 150 °C to 320 °C at 4 °C/min, 25 min isothermal. This temperature
program was used for both fractions. Identification of individual compounds was based on
retention times and published mass spectral data in comparison with other samples. Compound-
specific carbon isotope analysis of molecular fossils was performed with a Thermo Fisher Trace
GC Ultra connected 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. Conditions chosen for the gas chromatograph were identical to those described above.
Carbon isotopes are givenasalues in per mil relative to the Vienna Peedee belemnite (V-

PDB) standard. Each measurement was calibrated using several pulsesnofhd@own

isotopic composition at the beginning and end of the run. Instrument precision was checked with
a mixture of n-alkanes (@to Gsg) of known isotopic composition. Analytical standard deviation

was below 0.7%eo.
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40RESULTS
4.1 Seep deposit distribution

One hundred and thirty-seven new seep deposits were discovered during the 2009 to 2011 field

campaign. The addition of the two previously reported sites by Beauchamp et al} (1989) makes

an extensive occurrence of 139 seep deposits on Ellef Ringnes Island. These occurredsin 75 site
exclusively within the Christopher Formation. The majority were exposed along the periphery of
the salt diapirs: around Hoodoo Dome (104), Dumbells Dome (17), Helicopter Dome (6),

Haakon Dome (2), and Isachsen Dome (2). No seep deposits were found associated with Contour
or Malloch domes (Fig. 2). Eight seep deposits were not spatially associated with an exposed salt
diapir. Of these, seven were found near the centre of the island, 11.5 km or more away from the
edge of the closest diapir (Fig. 2). These seep deposits were not associated with any mapped
faults or fractures. One additional seep deposit was found 7.5 km southwest of Hakkon Dome,
where the Christopher Formation is truncated by three large normal faults. All the seep deposits

were located within the upper portion of the Invincible Point Member, below the regional

volcanogenic marker unit dated at 105.4 +/-0.22[Ma (Evenchick et al, 2015) (Fig. 3). At any one

site, seep deposits occur at the same defined stratigraphic level. Exposure made it difficult to
trace this level between sites, but where it was possible seep mounds all appeared on the same
stratigraphic horizon indicated by a siltstone bed. The stratigraphic position of the seep sites,
measured relative to the regional marker unit, varied from a maximum of 42 m at Helicopter
Dome to a minimum of 8 m at Dumbells Dome, a 34 m stratigraphic range. Geopetal fabrics, and
bedding of a few larger deposits, have the same dip as the bedding of Christopher Formation

strata that hosts them.

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

4.2 Seep deposit mor phology

Based on their appearance in outcrop, we classified the seep deposits on Ellef Ringnes Island
into three morphological categories: 1) carbonate mounds, 2) carbonate beds, and 3) carbonate
crusts. These categories do not necessarily reflect the original morphology of the carbonates
during formation. The carbonate mounds (Fig. 4b) were the most common observed morphology
(125 individual mounds). However, this may haverbgartly a function of the ease of their
observation from aerial helicopter survey. The carbonate mounds ranged in size from 0.2 to 6.7
m in width, 0.3 to 39.0 m in length, and 0.2 to 3.1 m in height (Table 1). The mounds were
always greater in length than height, having an average length:height ratio of 4:1. They
comprised large cohesive blocks of carbonate rocks up to’~tb mounds completely
composed of carbonate rubble.

The five carbonate beds were distinguished from the mounds based on their broad lateral
extent and limited relief. They ranged in size from 0.1 to 4.2 m in width, 12.4 to 62.0 m in
length, and 0.1 to 0.3 m in height (Table 1), with a length:height ratio greater than 15:1 (Fig. 4C).
The carbonate beds were composed of carbonate rubble, rarely containing pieces of carbonate
rocks larger than 10 chiThree of the beds contaidhighly cemented calcareous siltstone,
giving these beds slightly more relief than those without any siliciclastic content.

The three carbonate crusts had no relief, being composed of a thin layer (<0.2 m) of
carbonate rubble. They ranged in drzem 0.5 to 1.7 m in width, and 0.6 to 2.2 m in length

(Table 1).

13
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4.3 Carbonate cements

All the morphological variants of the seep deposits coattamumber of distinct carbonate

cement phases (Fig. 4D), including 1) dark grey to grey-brown micrite, 2) banded calcite, 3)
botryoidal calcite, 4) yellow calcite, and 5) blocky calcite. The micrite éaraircular to

elongated band-shaped areas that range from millimeters to 10s of cms in thickness. In thin
section, the micrite was beige to dark brown and coadajrains including peloids, opaque
minerals, wood debris, and mollusc shells; it was also burrowed and fractured (Fig. 4E). Micrite
and associated peloids shenhdissolution along corrosion surfaces.

The banded calcite was composed of beige (botryoidal calcite) and brown (yellow calcite)
layers that alternated in bands from 1 to 6 cm in thickness. The botryoidal calcite was composed
of well-developed, radiating, fibrous clusters of prismatic crystals separated into growth bands
indicated by opaque, submillimeter cement horizons (Fig. 4F,G). Petrographically, the botryoidal
calcite comprised clean and dirty phases. Clean botryoidal calcite was composed of clear
sweeping bands of prismatic calcite devoid of any inclusions or organic material. Individual
calcite crystals could only be distinguished in cross-polarised light and reached over 1mm in
length but were usually shorter than crystals of the other two botryoidal phases. Dirty botryoidal
calcite was similar to clean calcite except that it contained microcrystalline grey to brown
‘debris’ within the calcite. The dark material was dispersed throughout the whole botrgoot
concentrated in horizons 70 to 200 um apart. The submillimeter horizons were either very
smooth or haavavy ‘V’ shaped tips. Both the clean and dirty botryoidal calcite contained clear,
square-tipped needles that were over 2.3 mm in lemgth3.5 to 14 um in width, observed

both petrographically and with SEM. Previous work has interpreted these as remnant acicular

14
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aragonite needlgs (Savard et al., 1996). Corrosion surfaces within the botryoidal calcite layers

weretypically associated with 10 to 50 pm dark bands of impurities.

The yellow calcite had a clotted, euhedral texture and did not display distinct crystal
boundaries. In thin section, yellow calcite was yellow to orange in colour and anhedral to clotted
in appearance. Individual layers of yellow calcite rangeatickness from 150 pm to over 3 mm
and alternated with botryoidal calcite. The yellow calcite contained many opaque fragments,
between 10 to 500 um in diameter. The amount of opaque debris within the yellow calcite was
variable among seep deposits, with some areas of yellow calcite containing no visible opaque
material. Corrosion surfaces were common at the basal contact between the yellow calcite and
the underlying cements it overgrew.

The blocky calcite was yellow to white and had a sparry texture with excellent crystal
development, and filled voids up to 8 cm (Fig. 4H). Petrographically, the blocky calcite crystals
rangedin size from < 30 um to over 2 mm, with crystal boundaries that were typically sharp and
linear, but at times had a slight curve. The blocky calcite always nucleated from what was once
free surface, with crystals that grew progressively larger as the void space filled in towards the
center. The blocky calcite did not contain organic matter or opaque grains, and was homogenous
in appearance. Microfractures as well as large void spaces, including centers of worm tubes,
were filled with blocky calcite that typically, but not always completelyedithe once-open

void.

4.4 Carbon and oxygen isotopes
Carbon and oxygen stable isotope data from the seep deposits fell into two distinct clusters (Fig.
5). Group 1 represented fossil fill, calcified wood, carbonate cement in calcareous sandstones,

15



335 and all of the cement phases (with the exception of the blocky calcite) and was characterised by
336 very negatived*C values (613C=-52.6%o to -32.3%0) and $'80 values around zeréfO=-7.1%o

337 to +1.3%o) (Fig. 5).

338 The blocky calcite cement formed a second sample cluster (Group 2) characterised by less
339 negatives**Cvalues §*3C = -24.8%o to -7.5%0) and more negativé'®O values §80=-21.3%o to

340 -11.0%0) compared to Group 1. This included blocky cement that occurs as fill of a worm tube,
341 sample C-540385-1 in Tableaidd indicated as ‘fossil fill” within the Group 2 cluster on Figure

342 5.

343 Thed'3Corgvalues of organic matter from the four carbonate deposit samples from site

344 10KRWOO1 had values of -47.9, -41.1, -38.1, and “Bd.lh comparison, those of the

345 Christopher Formation mudstone samples ranged from -25.9 t60B#Corg (Table 3; Fig. 6).

346 There was neertical trend in 83Corgvalues going up section towards the zone of seep deposits.
347

348 45Lipid biomarkers

349 Biomarker analysis shasdthat the predominant compounds in the hydrocarbon fraction were
350 isoprenoidal hydrocarbons indicative of AOM, including h&atkil linked phytane, taite-tail

351 linked crocetane and 2, 6, 10, 15, 19-pentamethylicosane (PMI), and three-head-linked

352 biphytanes comprising no, one, or two cyclopentane rings (Fig. 7A). Further, minor amounts of
353 pseudohomologue series of haadail linked isoprenoids with 18 to 24 carbons were found.

354 Apart from the predominant isoprenoids, only minor n-alkanes with 16 to 23 carbon atoms and

355 terminally-branched alkanes with 16 to 19 carbon atoms were found in the hydrocarbons,

356 possibly derived from biodegraded organic matter ol' oil (e.g. Peters and Moldowain, 1993), and

357 entombed within the carbonate matrix. However, when comparing the high amounts of
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358 isoprenoids with the only minor biodegraded lipid biomarkers, oil migration and the presence of
359 oil-derived lipid biomarkers was of minor importance for the studied samples.

360 All isoprenoids were significant§?C depleted, with the lowest>C value of = -11860

361 and -113%o for PMI and phytane/crocetane, respectively. Somewhat less 13C depleted values

362 were found for biphytanes (-108), and pristine (the lea$tC depleted compound). Most n-

363 alkane and branched alkane contents were too low to determine compound-specific isotopes, but

364 n-Cxswas found, as well with a vetyw §13C value of -1026o, as reported in other methane

365 seep deposits (e|lg. Chevalier et al., 2[P&kmann et al., 20{)%hiel et al., 200[L). The fatty

366 acids results (Fig. 7B) need to be used carefully, since pristine signatures were amalgamated with
367 secondary signatures, which most likely were introduced after the carbonate precipitation and the
368 entombment of the original signature of the microbial seep community. The most reliable

369 biomarkers of SRB, partners in AOM, are terminally-branched iso- and anteiso-C15 fatty acids,
370 which are prominent and also displayed the characteristic isotopic fingerprint of SRB of modern
371 sites, withd*3C values of -92%o, and -87 %o, respectively. Interestingly, the short-chain fatty

372 acids n-Gs and n-Gs still seem to represent original signals as well, since they were only

373 slightly less'®C depleted than the branched fatty acids. This finding is rather unusual for

374 Mesozoic samples, where most often only the terminally-branched fatty acids carried the AOM

375 signature| (e.g. Birgel et al., 20Q6b). In contrast, the two prominent octadecenoic acids probably

376 represent contaminants, since the pattern preserved in this sample is not like any patterns

377 recorded in modern seep sites (Elvert et al., 2003)

378
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4.6 Paleontology

Of the 137 Ellef Ringnes Island seep deposits mapped in this study, 62 had macrofossils, 75 did
not contain visible macrofossils, and two were not recorded for fossil content (Table 1). The
carbonate mound morphologies typically had the highest density of macrofossils, but mounds
with abundant calcareous siltstone contained few or no macrofossils. Four of the carbonate beds
and two of the crusts contained macrofossils (Table 1). Fossil abundances were related to the
amount of siliciclastics and size of each deposit, with high siliciclastic content and small deposits
containing fewer fossils (Table 1).

The invertebrate macrofossil assemblage comprised molluscs, brachiopods and worm
tubes belonging to at least 20 species (Table 4; Fig. 8). Only the nuculid bivalves and wood were
previously identified from the two original Ellef Ringnes seep deposits (Beauchamp et al. 1989).
The molluscs and brachiopods were preserved in the micrite cements, typically with their
original shell material still present, such as nacre of nuculid bivalve and ammonite fossils. There
was little evidence for transportation of shells on the seafloor, as few shells were fragmented and
most of the bivalves and brachiopods wer atticulated. The mollusc fauna was dominated by
bivalves (n = 396; belonging to eight species; Fig. 8A-1), with smaller numbers of gastropods (n
= 62 at least four species; Fig. 8K), ammonites (n = 32; at least four species; Fig. 8J) and
scaphopods (n = 14). Brachiopods were rare, with only four specimens being found. The bivalve
fauna included taxa with a variety of inferred paleoecologies (Table 4), the majority of which
potentially had chemoautotrophic bacterial symbionts (n = 353; four species), together with
small numbers of infaunal deposit feed@rs: 27; three species) and epifaunal filter feeders (n =

16; one species).
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401 The ammonite fossils were frequently incomplete and were found only within large

402 mounds that contained very little siliciclastic material. Well preserved specimens were identified
403 as Arcthoplites (common), including A.(?) cf. belli (McLearn), as well as rarer Cleoniceras aff.
404 canadense Jeletzky, Beudanticeras(?), Puzosia aff. sigmoidalis Donovan (Fig. 8J) and

405 Freboldiceras aff. irenense (McLearn). Taken together, these indicate the Beudanticeras affine

406 regional ammonite zone (Jeletzky, 1964), and the Douvilleiceras mammillatum international

407 standard zone (Jeletzky, 1968), which is latest Early Albian in age, from 113 toaJ1((D79g|

408 |and Hinnove, 201)2).

409 Worm tube fossils were abundant (>500 specimens) in the Ellef Ringnes seep deposits
410 (Fig. 8L). Some of the tubes were enclosed by micrite, others by botryoidal calcite and yellow
411 calcite cements. The tubes had a variety of infillings, including micrite with peloids (sometimes
412 geopetal), botryoidal yellow calcite (Fig. 8M), and, less commonly, blocky calcite cement. The
413 worm tubes were preserved in various orientations an@ddadluster in groups that were

414  aligned parallel or sub-parallel to one another, oriented from sub-horizontal to vertical within a
415 given deposit (Fig. 8L). The tubes readhup to 12 cm in length and ~0.5 cm in diameter. The
416 tube walls were formed of concentrically laminated layers of calcite that rénged0 um to

417 330 um thick (Fig. 8M). These are the same fossils that previously had been described as large
418 serpulid tubes and smaller possible serpulid tubes in Beauchamp et al.HigO29 and

419 Beauchamp and Savard (1992; FHy.However, they lack the chevron tube wall microstructure
420 typical of this group of polychaetes, and instead appear identical to tubular fossils from other

421 Cenozoic and Mesozoic seep deposits that have been identified as calcified probable

422 vestimentiferan worm tubes (¢.g. Haas et al., §Bdl@rio et al., 2011).
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Many of the Ellef Ringnes seep deposits contained fossilized wood, ranging from
microscopic particles to pieces over 30 cm in length (Fig. 8N). The wood pores were cemented
with calcite that preserved much of the original wood structure, including growth rings and
knots. Some pieces of wood had fractures filled with late blocky calcite, but the majority of the
wood was filled with early marine calcite wishC values consistent with that of the seep
carbonates (Fig. 5). The size and abundance of wood debris correlated with the size of the seep
deposit, with small deposits containing microscopic or small fragments or wood and large
deposits hosting large, isolated and very well preserved pieces of wood. Wood is also present in

the enclosing Christopher Formation mudstone.

4.7 Paleo-redox geochemistry
The Christopher Formation mudstone contained between 0.22 to 2.29 ppm of Mo (Table 3), with
the exception of one high value of 9.9 ppm immediately above the zone of seep deposits. Most

samples had Mo concentrations (average of 0.98) that are below the PAAS concentration of 1.0

ppm ((Turekian and Wedepohl, 1961) (Fiy. Bhe Ellef Ringnes Island seep carbonates had

values between 0.05 and 10.95 ppm (Table 2; Fig. 6).

S5.0INTERPRETATIONS AND DISCUSSION

5.1 Ellef RingnesIsland carbonates as seep deposits

The morphological variation, petrography, stable isotope values and biomarker contents of the
carbonate deposits found on Ellef Ringnes Island are typical of both modern and other fossil seep
carbonates, confirming that they were formed by the seepage of mettwtie iSverdrup Basin

in the Lower Cretaceou®Ve show that rather than being isolated occurrences, the original two
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seep mounds described| by Beauchamp et al. (L989) are part of a previously unrecognised

widespread occurrence of seep deposits on the island.

The very negativé'*Cyppg values of the Group 1 carbonatédC=-52.6%o to -32.3%o.) are

characteristic of carbonates that obtained carbon &A@l (Whiticar, 199T)The associated

5180vrps Values betweerB%o to 1%o, suggest carbonate precipitation near ambient seawater

temperatur¢O’Neil et al., 1969). As such the Group 1 carbonates are interpreted to represent

early diagenetic phases precipitated in the subsurface close to the seafloor via methane oxidation.
In contrast to Group 1, the Group 2 cements are exclusively blocky calcite and are the latest

phase of cements within the deposits. The rangé*6fvalues are less negative than Group 1,

but still significantly more depleted #iC-depleted than normal marine carbonates (Fig. 5),

suggesting they formed from either an alternative carbon source, or different degree of mixing

between methane and seawater alkalinity. #f@vros values of group 2 cements are much

more!®0-depleted than the early diagenetic material, suggesting precipitation under warmer

temperature$ (O'Neil et al., 1969)king the relationship that ~0.2%o in §*%0 equates to a shift of

1 °C from the ambient seawater temperajure (Faure,|1987), the late burial cements of the Ellef

Ringnes seep deposits would have precipitated in waters between 65 and 95 °C. This range is

higher than the maximum burial temperatures of the Christopher Formation, ~55 °C, as derived

from a burial history model for Hoodoo Dome (Dewing et al., 2016). This discrepancy may

relate to localized high geothermal gradients associated with the salt diapirs. High heat flow in
salt can create local thermal anomalies above and adjacent to salt structures. This was shown to

be the case in the Hazen F-54 well to the southwest of Ellef Ringnes Island, where geothermal

gradients affected by a salt diapir are significantly higher than backgfound (Chen et zrl., 2010
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Lerche and O'Brien, 19¢

B7). There may have also been localized hydrothermal circulation near

the diapirs (Grasby et al., 2012) that could have formed the Group 2 cements.

The newly discove

red seep deposits are similar in scale to the two previously described

seep mounds on Ellef Ringnes Island (Beauchamp et al., 1989; Beauchamp and Savard, 1992;

Savard et al., 1996), but the identification of carbonate beds and crusts increases the range of

morphologies of seep deposits in the Sverdrup Basin. Compared to other Phanerozoic seep

deposits, the Ellef Ringes examples are fairly typical in sizg (e.qg. Campbel”,%ﬁﬁbell et

al., 2002ﬂHammer et al.,

203Kauffman et al., 199K elly et al., 200@|Majima et al., 200p

Peckmann et al., 1999),

although very large deposits of 100s metres diameter and 10s metres

thickness, such as the Miocene Rocky Knob deposit from New Zejaland (Campbell et al., 2008)

or the Devonian Hollard
the duration of seepage

genetic information can

Mound (Peckmann et al., 2005) are not present. In general, the greater

and/or increased methane flux will lead to larger deposits. Whether any

be gleaned from the morphologies of the Ellef Ringes deposits is

equivocal, because of the eroded nature of the deposits at outcrop, particularly those with a

mound shape. Nevertheless, the presence of beds and crusts is mirrored by the common

occurrence of exhumed

methane derived crusts and pavements at modern seeps (e.g. Campbell

2006; Himmler et al., 20)5The overall small sizes may also indicate a relatively short duration

of growth.
The potential gro
with modern examples.

crust morphology, have

wth rate of individual seep deposits can be estimated by comparison
A study using U-Th analyses found seep carbonate crusts, similar to our

growth rates that vary from 0.4 cm/kyr during early seep development,

and 5.0 cm/kyr during late stages of seep development (Bayor], 2009), suggesting that carbonate

crusts we observe that up to 50 cm thick could represent 10,000 to 125,000 years growth. Much
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higher growth rates of 47 cm/kyr have been reported for columnar structures in the Arabian Sea

Himmler et al., 201B). Using these growth rates the seep mound morphologies exposed on Ellef

Ringnes Island, from 20 to 310 cm high, would require methane seepage duration of only ~ 425
to 5,200 years to form but upwards of 775,000 years at the lowest growth rate for modern

crusts. The shorter growth rates are more consistent with age dates of modern seep deposits,

however|(Bayon, ZO(IfBerndt et al., 2014Crémiere et al., 2013). Given that there are 139 seep

deposits over an area of ~10,000°%kamd that each deposit probably was active for thousands to
10s thousands of years, at least some may have been active at any time. Alternatively, the entire
system may have shut off and on during the period of formation, as suggested by the presence of
corrosion surfaces within individual seep deposits. Regardless, the density of seep deposits
exposed on Ellef Ringnes Island rivals that of other areas with abundant ancient seep deposits
(see section 1).

The areal extent of the seep deposits on Ellef Ringnes Island (10,608 kikely even

great than documented here. The methane seep mound reported on Prince Patrick Island, ~ 500

km distant, is of the same age (Beauchamp et al.,1989). Other nearby islands with Cretaceous

exposure (e.g. Amund Ringnes, Axel Heiberg, northern Ellesmere) have more steeply dipping
strata that would make carbonate mounds more difficult to observe without a focused search. In

general though the areal of extent of methane seepage is of the same order of magnitude as that

observed in regions of extensive modern methane seeps, such as the Gulf offMexico (e.g.

Roberts and Aharon, 19p4)
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512 5.2 Biomarkersof the anaerobic methane oxidation consortium

513 Thed®Cogvalues of organic matter within the Group 1 carbonates (-473 1H%o) is

514 consistent with the cements, and distinct f@iCorg of organic matter in the surrounding

515 Christopher Formation mudstone (-25.9 to -%6)1This indicates a distinct habitat associated

516 with the seep mounds, with C metabolised from methane oxidation. This is seen further by the
517 significantly®*C depleted isoprenoid8*C of = -118%o and -113 %o for PMI and

518 phytane/crocetane respectively), and iso- and anteistatfy acids §°C of = -92%. and -87 %o

519 respectively), that clearly indicate the incorporation of methane-derived carbon into the

520 preserved lipids by anaerobic methane oxidation and their syntrophic partners, sulphate-reducing
521 DbacteriaThe isoprenoids found in the hydrocarbon fraction indicate high thermal overprint of

522 the sample, as short-chain haadail linked isoprenoids are present as pseudohomologues (c.f.

523 |Birgel et al., 2008‘?—1eindel et al., 20155aito et al., 2015), consistent with the overall burial

524 history of the region (Dewing et al., 2016). Apart from the high temperature pseudohomolgue

525 signatures, the tatb-tail linked isoprenoids crocetane and PMI are preserved unchanged in the
526 sample. Heade-tail linked phytane is produced from the degradation of archaeol and/or

527 hydroxyarchaeol, former diether-bond membrane lipids of archaea, characteristic for Anaerobic

528 Methanotrophic archaea (ANME) (Niemann and Elvert, 2008). Further isoprenoids are

529 biphytanes, degradation products of former glycerol dialkyl glycerol tetraethers (GDGTs)(Liu et

530 |[al., 2016). Interestingly, biphytanes did not contain pseudohomologues, as found for the short

531 headto-tail linked isoprenoids, and as described from other studie§ (e.g. Birgel et al}, 2008a

532 [Heindel et al., ZO]ﬂSaito etal., 201/5).

533 The substantial amounts of GDGTs with a predominance of the monocyclic homologue

534 accompanied by strortdC depletion, are indicative of ANME-{L (Niemann and Elvert, 2008). In
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535 old samples, high biphytane contents still bearing rings with stf@hdepletions were present

536 in Cretaceous and Eocene seep gites (Natalicchio et alj{RP@dimann et al., 2009), and may

537 also be used as ANME-1 indicators. However, ANME-2 also produces GDGTSs, but with lower

538 contentq (e.g. Blumenberg et al., 2D04). The occurrence of abundant crocetane, which makes up

539 around 50% of the mixed phytane/crocetane peak in the sample, is a reliable indicator that
540 ANME-2 were present during carbonate formation. Crocetane and their unsaturated homologues

541 are found in most recent methane seep microbial communities dominated by ANME-2; in

542 contrast they are found only in minor concentrations in ANME-1 sysfems (Niemann and Elvert,

543 [2008). Only a few Mesozoic seep deposits have so far been found to contain such high biphytane

544  contentg (Peckmann et al., 2(@&ndy et al., 2012). The distribution found here suggests a

545 mixed community of both ANME-1 and ANME-2 consortia, although proving these were coeval
546 is problematic because biomarker data in ancient seep carbonates represents a time averaged

547 view of microbial activity during carbonate formation, which may have recorded seepage

548 activity and changes in the intensity over longer time perliods (cf., Feng et al., 2014).

549

550 5.3 Macrofauna

551 Fossils collected from the new seep deposits indicate that the macrofossil diversity was

552 considerably greater than previously reported in Beauchamp et al. (1989) and Beauchamp and
553 Savard (1992) from the original two Ellef Ringnes sites. The macrofaunal assemblage is,

554  however, similar to that of other Mesozoic seeps, particularly those with a Boreal distribution,
555  with nektic and passively floating elements (ammonites and wood respectively), and benthic

556 elements (brachiopods, gastropods, scaphopods, bivalves and probable vestimentiferan tubes)

557 (e.g| Hammer et al., ZOHH_-Iryniewicz et al., 20111Hryniewicz et al., 2015)The abundance of
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558 infaunal bivalves with probable chemosymbionts (e.g. lucinids, thyasirids, solemyids and

559 nucinellids) is also typical of Mesozoic seep communities, and these taxa are also common in

560 Cenozoic seeps, although not confined to this harjitat (Hryniewicz et al|, 2014). Their presence is

561 a good indication that there were high concentrations of sulfides within the sediment during the
562 early stage of formation of the seep deposits (micrite cement), and therefore a strong redox zone
563 at thetime, linked to AOM reactions.

564 Probable vestimentiferan tubes are common in Mesozoic and Cenozoic methane seep

565 deposits and are typically associated with botyroidal cements (Haas et al., 2009 and references

566 [therein), that represent slightly later stages of cement formation related to higher fluld flow (e.g.

567 [Campbell et al., 2008) than micrites with peloids, infaunal molluscs, etc. This association can be

568 explained by comparison with the ecology of living vestimentiferans at methane seeps, where
569 firstly some hard substrate (i.e. exhumed seep carbonate and/or mollusc shells) is required for

570 initial settlement of juveniles, and secondly during subsequent growth the posterior part of the

571 tube projects into the substrate andsisl to ‘mine’ sulphides (Dattagupta et al., 2008). Posterior

572 tube portions often co-occur to form bundles between nodules and crusts formed of early-stage
573 micrite cement (Haas et al., 2009; 2010). These ecological conditions are increasingly present
574  during more mature stages of seepage, when seep fluid flux is more concentrated into discrete
575 channels, often closer to the sediment-water interface. This is when slightly later stage cements,
576 such as fibrous aragonite crusts form (e.g. Haas et al., 2010). The geopetal sediment and various
577 cement phase infillings the Ellef Ringnes seep worm tubes show that they often rethain

578 open after the death of the animals and then acted as traps for subsequent sediment influx, and/or

579 channels for seep fluid flow, and/or late stage diagenetic cements (e.g. blocky calcite). This is
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illustrated by tube worm fill with stable isotope values consistent with our Group 2 late-stage

cements (Fig. 5).

5.4 Methane source
The seep deposits on Ellef Ringnes Island display very high isoprenoid hydrocarbon contents,

released from intact ether-lipids, but no obvious overprint by oil, as indicated by high amounts of

n-alkanes or a pronounced unresolved complex mixture (e.g. Feng et ail|.l,\laeﬂ14et al.,

2009(Sandy et al., 2012), in the seep fluids. This implies a dominant methane source with little

input of higher hydrocarbons, and as such an oil seep can be ruled out.
Thed*3Cvalues of carbonate minerals depend on the contributions of carbon obtained from
methane, non-methane higher hydrocarbons (oil), organic matter, biogenic methane, and normal

marine inorganic carbon (DIC). Carbon derived from petroleum (oilpH&sroe values

between 25%o and -35%o, organic matter between -24%o to -30%o, and DIC ~0%. (Schoell,

1987). However, as lipid extracts from the Ellef Ringnes samples do not have an oil signature,

thisis an unlikely carbon source. The rang&dC values of the Group 1 cemen&s3C= -

52.6%o to -32.3%o; average -42.6%o) is similar to thermogenic gas recovered from petroleum

wells in the Sverdrup Basid'¢C average 0f42.0%0) (Grasby et al., 201 eythaeuser, 1986).

However, seep carbonates generhdlye higher 613C values than the source methane due to

contribution from DIC|(Peckmann and Thiel, 2004). Using the average stable carbon isotope

values of the thermogenic gas recovered from the Sverdrup B&&ds) and the values from
the seep carbonatedZ-6%o), the ratio of carbon in the seep deposits derived from a
thermogenic methane source would have to have been nearly 100%, with no other carbon
mixing, a process unknown to occur in modern seep environments. In the northern Gulf of
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Mexico, seep fluids dominated by biogenic gi$G= -88.9%o) produce seep carbonates with

513Cvrps values betweent5.1%o to -43.8%0 (Roberts et al., 20]0). Similarly, seeps located

offshore southern Californian have biogenic methah€€ -81.1 to -73. %) that forms

carbonates with*3Cvalues of -58 to46 %o (Hein et al., 200p). These modern carboR&te

values are similar to the seep carbonates preserved on Ellef Ringnes Island, and based on this we
argue that the stable isotope values of the Ellef Ringnes seepsastiatiow biogenic, rather

than a deeper thermogenic, methane source. This is supported by our biomarker analyses. The
carbon isotope fractionation between methane and the membrane lipids formed from that carbon
source is usually around0 %o.. Given the values observed in seep mound biomarkers (PMI,

crocetane/phytane; biphytane), 8téC value of the methane gas would be estimated at -68 to -

59 %o, again consistent with a biogenic methane source (Formolo et al., 2D04).

The high density of seep deposits on the immediate flanks of the salt diapirs on Ellef

Ringnes Island may suggest there was some linkage between the development of seep deposits

and salt diapirism in the Sverdrup Basin. Geological maps of Ellef Ringnes Jsland (Evenghick

and Embry, 2012gEvenchick and Embry, 201Pb) show that both the Isachsen and Christopher

formations exposed on the flanks of salt diapirs are highly fractured and faulted, especially when
compared to the same formations away from the diapirs. However, while mobile, the salt diapirs

which are now exposed at the surface of the island had not penetrated the seafloor during the

Early Cretaceoug (Dewing et al., 2016). The seep carbonate geopetal fabrics and seep deposit

bedding are also both parallel to the Christopher Formation strata, indicating that the seeps most
likely formed above the salt domes prior to tilting. We also note that seep deposits were found at
the same stratigraphic level away from any diapirs. Given this we argue that the apparent density
of methane seeps near diapirs is likely an exposure bias, where Christopher Formation strata are
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626 preferentially exposed in uplifted beds surrounding the diapirs, making seep deposits more

627 readily observable in those locations.

628

629 5.5 Environment of formation

630 The profile of boths*C of organic carbon and Mo in the Christopher Formation shatsndo

631 show any trend leading up to the zone of carbonate deposits, and only one data point shows high

632 Mo values immediately above the zone (Fig. 6). These low values suggest that methane seepage

633 occurred in normal, well-oxygenated bottom water conditjons (Tribovillard et al.| 2006) in the

634 Sverdrup Basin. This is consistent with the abundance and diversity of benthic fauna in the Ellef

635 Ringnes seep deposits. Modern methane seeps forming in anoxic basins and oxygen minimum

636 zones are devoid of large animals, and instead contain only microbial mats only (e.g. Himmler et

637 |[al., 201%).

638 The sequestration of Mo into pure carbonate phases involves the incorporation of low
639 reactive molybdate ions (Ma) into the crystal lattice of carbonates in a similar fashion to
640 carbonate associated sulphate (CAS). The low chemical reactivity of molybdate ions in seawater

641 results in a long ocean residency time but also in the limited incorporation of molybdate into

642 carbonate minerals (Lyons et al., 2009). However, under anoxic conditions Mo can be reduced

643 and then sequestered by sulfides, such that Mo enrichments can be an indicator of locally anoxic

644 environmentg (Tribovillard et al., 20P6). The Mo values of the Ellef Ringnes seep deposits vary

645 widely, from 0.05 to 10.95 ppm, in comparison with typical Mo concentration in shallow marine

646 carbonates of 0.4 ppm (Turekian and Wedepohl, L961). In general, Mo values of the seep

647 carbonates are significantly higher than average shallow carbonate deposits, indicating local
648 anaerobic conditions associated with methane oxidation and carbonate precipitation. Consistent
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with this, lipids found within the carbonate deposits are almost only associated with the

anaerobic oxidation of methane. No indications of prevailing oxic or microaerophilic conditions

were found, since nBC-depleted hopanoids or lanostanes have been iderftified (Birgel anF

Peckmann, 20QBNatalicchio et al., 20f5andy et al., 2012). These results suggest the presence

of a strong redox zone within the sediment during carbonate precipitation, as also irfgicated
the presence of infaunal bivalve species with potential chemosymbionts and the probable

vestimentiferan worm tubes (Table 4).

5.6 Climate conditions during the methane seep event
During Cretaceous time, the high paleolatitude setting of the Sverdrup Basin (72° N) was

characterised byumerous “cold-snap3 that punctuated otherwise warm Early Cretaceous

conditions|(Grasbhy et al., in pr@sterrle et al., 2015). Evidence for cold climate intervals during

the late Aptian-early Albian, including wood and pollen data, has been demonstrated for the

circum-Arctic region, as well as for lower latitudes (e.g. Galloway et al.,|pdfand et al.,

2007 |Kemper, 198"Maurer et al., 201jBMicAnena et al., 201BViutterlose et al., 20Q9).

Possible ice-rafted debris are also observed in Aptian strata of Spitsbergen (Dallapdh 1977).

cool climate in the Sverdrup Basin during Albian time is further supported by the widespread

occurrence of glendonites (an ikaite pseudomorph) in the Invincible Point Mémber (Grasby et

al., in presgKemper, 198ﬂKemper and Schmitz, 19F5). Ikaite formation is considered to

require near freezing temperatures (~1.9 to 7.0 °C) coupled with a ten-fold increase in alkalinity

relative to normal seawater to forlm (Bischoff et al., 198&rland, 197%).

Previous studies have shown the co-occurrence of glendonites within active modern
methane seeps, related to organic matter decomposition driven by the initial stages of methane
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seepage (Greinert and Derkachev, 20@chert and Luppold, 2013). However, in our study

area, the glendonite bearing horizon in the Invincible Point Member occurs as discrete layers
over a 100 m stratigraphic range, ~200 m below the stratigraphic level of the seep carbonates.

This horizon is equivalent to the glendonite occurrence observed in the Invincible Point Member

of the Christopher Formation exposed at Glacier Fiord, Axel Heiberg Island (Herrle et ail., 2015).

Based on their composi&>C stratigraphy they date the youngest glendonite bed at ca. 112.8
Ma (lowermost Albian), and they indicate that the loss of glendonites is coincident with a return
to warm temperatures at the end of a ~6 m.y. late Aptian to early Albian coolingAvent.

transition from cold to warm climate at this time is also recorded in the subtropical Atlantic

Ocean, possibly related to volcanism (~114-110 Ma) of the Kerguelep LIP (McAnena et al.,

2013). Given these constraints, the possible age range for the methane release event that formed

the widespread carbonate seep deposits on Ellef Ringnes Island (between 113 tpsHiTidma

4.6), corresponds closely to this climate warming event.

5.7 Controls on methanerelease

Where possible to observe, carbonate seep deposits occur at one single stratigraphic horizon,
below the regional marker unit dated at 105.4 Ma (section 4.1) and above the last occurrence of
glendonites dated at 112v8. The overall stratigraphic range of seep deposits across the island,
relative to the regional marker unit, is quite narrow (34 m) and could easily reflect variations in
seafloor topography and sedimentation rates. As such, the widespread occurrence of seep
deposits on Ellef Ringnes reflects a transient event. This raises the question as to what may have
influenced the short term, but aerially extensive, release of biogenic methane into the seafloor of
the Sverdrup Basin during Albian time. One possible mechanism is diaper mobilisation causing
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gas migration along fracture systems. However, diapirs record a movement history fl@@®ve

Ma (Dewing et al., 2016), suggesting that if this was the case than evidence of methane seepage

should be more common in the basin. The observation of carbonate mounds not associated with
diapirs further indicasthat they do not direlgt control formation of methane seep deposits.

As described in section 5.6, the occurrence of widespread seep mounds in the Sverdrup
Basin is coincident with a period of Albian climate warming. This is similar to modern high
latitude methane seeps, where studies have shown that biogenic gas leakage occurred in response

to post ice-age climate warming, with continuous methane flux for 3 to 10 kyr in response to

post-glacial gas hydrate relegse (Berndt et al., [POhdnd et al., 201g_rémiére et al., 2016).

We hypothesize that a similar event may have occurred in the Sverdrup Basin, whereby the early
Albian cold snap indicated by widespread glendonite occurrence would likely have been
associated with development of gas hydrates, trapping biogenic gas formed during
biodegradation of marine organics in the overall oxic depositemvironment. Subsequent

climate warming may have caused hydrate dissociation amedioaal, but transient,

occurrence of methane seep deposits. Modeled rates for hydrate melting shows gas release would

occur on ~100 ky time scale (Majorowicz et al., 2014), consistent with the potential age range of

the deposits.

6.0 CONCLUSIONS

The discovery of 137 new Early Cretacecarbonate deposits on Ellef Ringnes Island,
Canadian Arctic Archipelago demonstrate the presence of an extensive field of methane seeps
that occur over an area greater than 10,008 #moughout the central to southern part of the

island. This discovery greatly increases the overall area of methane seep sites recognised on the
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island, the diversity of seep deposit types, and the macrofossil diversity present. Seep deposits
range in size from less than £to over 2.4 m high by 7.6 m long and are exposed within

narrow stratigraphic range within the uppermost portion of the Invincible Point Member of the
Christopher Formation. While predominately exposed on the flanks of four exposed salt diapirs,
they are not restricted to this setting. The association of seep carbonates with diapirs most likely
reflects an exposure bias related to uplifted beds along the diapir flanks.

Each seep deposit is composed of various portions of six major carbonate phases as well
as moderately diverse fossil assemblages, including chemosymbiotic species. The carbonates
have very lows**Cvpps values, as well a&-*C values of biomarkers, indicative of carbonate
formed in the subsurface from the anaerobic oxidation of primarily biogenic methane.

The large geographical occurrence of seep deposits suggests widespread venting of
biogenic methane rich fluids. However, methane seepage was a transient event that occurred
during the latest Early Albian. We hypothesize that this may relate to possible gas hydrate

dissociation related to climate warming during that time.

ACKNOWLEDGEMENTS

Gennyne McCune contributed valuable information regarding the environments of the formation
and assistance in the field. Field work was supported by the Polar Continental Shelf Project.
Discussions with A. Embry on Cretaceous stratigraphy of the Sverdrup Basin are greatly

appreciated. ESS Contribution Xxxx.

REFERENCES

33



741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

Aloisi, G., Pierre, C., Rouchy, J.-M., Foucher, J.-P., and Woodside, J., 2000, Methane-related
authigenic carbonates of eastern Mediterranean Sea mud volcanoes and their possible
relation to gas hydrate destabilisation: Earth and Planetary Science Letters, v. 184, no. 1,
p. 321-338.

Balkwill, H. R., 1978, Evolution of the sverdrup basin: The american Association of Petroleum
Geologists Bulletin, v. 62, no. No.6, p. 1004-1028.

Bayon, G. H., G.M. and Bohn, M, 2009;-Th stratigraphy of a cold seep carbonate crust:
Chemical Geology, v. 260, p. 47-56.

Beauchamp, B., Harrison, J. C., Nassichuk, W. W., Krouse, H. R., and Eliuk, L. S., 1989,
Cretaceous Cold-Seep Communities and Methane-Derived Carbonates in the Canadian
Arctic: Science, v. 244, no. 4900, p. 53-56.

Beauchamp, B., and Savard, M., 1992, Cretaceous chemosynthetic carbonate mounds in the
Canadian Arctic: PALAIOS, v. 7, no. 4, p. 434-450.

Berndt, C., Feseker, T., Treude, T., Krastel, S., Liebetrau, V., Niemann, H., Bertics, V. J.,
Dumke, I., Dinnbier, K., Ferré, B., Graves, C., Gross, F., Hissmann, K., Hihnerbach, V.,
Krause, S., Lieser, K., Schauer, J., and Steinle, L., 2014, Temporal Constraints on
Hydrate-Controlled Methane Seepage off Svalbard: Science, v. 343, no. 6168, p. 284-
287.

Birgel, D., Elvert, M., Han, X., and Peckmann, J., 2008b, 13C-depleted biphytanic diacids as
tracers of past anaerobic oxidation of methane: Organic Geochemistry, v. 39, no. 1, p.
152-156.

Birgel, D., Himmler, T., Freiwald, A., and Peckmann, J., 2008a, A new constraint on the
antiquity of anaerobic oxidation of methane: Late Pennsylvanian seep limestones from
southern Namibia: Geology, v. 36, no. 7, p. 543-546.

Birgel, D., and Peckmann, J., 2008, Aerobic methanotrophy at ancient marine methane seeps: A
synthesis: Organic Geochemistry, v. 39, no. 12, p. 1659-1667.

Birgel, D., Peckmann, J., Klautzsch, S., Thiel, V., and Reitner, J., 2006b, Anaerobic and Aerobic
Oxidation of Methane at Late Cretaceous Seeps in the Western Interior Seaway, USA:
Geomicrobiology Journal, v. 23, no. 7, p. 565-577.

Birgel, D., Thiel, V., Hinrichs, K.-U., Elvert, M., Campbell, K. A., Reitner, J., Farmer, J. D., and
Peckmann, J., 2006a, Lipid biomarker patterns of methane-seep microbialites from the
Mesozoic convergent margin of California: Organic Geochemistry, v. 37, no. 10, p. 1289-
1302.

Bischoff, J. L., Fitzpatrick, J. A., and Rosenbauer, R. J., 1993, The solubility and stabilization of
ikaite (CaCO3 - 6H20) from°Go 25°C; environmental and paleoclimatic implications
for thinolite tufa: Journal of Geology, v. 101, p. 21-33.

Blumenberg, M., Seifert, R., Reitner, J., Pape, T., and Michaelis, W., 2004, Membrane lipid
patterns typify distinct anaerobic methanotrophic consortia: Proceedings of the National
Academy of Sciences of the United States of America, v. 101, no. 30, p. 11111-11116.

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., Amann, R.,
Jorgensen, B. B., Witte, U., and Pfannkuche, O., 2000, A marine microbial consortium
apparently mediating anaerobic oxidation of methane: Nature, v. 407, no. 6804, p. 623-
626.

34



784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827

Boutelier, J., Cruden, A., Brent, T., and Stephenson, R., 2011, Timing and mechanisms
controlling evaporite diapirism on Ellef Ringnes Island, Canadian Arctic Archipelago:
Basin Research, v. 23, p. 44%8.

Campbell, K. A., 2006, Hydrocarbon seep and hydrothermal vent paleoenvironments and
paleontology: Past developments and future research directions: Palaeogeography,
Pdaeoclimatology, Palaeoecology, v. 232, ned,2p. 362-407.

Campbell, K. A., Farmer, J. D., and Des Marais, D., 2002, Ancient hydrocarbon seeps from the
Mesozoic convergent margin of California: carbonate geochemistry, fluids and
palaeoenvironments: Geofluids, v. 2, no. 2, p. 63-94.

Campbell, K. A., Francis, D. A., Collins, M., Gregory, M. R., Nelson, C. S., Greinert, J., and
Aharon, P., 2008, Hydrocarbon seep-carbonates of a Miocene forearc (East Coast Basin),
North Island, New Zealand: Sedimentary Geology, v. 204,+4.8 83-105.

Chand, S., Crémiére, A., Lepland, A., Thorsnes, T., Brunstad, H., and Stoddart, D., 2016, Long-
term fluid expulsion revealed by carbonate crusts and pockmarks connected to subsurface
gas anomalies and palaeo-channels in the central North Sea: Geo-Marine Letters, p. 1-13.

Chen, Z., Grashy, S. E., and Dewing, K., 2010, Temperature-depth plots for selected petroleum
exploration wells, Canadian Arctic Islands: Geological Survey of Canada, Open File, v.
6567, p. 1-16.

Chevalier, N., Bouloubassi, I., Birgel, D., Taphanel, M. H., and Lépez-Garcia, P., 2013,
Microbial methane turnover at Marmara Sea cold seeps: a combined 16S rRNA and lipid
biomarker investigation: Geobiology, v. 11, no. 1, p. 55-71.

Cochran, J. K., Landman, N. H., Larson, N. L., Meehan, K. C., Garb, M., and Brezina, J., 2015,
Geochemical evidence (C and Sr isotopes) for methane seeps as ammonite habitats in the
Late Cretaceous (Campanian) Western Interior Seaway: Swiss Journal of Palaeontology,
v. 134, no. 2, p. 153-165.

Crémiere, A., Bayon, G., Ponzevera, E., and Pierre, C., 2013, Paleo-environmental controls on
cold seep carbonate authigenesis in the Sea of Marmara: Earth and Planetary Science
Letters, v. 376, p. 200-211.

Crémiere, A., Lepland, A., Chand, S., Sahy, D., Condon, D. J., Noble, S. R., Martma, T.,
Thorsnes, T., Sauer, S., and Brunstad, H., 2016, Timescales of methane seepage on the
Norwegian margin following collapse of the Scandinavian Ice Sheet: Nature
Communications, v. 7, p. 11509.

Dalland, A., 1977, Erratic clasts in lower Tertiary deposits of Svalb&wddence of transport
by winter ice: Norsk Polarinstitutt Arbok, p. 151-166.

Dattagupta, S., Arthur, M. A, and Fisher, C. R., 2008, Modification of sediment geochemistry
by the hydrocarbon seep tubeworm Lamellibrachia luymesi: A combined empirical and
modeling approach: Geochimica et Cosmochimica Acta, v. 72, no. 9, p. 2298-2315.

Dewing, K., Springer, A., Guest, B., and Hadlari, T., 2016, Geological evolution and
hydrocarbon potential of the salt-cored Hoodoo Dome, Sverdrup Basin, Arctic Canada:
Marine and Petroleum Geology, v. 71, p. 134-148.

Dubilier, N., Bergin, C., and Lott, C., 2008, Symbiotic diversity in marine animals: the art of
harnessing chemosynthesis: Nat Rev Micro, v. 6, no. 10, p. 725-740.

Elvert, M., Boetius, A., Knittel, K., and Jgrgensen, B. B., 2003, Characterization of Specific
Membrane Fatty Acids as Chemotaxonomic Markers for Sulfate-Reducing Bacteria

35



828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871

Involved in Anaerobic Oxidation of Methane: Geomicrobiology Journal, v. 20, no. 4, p.
403-419.

Embry, A. F., 1985, Stratigraphic subdivision of the Isachsen and Christopher formations (Lower
Cretaceous), Arctic Islands: Current Research, Part B, Geologic Survey of Canada, v.
Paper 85-1B, no. 239-246.

Embry, A. F., and Beauchamp, B., 2008, Sedimentary Basins of the World: The Sedimentary
Basins of the United States and Canada, Elsevier.

Emerson, S. R., and Huested, S. S., 1991, Ocean anoxia and the concentrations of molybdenum
and vanadium in seawater: Marine Chemistry, v. 34, Ab,. 3. 177-196.

Evenchick, C. A., Davis, W. J., Bédard, J. H., Hayward, N., and Friedman, R. M., 2015,
Evidence for protracted High Arctic large igneous province magmatism in the central
Sverdrup Basin from stratigraphy, geochronology, and paleodepths of saucer-shaped
sills: Geological Society of America Bulletin.

Evenchick, C. A., and Embry, A. F., 2012a, Geology, Ellef Ringnes Island north, Nunavut:
Natural Resources Canada Canadian Geoscience Map 86 (Preliminary), scale 1: 125,000.

Evenchick, C. A., and Embry, A. F., 2012b, Geology, Ellef Ringnes Island south, Nunavut:
Natural Resources Canada Canadian Geoscience Map 87 (Preliminary), scale 1: 125,000.

Faure, G., 1987, New developments and applications in isotope geoscience: Chemical Geology;
Isotope Geoscience Section, v. 66, no. 1-2, p. 1-177.

Feng, D., Birgel, D., Peckmann, J., Roberts, H. H., Joye, S. B., Sassen, R., Liu, X.-L., Hinrichs,
K.-U., and Chen, D., 2014, Time integrated variation of sources of fluids and seepage
dynamics archived in authigenic carbonates from Gulf of Mexico Gas Hydrate Seafloor
Observatory: Chemical Geology, v. 385, p. 129-139.

Formolo, M. J., Lyons, T. W., Zhang, C., Kelley, C., Sassen, R., Horita, J., and Cole, D. R.,
2004, Quantifying carbon sources in the formation of authigenic carbonates at gas
hydrate sites in the Gulf of Mexico: Chemical Geology, v. 205, A, B. 253-264.

Galloway, J. M., Tullius, D. N., Evenchick, C. A., Swindles, G. T., Hadlari, T., and Embry, A.,
2015, Early Cretaceous vegetation and climate change at high latitude: Palynological
evidence from Isachsen Formation, Arctic Canada: Cretaceous Research, v. 56, p. 399-
420.

Gould, D. B., and DeMille, G., 1964, Piercement Structures in Canadian Arctic Islands: Bulletin
of Canadian Petroleum Geology, v. 12, no. 3, p. 719.

Grasby, S. E., Chen, Z., and Dewing, K., 2012, Formation water geochemistry of the Sverdrup
Basin: Implications for hydrocarbon development in the High Arctic: Applied
Geochemistry, v. 27, p. 1623-1632.

Grasby, S. E., McCune, G. E., Beauchamp, B., and Galloway, J. M., in press, Lower Cretaceous
cold snaps led to widespread glendonite occurrences in the Sverdrup Basin, Canadian
High Arctic: Geological Society of America Bulletin.

Greinert, J., and Derkachev, A., 2004, Glendonites and methane-derived Mg-calcites in the Sea
of Okhotsk, Eastern Siberia: implications of a venting-related ikaite/glendonite
formation: Marine Geology, v. 204, no-2, p. 129-144.

Haas, A, Little, C. T. S., Sahling, H., Bohrmann, G., Himmler, T., and Peckmann, J., 2009,
Mineralization of vestimentiferan tubes at methane seeps on the Congo deep-sea fan:
Deep Sea Research Part I: Oceanographic Research Papers, v. 56, no. 2, p. 283-293.

36



872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915

Haas, A., Peckmann, J., Elvert, M., Sahling, H., and Bohrmann, G., 2010, Patterns of carbonate
authigenesis at the Kouilou pockmarks on the Congo deep-sea fan: Marine Geology, v.
268, no. 14, p. 129-136.

Hammer, @., Nakrem, H. A,, Little, C. T. S., Hryniewicz, K., Sandy, M. R., Hurum, J. H.,
Druckenmiller, P., Knutsen, E. M., and Hgyberget, M., 2011, Hydrocarbon seeps from
close to the JurassiCretaceous boundary, Svalbard: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 306, r&,p. 15-26.

Harland, M., Francis, J. E., Brentnall, S. J., and Beerling, D. J., 2007, Cretaceous-{Albian
Aptian) conifer wood from Northern Hemisphere high latitudes: Forest composition and
palaeoclimate: Review of Palaeobotany and Palynology, v. 143,-40p3167-196.

Hein, J. R., Normark, W. R., Mcintyre, B. R., Lorenson, T. D., and Powell, C. L., 2006,
Methanogenic calcite, 13C-depleted bivalve shells, and gas hydrate from a mud volcano
offshore southern California: Geology, v. 34, no. 2, p. 109-112.

Heindel, K., Richoz, S., Birgel, D., Brandner, R., Klugel, A., Krystyn, L., Baud, A., Horacek,

M., Mohtat, T., and Peckmann, J., 2015, Biogeochemical formation of calyx-shaped
carbonate crystal fans in the subsurface of the Early Triassic seafloor: Gondwana
Research, v. 27, no. 2, p. 840-861.

Herrle, J. O., Schroder-Adams, C. J., Davis, W., Pugh, A. T., Galloway, J. M., and Fath, J., 2015,
Mid-Cretaceous High Arctic stratigraphy, climate, and Oceanic Anoxic Events: Geology.

Hilario, A., Capa, M., Dahlgren, T. G., Halanych, K. M., Little, C. T. S., Thornhill, D. J., Verna,
C., and Glover, A. G., 2011, New Perspectives on the Ecology and Evolution of
Siboglinid Tubeworms: PLoS ONE, v. 6, no. 2, p. e16309.

Himmler, T., Bayon, G., Wangner, D., Enzmann, F., Peckmann, J., and Bohrmann, G., 2016,
Seep-carbonate lamination controlled by cyclic particle flux: Scientific Reports, v. 6, p.
37439.

Himmler, T., Birgel, D., Bayon, G., Pape, T., Ge, L., Bohrmann, G., and Peckmann, J., 2015,
Formation of seep carbonates along the Makran convergent margin, northern Arabian Sea
and a molecular and isotopic approach to constrain the carbon isotopic composition of
parent methane: Chemical Geology, v. 415, p. 102-117.

Hinrichs, K.-U., Hayes, J. M., Sylva, S. P., Brewer, P. G., and DelLong, E. F., 1999, Methane-
consuming archaebacteria in marine sediments: Nature, v. 398, no. 6730, p. 802-805.

Hoehler, T. M., Alperin, M. J., Albert, D. B., and Martens, C. S., 1994, Field and laboratory
studies of methane oxidation in an anoxic marine sediment: Evidence for a methanogen-
sulfate reducer consortium: Global Biogeochemical Cycles, v. 8, no. 4, p. 451-463.

Hryniewicz, K., Little, C. T. S., and Nakrem, H. A., 2014, Bivalves from the latest Jurassic-
earliest Cretaceous hydrocarbon seep carbonates from central Spitsbergen, Svalbard:
Zootaxa, v. 3859, p. 1-66.

Hryniewicz, K., Nakrem, H. A., Hammer, @., Little, C. T. S., Kaim, A., Sandy, M. R., and
Hurum, J. H., 2015, The palaeoecology of the latest Jurassiest Cretaceous
hydrocarbon seep carbonates from Spitsbergen, Svalbard: Lethaia, v. 48, no. 3, p. 353-
374.

Jeletzky, J. A., 1964, Lower Cretaceous marine index fossils of the sedimentary basins of
western and Arctic Canada. lllustrations of Canadian Fossils: Geological Survey of
Canada, Paper 64-11.

37



916 -, 1968, Macrofossil zones of the marine Cretaceous of the western Interior of Canadarand thei

917 correlation with the zones and stages of Europe and the western Interior of the United
918 States: Geological Survey of Canada, Paper 67-72.

919 Judd, A., and Hovland, M., 2007, Seabed Fluid Flow: The Impact on Geology, Biology and the
920 Marine Environment, Cambridge University Press, 492 p.:

921 Kauffman, E. G., Arthur, M. A., Howe, B., and Scholle, P. A., 1996, Widespread venting of

922 methane-rich fluids in Late Cretaceous (Campanian) submarine springs (Tepee Buttes),
923 Western Interior seaway, U.S.A: Geology, v. 24, no. 9, p. 799-802.

924 Kelly, S. R. A, Blanc, E., Price, S. P., and Whitham, A. G., 2000, Early Cretaceous giant

925 bivalves from seep-related limestone mounds, Wollaston Forland, Northeast Greenland:
926 Geological Society, London, Special Publications, v. 177, no. 1, p. 227-246.

927 Kemper, E., 1987, Das Klima der Kreide-Zeit: Geol. Jb. Reiche. A., v. 96, p. 5-185.
928 Kemper, E., and Schmitz, H. H., 1975, Stellate nodules from the Upper Deer Bay Formation

929 (Valanginian) of Arctic Canada: Geological Survey of Canada Paper 75-1C, p. 109-119.
930 Kulm, L. D., Suess, E., Moore, J. C., Carson, B., Lewis, B. T., Ritger, S. D., Kadko, D. C.,

931 Thornburg, T. M., Embley, R. W., Rugh, W. D., Massoth, G. J., Langseth, M. G.,

932 Cochrane, G. R., and Scamman, R. L., 1986, Oregon Subduction Zone: Venting, Fauna,
933 and Carbonates: Science, v. 231, no. 4738, p. 561-566.

934 Lerche, I., and O'Brien, J. J., 1987, Modeling of Bouyant Salt Diapirism, in Dynamical Geology
935 of salt and related Structures: Academic Press, Inc., p. 129-162.

936 Levin, L., A., 2005, Ecology of Cold Seep Sediments, Oceanography and Marine Biology, CRC
937 Press, p. 1-46.
938 Leythaeuser, D., Stewart, K., 1986, Generation, migration and accumulation of hydrocarbons in

939 the Sverdrup Basin, Canada. A geochemical basin study: Unpublished report to Panarctic
940 Oils, GSC Catalogue No. QE196.9 L4 v. 2.

941 Little, C. T. S., Birgel, D., Boyce, A. J., Crame, J. A., Francis, J. E., Kiel, S., Peckmann, J.,

942 Pirrie, D., Rollinson, G. K., and Witts, J. D., 2015, Late Cretaceous (Maastrichtian)

943 shallow water hydrocarbon seeps from Snow Hill and Seymour Islands, James Ross

944 Basin, Antarctica: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 418, p. 213-
945 228.

946 Liu, X.-L., Birgel, D., Elling, F. J., Sutton, P. A,, Lipp, J. S., Zhu, R., Zhang, C., Kénneke, M.,
947 Peckmann, J., Rowland, S. J., Summons, R. E., and Hinrichs, K.-U., 2016, From ether to
948 acid: A plausible degradation pathway of glycerol dialkyl glycerol tetraethers:

949 Geochimica et Cosmochimica Acta, v. 183, p. 138-152.

950 Lyons, T. W., Anbar, A. D., Severmann, S., Scott, C., and Gill, B. C., 2009, Tracking Euxinia in
951 the Ancient Ocean: A Multiproxy Perspective and Proterozoic Case Study: The Annual
952 Review of Earth and Planetary Science, v. 37, p. 507-534.

953 Macauley, J., Cruden, A., Brent, T., and Stephenson, R., 2000, Analogue modelling of evaporite
954 diapirs on ellef ringnes island, canadian arctic archipelago: First results American

955 Geophysical Union.

956 Majima, R., Nobuhara, T., and Kitazaki, T., 2005, Review of fossil chemosynthetic assemblages
957 in Japan: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 2273,rm. 86-

958 123.

38



959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003

Majorowicz, J., Grasby, S. E., Safanda, J., and Beauchamp, B., 2014, Gas hydrate contribution to
Late Permian global warming: Earth and Planetary Science Letters, v. 393, no. 0, p. 243-
253.

Marland, G., 1975, The stability of CaCO3-6H20 (ikaite): Geochimica et Cosmochimica Acta,
v. 39, no. 1, p. 83-91.

Maurer, F., van Buchem, F. S. P., Eberli, G. P., Pierson, B. J., Raven, M. J., Larsen, P.-H., Al-
Husseini, M. 1., and Vincent, B., 2013, Late Aptian long-lived glacio-eustatic lowstand
recorded on the Arabian Plate: Terra Nova, v. 25, no. 2, p. 87-94.

McAnena, A., Flogel, S., Hofmann, P., Herrle, J. O., Griesand, A., Pross, J., Talbot, H. M.,
Rethemeyer, J., Wallmann, K., and Wagner, T., 2013, Atlantic cooling associated with a
marine biotic crisis during the mid-Cretaceous period: Nature Geosci, v. 6, no. 7, p. 558-
561.

Milucka, J., Ferdelman, T. G., Polerecky, L., Franzke, D., Wegener, G., Schmid, M.,
Lieberwirth, 1., Wagner, M., Widdel, F., and Kuypers, M. M. M., 2012, Zero-valent
sulphur is a key intermediate in marine methane oxidation: Nature, v. 491, no. 7425, p.
541-546.

Mutterlose, J., Bornemann, A., and Herrle, J., 2009, The Aptian-Albian cold snap: Evidence for
“mid” Cretaceous icehouse interludes: Neues Jahrbuch fiir Geologie und Paldontologie
Abhandlungen, v. 252, p. 217-225.

Naehr, T. H., Birgel, D., Bohrmann, G., MacDonald, I. R., and Kasten, S., 2009, Biogeochemical
controls on authigenic carbonate formation at the Chapopote “asphalt volcano”, Bay of
Campeche: Chemical Geology, v. 266, net,3. 390-402.

Naehr, T. H., Eichhubl, P., Orphan, V. J., Hovland, M., Paull, C. K., Ussler lii, W., Lorenson, T.
D., and Greene, H. G., 2007, Authigenic carbonate formation at hydrocarbon seeps in
continental margin sediments: A comparative study: Deep Sea Research Part II: Topical
Studies in Oceanography, v. 54, no-13, p. 1268-1291.

Nassichuk, and Roy, 1975, Mound-like carbonate rocks of early Cretaceous (Albian) age
adjacent to Hoodoo Dome, Ellef Ringnes Island, District of Franklin: Paper - Geological
Survey of Canada, v. 75-1, p. 565-569.

Nassichuk, W. W., and Davies, G. R., 1980, Stratigraphy and sedimentation of the Otto Fiord
Formation, Ottawa, Geological Survey of Canada, Bulletin 286, 87 p.:

Natalicchio, M., Peckmann, J., Birgel, D., and Kiel, S., 2015, Seep deposits from northern Istria,
Croatia: a first glimpse into the Eocene seep fauna of the Tethys region: Geological
Magazine, v. 152, no. 03, p. 444-459.

Niemann, H., and Elvert, M., 2008, Diagnostic lipid biomarker and stable carbon isotope
signatures of microbial communities mediating the anaerobic oxidation of methane with
sulphate: Organic Geochemistry, v. 39, p. 1668-1677.

O'Neil, J., Clayton, R., and TK, M., 1969, Oxygen isotope fractionartion in divalentmetal
carbonates: Journal of Chemical Physics, v. 51, p. 5547-5558.

Ogg, G. M., and Hinnove, L. A., 2012, Cretaceons;radstein, F. M., Ogg, J. M., Schmitz, M.

D., and Ogg, G. M., eds., The Geologic Time Scale, Volume 2: Boston, Massachusetts,
Elsevier, p. 1144.

Orphan, V. J., House, C. H., Hinrichs, K.-U., McKeegan, K. D., and DelLong, E. F., 2001,
Methane-Consuming Archaea Revealed by Directly Coupled Isotopic and Phylogenetic
Analysis: Science, v. 293, no. 5529, p. 484-487.

39



1004 Paull, C. K., Hecker, B., Commeau, R., Freeman-Lynde, R. P., Neumann, C., Corso, W. P.,

1005 Golubic, S., Hook, J. E., Sikes, E., and Curray, J., 1984, Biological Communities at the
1006 Florida Escarpment Resemble Hydrothermal Vent Taxa: Science, v. 226, no. 4677, p.
1007 965-967.

1008 Peckmann, J., Birgel, D., and Kiel, S., 2009, Molecular fossils reveal fluid composition and flow
1009 intensity at a Cretaceous seep: Geology, v. 37, no. 9, p. 847-850.

1010 Peckmann, J., Little, C. T. S., Gill, F., and Reitner, J., 2005, Worm tube fossils from the Hollard
1011 Mound hydrocarbon-seep deposit, Middle Devonian, Morocco: Palaeozoic seep-related
1012 vestimentiferans?: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 223, no. 1
1013 p. 242-257.

1014 Peckmann, J., and Thiel, V., 2004, Carbon cycling at ancient metiemps: Chemical Geology,
1015 v. 205, no. 34, p. 443-467.

1016 Peckmann, J., Thiel, V., Michaelis, W., Clari, P., Gaillard, C., Martire, L., and Reitner, J., 1999,
1017 Cold seep deposits of Beauvoisin (Oxfordian; southeastern France) and Marmorito

1018 (Miocene; northern Italy): microbially induced authigenic carbonates: International

1019 Journal of Earth Sciences, v. 88, no. 1, p. 60-75.

1020 Peters, K. E., and Moldowan, J. M., 1993, The biomarker guide: Interpreting molecular fossils in
1021 petroleum and ancient sediments, Englewood Cliffs, NJ (United States); Prentice Hall;
1022 None, Medium: X; Size: Pages: (363 p) p.:

1023 Ritger, S. D., Carson, B., and Suess, E., 1987, Methane-derived authigenic carbonates formed by
1024 subduction-induced pore-water expulsion along the Oregon/Washington margin:

1025 Geological Society of America Bulletin, v. 98, no. 2, p. 147-156.

1026 Roberts, H. H., and Aharon, P., 1994, Hydrocarbon-derived carbonate buildups of the northern
1027 Gulf of Mexico continental slope: A review of submersible investigations: Geo-Marine
1028 Letters, v. 14, no. 2, p. 135-148.

1029 Roberts, H. H., Feng, D., and Joye, S. B., 2010, Cold-seep carbonates of the middle and lower
1030 continental slope, northern Gulf of Mexico: Deep Sea Research Part II: Topical Studies in
1031 Oceanography, v. 57, no.-223, p. 2040-2054.

1032 Saito, R., Kaiho, K., Oba, M., Fujibayashi, M., Tong, J., and Tian, L., 2015, Predominance of
1033 archaea-derived hydrocarbons in an Early Triassic microbialite: Organic Geochemistry,
1034 v. 85, p. 66-75.

1035 Sandy, M. R., 1990, A New Early Cretaceous Articulate Brachiopod from the Northwest

1036 Territories, Canada, and Its Paleobiogeographic Significance: Journal of Paleontology, v.
1037 64, no. 3, p. 367-372.

1038 Sandy, M. R., Lazar, 1., Peckmann, J., Birgel, D., Stoica, M., and Roban, R. D., 2012, Methane-

1039 seep brachiopod fauna within turbidites of the Sinaia Formation, Eastern Carpathian
1040 Mountains, Romania: Palaeogeography, Palaeoclimatology, Palaeoecology;32523

1041 p. 42-59.

1042 Saumur, B. M., Dewing, K., and Williamson, M. C., 2016, Architecture of the Canadian portion
1043 of the High Arctic Large Igneous Province and implications for magmatiCiNi

1044 potential: Canadian Journal of Earth Sciences, p. 1-15.

1045 Savard, M. M., Beauchamp, B., and Veizer, J., 1996, Significance of Aragonite Cements Around
1046 Cretaceous Marine Methane Seeps: Journal of Sedimentary Research, v. 66, no. 3, p.
1047 430-438.

40



1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084

1085
1086

Schoell, M., 1982, Applications of isotope analysis of petroleum and natural gas research:
Spectra, v. 8, p. 32-41.

Schwartz, H., Sample, J., Weberling, K. D., Minisini, D., and Moore, J. C., 2003, An ancient
linked fluid migration system: cold-seep deposits and sandstone intrusions in the Panoche
Hills, California, USA: Geo-Marine Letters, v. 23, no. 3, p. 340-350.

Sibuet, M., and Olu, K., 1998, Biogeography, biodiversity and fluid dependence of deep-sea
cold-seep communities at active and passive margins: Deep Sea Research Part II: Topical
Studies in Oceanography, v. 45, no. 1, p. 517-567.

Stott, D. F., 1969, Ellef Ringnes Island, Canadian Arctic Archipelago: Geological Survey of
Canada Paper 68-16.

Suess, E., 2014, Marine cold seeps and their manifestations: geological control, biogeochemical
criteria and environmental conditions: International Journal of Earth Sciences, v. 103, no.
7, p. 1889-1916.

Taylor, S. R., and McLennan, S. M., 1985, The continental crust: Its composition and evolution,
Blackwell Scientific Pub.,Palo Alto, CA; None, Medium: X; Size: Pages: 328 p.:

Teichert, B. M. A., and Luppold, F. W., 2013, Glendonites from an Early Jurassic methane seep
— Climate or methane indicators?: Palaeogeography, Palaeoclimatology, Palaeoecology,
v. 390, p. 81-93.

Thiel, V., Peckmann, J., Schmale, O., Reitner, J., and Michaelis, W., 2001, A new straight-chain
hydrocarbon biomarker associated with anaerobic methane cycling: Organic
Geochemistry, v. 32, no. 8, p. 1019-1023.

Thorsteinsson, R., 1974, Carboniferous and Permian stratigraphy of Axel Heiberg Island and
western Ellesmere Island, Canadian Arctic Archipelago: Canadian Geological Survey
Bulletin, v. 224, p. 115.

Tribovillard, N., Algeo, T. J., Lyons, T., and Riboulleau, A., 2006, Trace metals as paleoredox
and paleoproductivity proxies: An update: Chemical Geology, v. 232;-80p112-32.

Turekian, K. K., and Wedepohl, K. H., 1961, Distribution of the elements in some major units of
the Earth's crust: Geological Society of America Bulletin v. 72, no. 2, p. 175-191.

Voegelin, A. R., Nagler, T. F., Samankassou, E., and Villa, I. M., 2009, Molybdenum isotopic
composition of modern and Carboniferous carbonates: Chemical Geology, v. 265, no. 3
4, p. 488-498.

Whiticar, M. J., 1999, Carbon and hydrogen isotope systematics of bacterial formation and
oxidation of methane: Chemical Geology, v. 161, p. 291-314.

Wynne, P. J., Irving, E., and Osadetz, K. G., 1988, Paleomagnetism of cretaceous volcanic rocks
of the sverdrup basin; magnetostratigraphy, paleolatitudes, and rotations: Canadian
Journal of Earth Sciences, v. 25, no. 8, p. 1220-1239.

41



1087

1088

1089

1090

1091
1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

FIGURE CAPTIONS

Figurel

Figure2

Map showing location of the study area. The inset (Canadian Arctic Archipelago)
shows the location of the Sverdrup Basin (outlined by dashed black line). Ellef

Ringnes Island, the focus of this study, is located near the centre of the basin.

Map of Ellef Ringnes Island, composed of Lower Jurassic rocks in the northwest and
upper most Cretaceous rocks in the southeast. The Island is pierced by seven salt
diapirs, composed of the Pennsylvanian Otto Fiord Formation. Within the
Christopher Formation, 139 early Cretaceous methane seep deposits have been
discovered. The majority of the seep deposits are concentrated on the periphery of

salt diapirs; with the exception of 8 seep deposits, not closely associated with diapirs.

Geology is derived from (Evenchick and Embry, 2Q[EAzenchick and Embry,

20128).

Figure3

Figure4

Stratigraphic column of Cretaceous and Paleogene strata of the Sverdrup Basin.

Stratigraphy is modified from (Embry and Beauchamp, 2008). Ancient methane seep

deposits on Ellef Ringnes Island occur within the upper portion of the Invincible
Point Member of the Christopher Formation, an Upper Aptian to Upper Albian

marine shale. The horizon with occurrence of abundant glendonites is also shown.

Field photographs and thin sections of carbonate deposits. A) Distribution of
carbonate deposits (marked by red arrows) as positive relief features on the arctic

tundra, B) large carbonate deposit with relief up to 3 m, C) Carbonate bed with a

42



1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

Figure5

Figure6

significantly greater length than height, D) Close up of outcrop showing
characteristic banded cement texture, E) Photomicrograph of micritic cements within
seep deposits, F) Photomicrograph under plain light showing banded cements, G)
cross-polarised light image of banded yellow and botryoidal calcite, H) Close up of
outcrop showing void filling blocky calcite. BC=blocky calcite, YC = yellow calcite,

PL = peloid, OM = opaque mineral.

5'80vppe anddt3Cypeps plot of individual seep carbonate phases. All of the phases,
excluding blocky calcite are vetyC depleted, suggesting derivation from methane.
The same phases had&Ovprpg values close to zero, suggesting precipitation near
ambient seawater temperature. Blocky calcite has much Higi@&#os values and
lower 5'80vepg values, likely forming at increased temperature (depth) during burial

diagenesis.

Geochemical plots of shale hosting carbonate seep deposits. Litholog of the
Christopher formation shows section from the base of the formation to the resistant
marker bed at the top of the Invincible Point Member. A) Plot of carbon isotopes of
organic matter contained within the Christopher Formation as well as the seep
carbonates (thought in part to be preserved biofilB)sPlot of Mo concentration in

both the Christopher Formation and seep carbonates. The Christopher shale contains
less Mo than normal Post Archean Average Shale (Taylor and McLennan, 1985)
suggesting precipitation under oxic conditions, whereas seep carbonates sequester

much more Mo than normal carbonates, implying anoxic formation.
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Figure7

Figure8

Chromatograms showing the lipid biomarkers found in the hydrocarbons and fatty
acids recovered from seep carbonates. Stable carbon isotopes of the lipid biomarkers

are also included.

Representative seep macrofossils. A) Solemyid bivalve; articulated specimen,
internal mould lateral view. B) Lucinid bivalve; articulated specimen, internal mould
lateral view; arrow points to anterior adductor muscle scar. C) Thyasirid bivalve:
articulated specimen, internal mould lateral view. D) Same specimen as C), posterior
view; arrow points to weak posterior sulcus. E) Nucinella sp.; articulated specimen,
internal mould anterior view. F) Same specimen as E), lateral view; arrow points to
lateral tooth. G) Malletid bivalve; partially articulated specimen, internal mould

lateral view. H) Nuculid bivalve; articulated specimen, internal mould lateral view. I)
Pectinid bivalve; articulated specimen, internal mould lateral view. J) Ammonite
Puzosia aff. sigmoidalis Donovan; internal mould. K) Vetigastropod; internal mould
lateral view. L) Cluster of probable vestimentiferan tubes. M) Photomicrograph

under plain light of an oblique cross section through a probable vestimentiferan tube.
Arrow points to ‘delamination’ structures. Note infilling of botryoidal banded calcite
cement. N) Large pieces of wood preserved in seep carbonate at outcrop. Scale bars

for A-K =1 cm.
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