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Abstract

Studies on the involvement of intrusive magmatism in hydrocarbon generation within sedimentary basins have gained
momentum owing to increasing appraisal of the role that such processes may play in controlling global carbon cycle pertur-
bations, and the exploration potential of the volcanic sedimentary basins. Nevertheless, for many areas the causal link
between the intrusions and surrounding hydrocarbon systems remains disputed, encouraging a search for methods that could
aid in identifying different hydrocarbon sources. Here, we have performed a multi-proxy geochemical study of the middle Cre-
taceous methane-seep deposits of the Basque-Cantabrian Basin, an early-stage, peri-cratonic rift marking the Mesozoic open-
ing of the Bay of Biscay. Infilled by a thick sedimentary succession intruded by shallow-level igneous bodies, the basin shares
analogies with modern young, sedimented rifts that sustain hydrocarbon seepage. We have applied a novel approach that uses
the Nd isotope composition of the seep deposits to constrain the relationship between hydrocarbon seepage and igneous activ-
ity, and to explore the general potential of Nd isotopes to trace magmatic-influenced fluids in volcanic sedimentary basins.
The Nd isotope data have been combined with rare earth element analyses and carbon and oxygen isotope measurements,
providing broad insight into the former composition of the seeping fluids. For three out of four investigated seeps, the Nd
isotope ratios observed in authigenic seep carbonates include signatures markedly more radiogenic than that reconstructed
for background seawater-derived pore waters. The level of this **Nd-enrichment varies both between and within individual
deposits, reflecting spatial and temporal differences in fluid composition typical of seep-related environments. The radiogenic
Nd isotope signals provide evidence of subseafloor interactions between the seeping fluids and mafic igneous materials, sup-
porting the model of an igneous control on the mid-Cretaceous methane expulsion in the Basque-Cantabrian Basin. The ther-
mogenic origin of the methane is in accord with the moderately negative 5'>C values and paragenetic successions observed in
the studied seep carbonates. For a single deposit, its relatively unradiogenic Nd isotope composition can be attributed to the
smallest size and shallowest emplacement depth of the underlying intrusion, likely resulting in a short-lived character and lim-
ited hydrocarbon-generation potential of the associated contact metamorphism. The study demonstrates that Nd isotope
analyses of seep carbonates offer a tool in disentangling methane fluxes from different organic matter alteration pathways
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for the numerous, both fossil and modern sedimented rifts for which the involvement of various methane sources remains

insufficiently understood.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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1. INTRODUCTION

Sedimentary basins affected by intrusive magmatism,
including, most notably, continental rifts and buried sec-
tions of mid-ocean ridges, host some of the most complex
fluid expulsion systems known from Earth’s oceans
(Einsele et al., 1980; Simoneit, 1994; Cruse and Seewald,
2006; Teske et al., 2019). Filled with thick, commonly
organic-rich sedimentary packages affected by magmatic
heat transfer, the sedimented rifts represent rare settings
that can sustain both high-temperature hydrothermal vents
and more temperate, hydrocarbon-dominated, cold seeps
(Simoneit et al., 1988; Paull et al., 2007; Lizarralde et al.,
2011; Nunez-Useche et al., 2018). Both these end-member
types of fluid emissions may be juxtaposed against each
other across small distances, and some areas sustain seepage
of fluids combining components of multiple sources
(Welhan and Luton, 1987; Seewald et al., 1994; Geilert
et al., 2018; Snyder et al., 2020). Studies of such transitional,
magmatic-sedimentary systems hold the key to advance our
understanding of the role of magmatism in hydrocarbon
expulsion from sedimentary basins, a question that has
received increasing attention (Schutter, 2003; Lizarralde
et al., 2011; Svensen et al., 2015; Schofield et al., 2017).
Recently, a number of studies highlighted the importance
of igneous processes not only in hydrogeological evolution
of buried rifts, but also their large-scale impact on the global
carbon cycle and climate perturbations (Svensen et al., 2004,
2007; Aarnes et al., 2015; Berndt et al., 2016).

So far, comprehensive reconstructions of hydrocarbon
generation patterns in either modern or fossil sedimented
spreading centres have been relatively rare. From a geolog-
ical standpoint, the most significant of the difficulties
involved in such studies is the typically limited knowledge
of basement configurations of individual seep and vent sys-
tems. Given the deep-marine setting and complex tectonic
architecture of rifted margins, the extent and composition
of rift-filling sediment blankets, distribution and geometry
of igneous intrusions, and fluid-channelling horizons must
be interpreted primarily based on geophysical data
(Fisher and Narasimhan, 1991; Svensen et al., 2004;
Lizarralde et al., 2011; Geilert et al., 2018; Sydnes et al.,
2018). Chief among these are seismic images, interpretation
of which remains inherently difficult (Schofield et al., 2017),
and commonly inconclusive with respect to fluid flow pat-
terns (cf., Cartwright and Santamarina, 2015; Angkasa
et al., 2017). This is accompanied by a limited number of
modern rifts for which hydrocarbon seepage has been doc-
umented in sufficient detail to allow for a broader appraisal
of fluid circulation. Among modern rifts known to sustain
extensive hydrocarbon seeps, only for the Guaymas Basin,

Gulf of California, have the seismic, petrological and geo-
chemical investigations been advanced enough to allow dee-
per discussions on fluid sources (Welhan and Lupton, 1987,
Simoneit, 1994; Paull et al., 2007; Berndt et al., 2016).

Geological characteristics of continental rift-hosted fluid
discharges can be better understood by examination of fos-
sil sedimentary basins influenced by volcanic activity, some
of which offer extensive exposures of plumbing systems that
fed ancient seeps and vents (e.g., Gaillard et al., 1992;
Jamtveit et al., 2004; Svensen et al., 2007; Angkasa et al.,
2017). In such cases, studies of fluid origin must rely on
petrological and geochemical systematics of authigenic
minerals. Most characteristic of these are methane-seep car-
bonates, which precipitate from shallow-burial pore waters
as by-products of increase in pore water alkalinity driven by
anaerobic oxidation of methane by chemoautotrophic
microbes (Knittel and Boetius, 2009). For buried rifts, of
particular utility in such investigations are geochemical
techniques able to detect former fluid-rock interactions
involving mafic igneous rocks, such as rare earth element
(REE) patterns, as well as Sr and Nd isotope analyses
(e.g., Piepgras and Wasserburg, 1985; Craddock et al.,
2010; Geilert et al., 2018; Jakubowicz et al., 2019). The lat-
ter, traditionally applied for fluid tracing at unsedimented
hydrothermal vents, have recently been shown to provide
a sensitive tool of recognising the former presence of
volcanic-derived fluid components in sedimentary systems
(Jakubowicz et al., 2015, 2019). When combined with struc-
tural data and diagenetic histories of given seep occur-
rences, these radiogenic isotope and trace element
methods enable insights notably beyond those provided
by traditionally used C and O isotope measurements
(Jakubowicz et al., 2015, 2020; Ge et al., 2020).

In the present contribution, we have performed a multi-
proxy geochemical study of four mid-Cretaceous
hydrocarbon-seep deposits of the Basque-Cantabrian Basin
(northern Spain). Having developed within an incipient con-
tinental rift, these carbonates represent some of the best
exposed fossil seeps associated with a volcanic-affected sed-
imentary basin (Agirrezabala, 2009, 2015; Agirrezabala
et al., 2013; Wiese et al., 2015). They afford, therefore, a rare
opportunity for a detailed reconstruction of the relation-
ships between the seep deposits and different elements of
their former plumbing systems. Based on the combination
of tectonic constraints, indirect evidence from petrological
and geochemical data, and the presence of igneous bodies
underlying the seep deposits, it has been hypothesised that
hydrocarbons originated in the Basque-Cantabrian Basin
as a result of thermal alteration of the rift-filling sediments
by subvolcanic intrusions (Agirrezabala, 2009, 2015;
Agirrezabala and Dinares-Turell, 2013; Agirrezabala et al.,
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2013). Here, we test this scenario by combining Nd, stable
isotope and REE analyses of the methane-derived carbon-
ates. Our results provide new data on the fluid generation
history of the Basque-Cantabrian Basin, and, on a more
general scale, allow for exploring the general applicability
of the Nd isotope system to identify fluid sources in sedi-
mented rift-hosted hydrocarbon systems.

2. GEOLOGICAL SETTING
2.1. General context

The studied seep deposits are exposed along the coast of
the Basque Country, in the northern part of the Mesozoic

Basque-Cantabrian Basin (Fig. 1A). The basin represents
the westernmost part of the Pyrenean-Cantabrian moun-
tain belt, as a whole marking the Iberia-Eurasia plate
boundary (DeFelipe et al., 2018). The Mesozoic sedimen-
tary basins rimming the northern margin of Iberia record
a complex series of tectonic events and plate motions that
preceded the orogeny. Starting from the late Palaeozoic
and through much of the Mesozoic, the Pyrenean domain
was subjected to extensional to transtensional tectonics,
whose structural and stratigraphic expressions varied spa-
tially as a result of its strong structural segmentation
(Jammes et al., 2009; Tugend et al., 2015; Teixell et al.,
2018). The Basque-Cantabrian Basin originated as a rela-
tively narrow, oblique peri-cratonic rift associated with
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Fig. 1. Generalised geological maps of the Basque-Cantabrian Basin (A) and studied localities (B: Kardala and Alkolea; C: Ispaster; D:

Gorliz), with indicated occurrences of the Albian seep deposits.
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the opening of the Bay of Biscay and North Atlantic Ocean.
During the main, Aptian to Cenomanian phase of its devel-
opment, the basin represented one of the most intensely
subsiding areas of the Pyrenean realm, and the main
depocentre in its western part (Rat, 1988; Garcia-
Mondéjar et al., 1996). The basin formation followed the
development of a regional transtensional regime, accompa-
nying the onset of seafloor spreading in the Bay of Biscay,
and associated left-lateral drift of Iberia. These processes
culminated in the Albian, for which a range of tectonic fea-
tures indicative of strike-slip tectonics have been docu-
mented (Garcia-Mondéjar et al., 1996; Agirrezabala and
Dinares-Turell, 2013).

By the middle Cretaceous, the continuous lithospheric
extension along most of the Iberia-Eurasia boundary
resulted in development of a complex system of hyperex-
tended rifts connecting the Atlantic and Tethys oceans, in
places marked by zones of mantle unroofing (Pedrera
et al., 2017; DeFelipe et al., 2018; Teixell et al., 2018).
For the Basque-Cantabrian area, the crustal hyperthinning
was particularly pronounced in its eastern part, for which
mantle unroofing occurred to the base of the basin-filling
sedimentary succession during the late Albian, with
exhumation of a narrow peridotite domain (DeFelipe
et al., 2017). Across the basin, this was accompanied by
mafic volcanism and emplacement of subvolcanic intru-
sions, starting from the late Barremian, and culminating
during late Albian — Santonian time (Castanares et al.,
2001; Ubide et al., 2014; Garcia-Mondéjar et al., 2018).
The volcanic activity was focused in the central and north-
ern parts of the basin, for which a number of outcrops have
been studied (Rossy et al., 1992; Ubide; Agirrezabala et al.,
2014, 2017; Garcia-Mondejar et al., 2018). Except for these,
several intrusions have been identified in seismic images
(Agirrezabala and Dinares-Turell, 2013; Agirrezabala
et al., 2013). Among the outcrops, the continental tectonic
setting and both effusive and intrusive origin of the vol-
canics are reflected in their petrographic variability. Domi-
nant are Dbasaltoids (basalts, teschenites, basaltic
trachyandesites), sometimes with ultramafic cumulates (pi-
crites), with a subordinate role of gabbros and syenites
(Rossy et al., 1992; Ubide). The magma ascent was facili-
tated by a system of deep, NW-SE trending faults, which
compartmentalised the basin and played part in local
high-temperature metamorphism and hydrothermal miner-
alisation (Velasco et al., 2003; Lopez-Horgue et al. 2010).
Geochemically, the volcanics display signatures distinct
from those of mid-ocean ridge basalts and similar to the
mantle source of oceanic island (HIMU- and EM-1-type)
basalts, recording contribution of continental material
and resembling volcanics known from other infant rifts
(Rossy et al., 1992; Ubide). These geochemical systematics
are consistent with structural observations, implying that,
despite the extreme crustal thinning, the Basque-
Cantabrian rift failed to reach the seafloor-spreading stage.
The extensional period of its evolution lasted until the
Cenomanian. By the late Santonian, the plate configuration
around Iberia evolved towards a compressional regime,
which resulted in basin inversion during the Paleogene
(Teixell et al., 2018).

2.2. Seep deposits

All studied seep deposits are hosted by primarily argilla-
ceous turbidite successions of mudstones, sandstones and
conglomerates that infill the numerous subbasins of the
northern-central part of the Basque-Cantabrian Basin,
jointly referred to as the Black Flysch Group (Middle
Albian — Lower Cenomanian; Souquet et al., 1985;
Figs. 1 and 2A,H). This thick, organic-rich unit was depos-
ited in a relatively deep-water, bathyal setting (200-2000 m
as implied by foraminifera data; Rodriguez Lazaro et al.,
1998; Castanares et al., 2001; Garcia-Mondéjar et al.,
2004). The Black Flysch Group crops out across the Pyre-
nean domain and is divided into numerous local, mostly
informal lithostratigraphic units (see Agirrezabala, 2009,
2015; Agirrezabala et al., 2013 and references therein).
Because of spatial differences in tectonic regimes and subsi-
dence rates in different portions of the Basque-Cantabrian
area, the Black Flysch siliciclastics, deposited in structural
troughs, grade laterally into shallower-water, carbonate-
dominated deposits representative of structural highs, with
local development of rudist-rich carbonate platforms
(Aptian — Albian ‘Urgonian Complex’; Garcia-Mondéjar,
1990).

The seep deposits are scattered within the Black Flysch
Group in the form of irregular carbonate bodies, concen-
trated at four sites (Figs. 2 and 3), all of which have been
studied in the present contribution. Stratigraphically, all
these seeps fall within a narrow interval of two upper
Albian ammonite subzones (Hysteroceras varicosum — Cal-
lihoptiles auritus), approximately corresponding to the main
phase of magmatism in the northern Basque-Cantabrian
Basin (auritus Subzone, Castanares et al., 2001; ~102 Ma
as dated by *°Ar/*°Ar ages, Ubide et al., 2014). For each
of these deposits, their seep-related origin has been
documented based on their geological backgrounds,
paragenetic sequences, biota and, in particular, strongly
negative 8'°Ceurponate values, recording incorporation of
13C-depleted carbon indicative of microbial oxidation of
methane (Agirrezabala, 2009, 2015; Agirrezabala et al.,
2013; Wiese et al., 2015).

2.2.1. Kardala and Alkolea sites

Two accumulations of seep carbonates, referred to as
the Kardala and Alkolea seeps, ~1 km apart, are found
near the village of Mutriku in the north-eastern part of
the Basque-Cantabrian Basin (Fig. 1B; Agirrezabala
et al., 2008; Agirrezabala, 2009). The deposits formed
within the auritus Subzone on opposite sides of a major
structural boundary comprised by the deep, high-angle
Mutriku fault (Figs. 1B and 4A). Both the fault develop-
ment and its apparent role in channeling the methane seep-
age were associated with vertical-axis rotation of the Deba
block to the south-east (Agirrezabala and Dinares-Turell,
2013). Except the seep limestones, sediments adjacent to
the fault host upper Albian hydrothermal mineralisations
and metalliferous deposits (EEE, 2003).

The Kardala seep developed along the Laugarren Hon-
dartza fault, a minor discontinuity branching off from the
Mutriku fault (Fig. 1B). The seep carbonate-hosting Black
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Fig. 2. Occurrence modes and geological context of the Albian seep carbonates of the Basque-Cantabrian Basin. A — B. Numerous, relatively
small carbonate nodules making up the Kardala deposit. Note the presence of bivalves of the family Lucinidae (arrows in B), a group with a
long evolutionary history in seep-related ecosystems. Hammer (A) and coin (B) for scale. C — D. Accumulation of numerous, irregular
carbonate lenses comprising the Alkolea deposit. Hammer (C) and coin (D) for scale. E — F. Carbonate bodies of the Ispaster deposit. A
large, in situ seep-carbonate lens is indicated with a dashed-line border; several smaller lenses are indicated with arrows in E. Note the presence
of large, Caspiconcha bivalves, typical of Mesozoic seep-related communities (arrows in F). Hammer for scale. G — H. Small seep-carbonate
bodies (G) and one of the igneous sills (H; sill A in Fig. 4) exposed in the Gorliz section. The sill is enveloped by a contact metamorphic
aureole developed by thermal alteration of argillaceous sediments of the Black Flysch Group (Agirrezabala et al., 2014). Hammer (G) for
scale; the sill (H) is max. 5 m-thick.

Flysch Group is exposed here as a continuous, 500-1000 m- a ~ 5m-thick and 16 m-long, lensoidal accumulation of
thick succession dominated by sandy mudstones with rare nodules, concretionary beds and tubular concretions
sandy turbidites. The seep limestones occur in the form of (Fig. 2A,B). The structural position and geometry of the
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Fig. 3. Representative photomicrographs of the Albian seep carbonates of the Basque Cantabrian Basin: the Kardala (A), Alkolea (B),
Ispaster (C) and Gorliz (D) deposits. For all sites, volumetrically dominant is pyrite-rich, micritic to microsparitic calcite, hosting abundant
mud- to sand-sized siliciclastic particles (A — D), foraminifera and radiolarian microfossils (B — D) and bivalves (D). The micrite shows
frequent dissolution cavities (A — D) filled by early-diagenetic yellow calcite and botryoidal fibrous calcite (A — C), and later-diagenetic
dolomite, sparry calcite and pyrobitumen (A — D). Abbreviations: m — micrite; ms — microspar; s — spar; yc — yellow calcite; fc — fibrous
calcite; d — dolomite; p — pyrobitumen; Fo — foraminifera; Ra — radiolarian; Bi — bivalve.

seep deposit suggest fluid migration through the Laugarren
Hondartza-Mutriku fault system (Agirrezabala, 2009;
Fig. 4A). As is typical of seep precipitates, the Kardala car-
bonates display high variability in cement fabrics, recording
periods of carbonate authigenesis intermingled with disso-
lution events (Fig. 3A). Volumetrically dominant is calcitic,
pyrite-rich micrite, precipitated as the earliest cement gener-
ation in sediment pore spaces. This phase engulfs abundant
macrofossils, most notably members of the seep-dwelling,
chemosymbiotic bivalve family Lucinidae (Fig. 2B). The
seep-related origin of the micrite is attested by its low
5'3C wvalues, reaching down to —17.3%. (Agirrezabala,
2009; for compilation of previously published stable isotope
data, see Fig. 5 and Supplementary Table 1). Dissolution
cavities truncating the micrite have been infilled by sparry
cements, dominated by early-diagenetic, irregular sparry
mosaic (‘yellow calcite’) and isopachous fibrous calcite,
the latter displaying a botryoidal fabric and most pro-
nounced '*C-depletion (Agirrezabala, 2009). Among later-
diagenetic cements, most conspicuous are saddle dolomite
with solid bitumen inclusions, widespread solid bitumen
(impsonite) occluding intercrystalline spaces, and blocky
calcite spar infilling final void spaces.

The general geological context of the Alkolea deposit is
more complex than that of the Kardala carbonates
(Fig. 4A; see Fig. 2 in Agirrezabala and Dinares-Turell,
2013). The Black Flysch Group is here composed of mud-

stones with relatively frequent sandy intercalations. The
Alkolea deposit both overlies and is overlain by angular
unconformities, associated with two stages of development
of the Aitzeta syncline, the main structural feature to the
south-east of the Mutriku Fault (Agirrezabala et al.,
2002; Agirrezabala and Dinares-Turell, 2013). The seep car-
bonates occur within a lenticular, ~8 m-thick and 40 m-
long accumulation as nodules, lenses, septarias and carbon-
ate breccias (Fig. 2C,D). The sole seep-related macrofossils
are rare, Hikidea-like gastropods. A dominant early-
diagenetic phase is micrite (Fig. 3B), showing pronounced
13C.depletion (3'°C =—8.6 to —24.4%c; Agirrezabala,
2009; Fig. 5). The former open spaces are mostly rimmed
by isopachous fibrous cement, with 8'>C values as low as
—41.5%0 (Agirrezabala, 2009). The later-diagenetic stage is
dominated by blocky spar, with rare pyrobitumen fills. In
addition, centres of some concretions have been occluded
with a hydrothermal association of sulphate minerals (ce-
lestine, barite, gypsum and anhydrite), carbonates and
albite (Agirrezabala, 2009).

A seismic reflection profile available for the south-
western part of the Deba block, close to the occurrence of
the Kardala and Alkolea deposits, documents the presence
of two highly reflective bodies at a depth of ~0.7 s (Fig. 12
in Agirrezabala and Dinares-Turell, 2013). Assuming a con-
servative mean seismic velocity of 4500 m/s, documented
for shallow sedimentary rocks from a nearby commercial
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well (Gaviota field; Huedo-Cuesta et al., 2009), this corre-
sponds to the present depth of ~800 m, and, when cor-
rected for compaction, inferred original emplacement
depth of ~1500 m (Table 1). Both bodies show dimensions,
geometries and seismic expression typical of magmatic lac-
coliths, with concordant, high-amplitude reflections,
convex-up tops and flat bases, thus being interpreted as
igneous intrusions (Agirrezabala and Dinares-Turell,
2013; Fig. 4A). This interpretation is corroborated by the
Albian hydrothermal mineralisations found in the area,
exposures of Albian igneous intrusions ~4 km to the
south-west (EEE, 2003), and general abundance in the

Table 1

northern Basque-Cantabrian Basin of volcanic and subvol-
canic rocks penecontemporaneous with the seep deposits
(Castanares et al., 2001; Ubide et al., 2014). The igneous
character of the high-amplitude structures is also in agree-
ment with their position in the part of the Deba block sub-
jected to late Albian extension, as such areas are typically
favoured as loci of magma ascent in strike-slip settings
(cf., Tibaldi et al., 2010; Agirrezabala and Dinares-Turell,
2013).

2.2.2. Ispaster site

Fifteen km to the north-west of the two sites associated
with the Mutriku Fault, another accumulation of seep car-
bonates is exposed to the north of the village of Ispaster
(Fig. 1C; Agirrezabala et al., 2013; Kiel, 2013, Wiese
et al., 2015; Jenkins et al., 2018). The Black Flysch Group
reaches a local thickness of ~800 m and is dominated by
mudstones with common sandy turbidites. The Ispaster car-
bonates form two horizons, dated to varicosum — auritus
subzones and spatially associated with several, contempora-
neous sandstone dykes. Agirrezabala et al. (2013) inter-
preted the deposit geometry, together with its relationship
to local sandstone lenses, as indicative of a pockmark-
related origin of the Ispaster seep (Fig. 4B).

The seep carbonates occur mostly as concretions and
lenses (Fig. 2E,F), some > 8 m across, made up primarily
of calcitic, pyrite- and peloid-rich micrite (Fig. 3C). The
micrite hosts common macrofossils, including clusters of
the large kalenterid bivalve Caspiconcha basquensis
Jenkins et al., 2018 (Fig. 2F), and scarcer lucinid bivalves
(Tehamatea agirrezabalai Kiel, 2013), as well as worm tubes
and Hokkaidoconcha gastropods, all typical of Cretaceous
seep communities. The micritic matrix displays marked
13C-depletion (8'3Cyyin = —33.8%0; Agirrezabala et al.,
2013; Fig. 5). Early-diagenetic cements infilling small empty
spaces are typically developed as isopachous, yellow and/or
fibrous calcite, reaching 313C values of down to —41%o
(Agirrezabala et al., 2013). Central parts of some voids have
been occluded with blocky calcite and, locally, dolomite,
solid bitumen and/or barite crystals.

A seismic profile collected for the study area (Fig. 21 in
Agirrezabala et al., 2013) images at least two high-
amplitude structures at depths of 0.5 s and 0.75 s, translat-

Compilation of the emplacement-depth and geometry data for the subvolcanic intrusions underlying the Albian seep deposits of the Basque-

Cantabrian Basin.

Intrusion Original depth (compacted) Original depth (uncompacted)™ Geometry (width x thickness)

Mutriku* 790 m" 1530 m Two laccoliths, each ~1000 x 60(?) m*
Ispaster” 800 m and 1190 m' 1490 m and 2160 m Two sills, each ~3000 x 60(?) m°

Gorliz® 265m 450 m Laccolith 600 x 40 m, with subsidiary sills

* Intrusion underlying the Kardala and Alkolea seep deposits; imaged seismically (Agirrezabala and Dinarés-Turell, 2013).

# Imaged seismically (Agirrezabala et al., 2013).

* Larragan laccolith system (Agirrezabala et al., 2014; Agirrezabala, 2015).

T Decompation method after Einsele (2000).

Y Corrected for local dips (Ispaster: ~20°; Gorliz: ~60°); assumed seismic velocity of 4500 m/s (see text).

¥ Approximate geometries based on seismic data.
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ing into uncompacted depths of ~1500 and ~2200 m
(Table 1). As for the Kardala-Alkolea area, the combina-
tion of the high reflectivity of these structures, their rela-
tionship with the surrounding strata and general
geometries have been interpreted as indicative of their
intrusive igneous origin (Agirrezabala et al., 2013;
Fig. 4B). This interpretation is supported by the position
of the Ispaster seep approximately at the periphery of the
inferred igneous body, which corresponds to the typical
position of fluid expulsion systems accompanying subvol-
canic intrusions (cf., Planke et al., 2005; Schofield et al.,
20105 Iyer et al., 2013). Furthermore, an intrusive episode
is in consonance with the presence of the pockmarks and
clastic dykes, representing surface expressions of rapid dis-
charge of overpressured fluids (cf., Cartwright and
Santamarina, 2015). Likewise, according to Agirrezabala
et al. (2013), the clastic dykes correspond to peripheral frac-
tures formed along the intrusion margin, providing path-
ways for the former methane advection (Fig. 4B). Indeed,
the stratigraphic depth of the proposed intrusions places
the deeper structure within the Otoio Formation, which
underlies the Black Flysch Group (Fig. 4B), in agreement
with abundant rock fragments of this unit found in the
dykes (Agirrezabala et al., 2013).

2.2.3. Gorliz site

The westernmost seep deposit of the Basque-Cantabrian
Basin is located near the village of Gorliz, 33 km to the
north-west of the Ispaster site (Fig. 1D; Agirrezabala,
2015). The Black Flysch Group is exposed here as
a > 200 m-thick package of mudstones with subordinate
sandstones and conglomerates. The seep carbonate-
hosting part of this succession, dated to the varicosum Sub-
zone, is dominated by sandstones, which form a well-
defined sedimentary wedge overlying a local forced fold
(Agirrezabala, 2015).

The seep carbonates are scattered within the sedimen-
tary wedge as irregular lenses, nodules, concretions and sep-
tarias, typically concentrated along bedding planes
(Fig. 2G). Compared to the other Basque seeps, the carbon-
ate bodies are here noticeably scarcer and typically small
(max. 40 cm across). The dominant texture is calcitic,
pyrite-enriched micrite (Fig. 3D), showing strongly negative
3'3C values (down to 38.7%q; Agirrezabala, 2015; Fig. 5).
The micrite hosts rare fossils of unidentified bivalves and
gastropods. The former open spaces have been occluded
by early fibrous calcite, blocky calcite and, ultimately, sad-
dle dolomite crystals.

The late Albian fluid expulsion at Gorliz has additionally
been recorded in the form of clastic dykes cross-cutting the
sedimentary wedge. Compared to the Ispaster site, the Gorliz
dykes are notably more common and contain particularly
frequent, large (up to 0.5 m across) clasts composed of silici-
clastics, basalts, and Urgonian, fossil-rich limestones. Except
for the dykes, an analogous clast inventory is found in brec-
cia beds dispersed within the sedimentary wedge, pointing to
the breccia formation as extruded deposits discharged from
the dykes. The dykes can be traced as cross-cutting the under-
lying Black Flysch strata for over 200 m; the clast composi-
tion implies their derivation from the lower Albian Monte

Grande Formation (Agirrezabala, 2015; Fig. 4C). About
260 m below the level of seep carbonates and breccia, the
Monte Grande Formation hosts a basaltic intrusion,
~600 m in diameter and 40 m in thickness (Table 1). The
intrusion, referred to as the Larragan laccolith, resulted in
syndepositional forced folding and peripheral fracturing of
the overburden, creating pathways for the hydrocarbon
seepage and sediment extrusion (Agirrezabala, 2015;
Fig. 4C). The laccolith is accompanied by several sills pro-
truding into sediments of the Black Flysch Group. Because
of the limited exposure of the laccolith, the sills have been
the main focus of previous studies of the influence of the Gor-
liz intrusion on its host succession (Agirrezabala et al., 2014).
In addition to the intrusives, the Albian volcanism is
recorded at Gorliz in the form of diatremes exposed to the
south-west of the laccolith (Agirrezabala et al., 2017),
penecontemporaneous with the seep deposit, and a horizon
of pillow-lavas post-dating the seep.

3. MATERIAL

The analysed samples were powdered using a microscope-
mounted microdrill. The Nd and C — O isotope analyses
included a total of 36 and 30 samples, respectively. Most
samples, including all carbonates from the Ispaster and Gor-
liz sites, represent microcrystalline textures. This reflects
both the general dominance of this fabric at all the studied
seeps, and high REE contents typical of micrite compared
to other carbonate textures (for discussions see Jakubowicz
et al., 2015, 2019). As a result, for most deposits micrite
was the only phase voluminous enough to enable combined
Nd and stable isotope measurements. The sole exceptions are
isopachous cements from a relatively large void of the Alko-
lea deposit. In addition, two samples of blocky spar from
Kardala, and a small micritic sample from Gorliz were sub-
jected only to C and O isotope measurements.

To provide the context required to interpret the Nd iso-
tope signatures of the seep carbonates, we analysed also three
samples of the basaltic intrusions exposed at Gorliz: one
from the main, Larragan laccolith, and two from its sub-
sidiary sills (sills A and B in Fig. 4C), as well as a single sam-
ple of a calcite vein cross-cutting the sill A. In addition, to
establish the background eng signal of coeval seawater-
derived pore waters, we analysed a set of non-seep,
phosphate and carbonate materials from the Basque-
Cantabrian Basin. Due to its high resistance to diagenetic
alteration, fish fluorapatite is the most commonly applied
archive of past seawater Nd isotope signatures for post-
Palaeozoic, subaerially-exposed marine successions
(Martin et al., 2010; Tachikawa et al., 2017). Accordingly,
our analyses included a sample of a fish jaw, collected from
lower to middle Albian, outer-ramp marls (‘Bermeo marls’;
Garcia-Mondéjar and Robador, 1986-87) cropping out at
the northern margin of the basin, ~4 km north of the
Bermeo village. These strata are not directly contemporane-
ous with the seep-hosting, upper Albian Black Flysch Group;
no fish remains have, however, ever been found in this fossil-
poor succession. Therefore, besides the mid-Albian fish
material, we studied a set of micritic samples from a carbon-
ate platform of the Urgonian Complex (Egino Formation;



Table 2

Sm-Nd, C and O isotope data of the studied Albian seep deposits and reference non-seep carbonate, phosphate and volcanic materials from the Basque-Cantabrian Basin.

Sample ID  Lithology Weight  Sm Nd Sm/MNd - 3Nd/"Nd NI/ N €ng 313C (%o 3'%0
(mg) (ppm)  (ppm) (t=0) (t=105Ma) (¢t=105Ma) V-PDB) (%0 V-PDB)
Kardala seep deposit
Ka-la-1 micritic calcite 162.55 6.07 12.69 0.2893 0.5123254+10  0.512126 -7.36+0.20 —11.68 —9.62
Ka-la-2 micritic calcite 66.78 5.66 10.51 0.3258 0.5123724+10  0.512149 —-691+0.20 —3.46 -10.47
Ka-1b micritic calcite 258.94 2.85 6.93 0.2488 0.5123054+10  0.512134 -7.194+020 —16.97 —7.84
Ka-1c micritic calcite 123.17 4.34 10.43 0.2514 0.512230+ 10  0.512111 -7.64+020 —13.63 -9.19
micritic calcite: average (*la) —7.3 (%0.3) —11.4 (£5.0) —9.3 (£1.0)
Ka-1BI blocky sparry calcite —9.20 —9.58
Ka-2 blocky sparry calcite -5.17 -9.80
Alkolea seep deposit
Al-la micritic calcite 245.97 1.23 3.43 0.2173 0.512176 =11 0.512027 -9.29+0.21 —13.13 —4.49
Al-2 micritic calcite 261.17 1.62 5.18 0.1896 0.512156 £ 10 0.512026 -9.31+0.21  -25.07 —5.26
Al-3 micritic calcite 261.12 1.25 3.29 0.2301 0.5122344+10  0.512076 —833+0.20 —26.37 —3.34
Al-4 micritic calcite 309.22 0.86 2.39 0.2169 0.512187 10  0.512038 —-9.08+0.20 —8.61 -3.76
micritic calcite: average (tla) —9.0 (+x0.4) —18.3 (£7.6) —4.2 (£0.7)
Al-3 isopachous sparry calcite (2nd generation)  109.51 0.06 0.29 0.1267 0.512214 + 15  0.512127 -7.34+0.29 2.84 —5.01
Al-3 isopachous sparry calcite (1st generation) 48.64 0.15 0.67 0.1308 0.512194 + 15 0.512105 —7.774+£0.29  8.54 —-1.92
Ispaster seep deposit
Is-Al-1 micritic calcite 279.41 0.78 2.73 0.1737 0.5122454+13  0.512126 -7.36+0.25 —26.92 —10.56
Is-A1-3 micritic calcite 56.27 3.25 10.90 0.1800 0.512230 £ 10  0.512106 -7.75+0.20 —6.10 —10.60
Is-A-5 micritic calcite 165.51 1.80 6.18 0.1757 0.512184 +10  0.512063 —8.59+0.20 —4.50 —10.69
Is-A-7 micritic calcite 178.47 1.07 3.38 0.1911 0.512161 +9 0.512030 -9.23+0.18 —-25.81 —10.73
Is-A-8 micritic calcite 155.3 0.90 3.12 0.1741 0.512179 + 8 0.512059 —8.66 +0.16  —22.57 —10.65
Is-B4-10 micritic calcite 89.58 1.65 5.13 0.1945 0.5122244+10  0.512090 —-8.05+0.20 -7.56 —11.31
Is-B-13 micritic calcite 198.62 0.72 2.33 0.1883 0.512189 + 14  0.512060 —8.65+0.27  —20.60 —11.54
Is-B-14 micritic calcite 102.76 1.62 5.52 0.1775 0.512168 =10  0.512046 —-8.92+0.20 —4.91 —10.58
micritic calcite: average (*lo) —8.4 (+0.6) —14.9 (£9.3) —10.8 (£0.4)
Gorliz seep deposit
Go-S-la micritic calcite 29.38 4.22 13.26 0.1924 0.512159 + 13 0.512027 —9.29 +0.25
Go-S-1b micritic calcite 155.7 1.51 5.34 0.1716 0.512125+7 0.512007 —-9.67+0.14  —23.33 —9.64
Go-S-1c micritic calcite 222.99 0.80 3.55 0.1363 0.5121254+10  0.512031 -9.214+0.20 —25.20 —10.69
Go-S-1d micritic calcite 56.65 2.85 12.88 0.1335 0.512120 £ 10  0.512028 —-9.26+0.20 —22.03 -9.29
Go-Sc-2a micritic calcite 188.2 1.30 5.29 0.1490 0.512141 +9 0.512038 -9.07+0.18  —32.09 —3.52
Go-Sc-2b micritic calcite 192.32 0.83 3.62 0.1383 0.512139 £ 10  0.512044 —-8.96+0.20 —34.52 —3.01
MR 12¢ micritic calcite 132 1.00 4.02 0.1500 0.512129 £ 10  0.512025 -9.30+0.20 —24.56 —9.90
MR 13 micritic calcite 88.4 1.59 6.49 0.1476 0.512139 £ 10  0.512036 —-9.08 +£0.20 —29.39 -3.95
MR 20b micritic calcite 141.19 0.64 2.94 0.1315 0.512100 & 10  0.512009 —-9.61 +£0.20 —19.42 —10.35
MR 7 micritic calcite —24.16 -9.76
MR 7 micritic calcite 130.16 1.16 4.69 0.1501 0.512100 10  0.511996 -9.86+0.20 —24.27 —8.95

[4%4

8v7-€7C (127027) €0€ IOV BOIUIGOOWSOD) 19 BOIWUIYO0ID) / T2 1 ZoImoquyef "



~7.9 (£2.9)

_25.9 (+4.4)

—9.3 (+0.3)

micritic calcite: average (*lo)

Gorliz intrusive volcanics (Larragan laccolith system)

2.98 +0.20
2.424+0.20
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0.512656
0.512627
0.512634
0.512610

0.512723 £ 10
0.512715 + 10
0.512700 +9

0.0987
0.1281
0.0964
0.1161

64.54

10.53
13.58
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32.54
32.01

volcanics, main laccolith

volcanics, sill B

Go-La-5
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Go-Sil-4

64.07

53.27
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volcanics, sill A

0.512690 + 7

110.29

calcite vein in volcanics, sill A

Go-Sil-4-C

Carbonate platform, Urgonian Complex (Egino Formation)
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~9.6040.20
~9.51+0.12
~9.334£0.20
~9.5 (+0.1)
~9.50 4 0.20

0.512011
0.512016
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0.512092 4+ 10
0.512100 + 6
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0.1173
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0.39
0.42
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0.07

298.54

micritic limestone, calcite

0.09
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fossiliferous wackestone-packstone, calcite
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0.19
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fossiliferous wackestone-packstone, calcite

platform carbonates: average (t1c)
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0.512016

0.91 0.1383 0.512108 10

0.83

1.019

fish jaw fluorapatite (Bermeo marls)

ANT-9

Garcia-Mondéjar et al., 2004) located in the southern part of
the basin, 7 km west of the Altsasu village, and coeval to the
studied seeps. As demonstrated in several previous studies,
micritic carbonates can provide a robust record of past sea-
water Nd isotope signatures where the use of phosphatic
archives is not feasible, provided no anomalous late-
diagenetic alteration pathways were involved (e.g., Fanton
et al., 2002; Martin et al., 2010; Holmden et al., 2013;
Belka et al., 2021). Indeed, the narrow clustering of Nd iso-
tope data obtained for the platform carbonates and fish flu-
orapatite (Section 5.1) supports the primary character of the
unradiogenic Nd isotope signature reconstructed for the
Albian seawater of the Basque-Cantabrian Basin.

4. METHODS

The Nd — Sm isotope measurements were performed in
the Isotope Laboratory of the Adam Mickiewicz
University, Poznan, Poland, on a Finnigan MAT 261
multi-collector thermal ionization mass spectrometer. The
powdered carbonate samples (29-309 mg each) were
weighed into 50 ml centrifuge tubes, treated with weak
(5%) ultra-pure acetic acid and left on a mechanical shaker
for 24h at room temperature following the selective-
dissolution procedure recommended by Rongemaille et al.
(2011). The obtained solutions were centrifuged to separate
the acid-soluble fraction; each residue was washed, dried
and weighed to determine the content of the non-
leachable fraction. To remove potential fine acid-insoluble
particles, the supernatant liquids were passed through a syr-
inge filter with a 0.2 pm PTFE membrane. The filtered solu-
tions were then equilibrated with a mixed *°Sm—'"Nd
tracer. Rare earth elements (REE) were stripped from the
solutions using the Fe hydroxide co-precipitation method
described by Fanton et al. (2002). The fish fluorapatite sam-
ple (~1 mg) was spiked and dissolved in concentrated nitric
acid. The samples of the volcanics (~50 mg) were pow-
dered, spiked and dissolved with HF/HNO; (5:1). Light
REE were separated from matrix elements on 50 pl teflon
columns filled with EICHROM TRU resin. Separation of
Nd and Sm was performed on 2 ml columns packed with
EICHROM Ln resin. Nd and Sm (loaded as phosphate)
were measured on Re in a double filament configuration.
Isotopic ratios were determined in a dynamic (Nd) and sta-
tic (Sm) mode. During the course of this study, the AMES
standard yielded **Nd/"**Nd = 0.512126 + 9 (26 mean of
thirteen analyses). The '*Nd/!'**Nd ratios were normalized
to '**Nd/"*Nd=0.7219, and Sm isotope ratios to
1478 m/12Sm = 0.56081. Total procedure blanks wer-
e <40 pg for Nd and Sm. Nd isotope data have been
reported in the standard € notation:

( '43Nd> ( ‘43Nd>
TNy — \ @y,
Nd sample Nd CHUR 104

ENd = -
(%) CHUR

where CHUR denotes the present-day Chondritic
Uniform  Reservoir  (‘**Nd/"Nd =0.512638  and
147Sm/!"¥Nd = 0.1967; Jacobsen and Wasserburg, 1980).
The concentrations of REE and barium (Ba) were deter-
mined by triple-quadrupole inductively coupled plasma
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mass spectrometry (ICP-QQQ-MS) in the Hydrogeochemi-
cal Laboratory of the Adam Mickiewicz University. The
measurements were carried out with an Agilent 8800 Triple
Quad mass spectrometer on the same sample solutions used
for the Nd — Sm isotope analyses. The spectrometer oper-
ated in a gas mode, with He flowing at 4.5 mL/min. All
parameters were manually optimized to achieve the best sig-
nal intensity and stability. The MassHunter software for
ICP-QQQ-MS (Agilent Technologies, Japan) was used to
control the instrument and to process the data. The deter-
minations by ICP-QQQ-MS were performed using calibra-
tion curves obtained from a diluted stock multi-element
standard 100 pgmL~! (VHG Labs, Manchester, USA).
The reagents used were ultrapure, and the water was de-
jonized to a resistivity of 18.2 MQ cm in a Direct-Q®3
Ultrapure Water System apparatus (Millipore, France).
Analytical quality control was verified by analyses of certi-
fied reference materials, viz. SPS-SW2 (Spectrapure Stan-
dards As, Oslo, Norway). The analytical errors for the
certified solutions were < 0.04 ppb for REE and 0.7 ppb
for Ba. The detection limits were < 0.0012 ppb for REE
and 0.008 ppb for Ba. The REE contents have been normal-
ized to Post-Archean Australian Shale (PAAS; MclLennan,
1989). Europium anomalies [(Eu/Eu*)gn; SN = shale-
normalized values] were calculated using the standard equa-
tion for quantifying elemental anomalies in REE patterns:
(Eu/Eu*)sn = 2(Eu)sn/[(Sm)sn + (Gd)sn]. Because of the
anomalous behaviour of La in seawater, Ce anomalies were
determined following an alternative, geometric equation
recommended by Lawrence et al. (2006): (Ce/Ce*)sn =
(Ce)sn/[(Pr)snP * (Nd)gn. Light rare earth elements
(LREE) are defined as La, Ce, Pr and Nd, middle rare earth
elements (MREE) as Sm, Eu, Gd, Tb and Dy, and heavy
rare earth elements (HREE) as Ho, Er, Tm, Yb and Lu.
The relative MREE/HREE- and LREE/HREE-
enrichments are quantified in the form of (Gd/Yb)sn and
(Nd/Yb)gn values, respectively.

The carbon and oxygen isotope analyses were carried
out in the Stable Isotope Laboratory of GeoZentrum
Nordbayern, Friedrich-Alexander University Erlangen-
Nirnberg, Germany. CO, was liberated for the measure-
ments by treating the carbonate powders with 100%
phosphoric acid at 70 °C with an automated Gasbench II
device, and analysed using a Thermo-Fisher Delta V Plus
mass spectrometer. The measured isotope ratios are shown
in the standard & notation in %o relative to the V-PDB
standard. Accuracy of the measurements was controlled
by analyses of laboratory standards calibrated to the
international standards NBS19 (33C = 1.95%o,
380 = —2.20%0), IAEA-CO9 (8'°C = —47.3%0) and
NBSI8 (8'®0 = —23.2%0). The average reproducibility
(16) was =+ 0.05%o for both 3'*C and §'%0.

5. RESULTS
5.1. Nd isotopes
The measured Nd isotope ratios, expressed as eng values

and corrected for the age-related effect of 1479 m decay, are
given in Table 2 and illustrated in Figs. 6 and 7. Among the

A 10 >
1 Nd isotope composition
| of background pore waters
] <
01
] A A A =
i . A
-10 A m
9 ] . m
o ] < =]
-20
] ® t
J .Q
] 2 . A
-30 1 o
] @ Proposed approximate
i @ methane-rich end-member
i V/ (Gorliz - Kardala)
'40 T T T T T T T
B O
4 Nd isotope composition
2 | of background pore waters o
1 (]
4 09 *
B ‘ <>
o b7
< i
0 g 1 m
4 . .
-10 - < & =
| 2 A M A A A 0H
12 1 A
‘14 T T T T T T T

-105 10 95 -9 -85 -8 -75 -7 -6.5
&na(t)
@ micrite, Alkolea site O isopachous cement, Alkolea site

[ micrite, Kardala site A micrite, Ispaster site @ micrite, Gorliz site

Fig. 6. Nd vs. C (A) and O (B) isotope cross-plots for the Albian
seep carbonates of the Basque-Cantabrian Basin. The blue-shaded
area corresponds to the range of eng values of coeval local marine
pore waters inferred from non-seep carbonate and phosphate
archives. (For interpretation of the references to colours in this
figure legend, the reader is referred to the web version of this

paper.)

seep carbonates, the most radiogenic signals have been
observed in the Kardala deposit, with eng(2) values falling
within a relatively narrow range of —6.9 to —7.6. More
moderate enrichment in '**Nd, combined with considerably
broader ranges of Nd isotope ratios, typifies the Alkolea
and Ispaster carbonates, with their eng(7) of —7.3 to —9.3
and —7.4 to —9.2, respectively. At Alkolea, the highest val-
ues were born by the two samples of isopachous sparry
cements. The lowest eng(?) values, clustering between
—9.0 and —9.7, have been measured for the Gorliz deposit.

The intrusions exposed at Gorliz yielded high enq(?) val-
ues, a feature generally characteristic of mafic igneous mate-
rials. The most radiogenic signatures have been observed for
the main laccolith (eng(#) = +3.0). The associated sills A and
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B show eng(7) values of +2.6 and +2.4, respectively, and the
single sample of vein calcite gave an gng(z) = +2.1. The
inferred Albian background pore water signatures recorded
in both the platform-carbonate and fish-phosphate archives
consistently fall within a narrow cluster of unradiogenic
end(?) values (—9.3 to —9.6 for the carbonates, and —9.5
for the phosphate).

5.2. Rare earth elements

As it is typical of seep carbonates, total REE concentra-
tions (>_REE) measured in the analysed micrites are rela-
tively high compared to typical normal-marine limestones.
>"REE range from 9.6 to 17.1 ppm for Gorliz, 9.8
14.8 ppm for Alkolea, 10.6-12.7 ppm for Ispaster, and
23.8-41.5 ppm for Kardala (Table 3). When normalised
to PAAS, the REE patterns of these micrites consistently
show pronounced enrichment in MREE [(Gd/Yb)sy ratios
from 1.1 to as high as 2.1] and some LREE-depletion rela-
tive to HREE [(Nd/Yb)sn < 0.76 for all deposits; Fig. 8].
Cerium anomalies, if present, are mostly minor. In addi-
tion, several samples display moderate enrichment in Eu
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Fig. 7. Comparison of the ranges of Nd isotope ratios observed in
the Albian seep deposits of the Basque-Cantabrian Basin, archives
of the background pore water signal, and the igneous intrusion
exposed in the basement of the Gorliz deposit.
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[(Eu/Eu*)gn of up to 1.4]. Barium concentrations range
from 24.1 to 233.6 ppm.

The basaltic laccolith and its peripheral sill A bore high
>"REE (289.1-354.7 ppm) and REE patterns with general
LREE-enrichment and strong positive Eu anomalies, all
typical of mafic volcanics.

5.3. Stable isotopes

The measured C and O isotope ratios are consistent with
more extensive stable isotope datasets reported in previous
studies (Agirrezabala, 2009, 2015; Agirrezabala et al., 2013;
Wiese et al., 2015; Supplementary Table 1). For the Kar-
dala and Ispaster micrites and Alkolea isopachous cements,
the heaviest 8'°C values observed here additionally extend
the ranges documented to date (Fig. 5). Most samples gave
8'3C values conspicuously more negative than the signature
of carbonates precipitating in equilibrium with coeval sea-
water (8'°C = 1.5 to 2.5%o; Jarvis et al., 2006). The ranges
observed at individual seeps are broad. The lowest 8'°C ;.
aite values, ranging from —19.4 to —34.5%0, have been
observed at Gorliz. The remaining deposits display more
moderate 13'C-depletion, with 8'3C values between —4.5 to
—26.9 for Ispaster, —8.6 to —26.4 for Alkolea, and —3.5
to —17.0 for Kardala micrites. The two samples of blocky
cements from Kardala yielded 8'>C values of —5.2 and
—9.2%o. The highest carbon isotope ratios documented in
the present dataset have been observed in isopachous
cements from the Alkolea deposit (8'°C = 2.8 and 8.5%o).

The measured 3'0 values are exclusively negative. The
Kardala, Gorliz and Ispaster micrites show similar 8'%0,;,
values, but also marked differences in the data scatter, with
their respective 8'*0 ranges of —7.8 to —10.5%0, —3.0 to
—10.7%o, and —10.6 to —10.7%c. Among the sparry phases,
the blocky cements from Kardala gave 8'®0 = —9.6 and
—9.8%o, whereas isopachous cements from Alkolea yielded
values of —1.9 and —5.0%e.

6. DISCUSSION
A discussion on the sources of hydrocarbon-rich fluids

emitted at the Albian seeps of the Basque-Cantabrian Basin
must take account of the following constraints:

A B c _ _
Kardala seep carbonates Gorliz volcanics
—a—Ka-1a-1—¢Ka-1a-2 —B—Ka-1b Go-La-5 Go-Sil-4
1
n
g
i
o ./.—.~ \‘\A\‘\
—e. A
0.1 \0~o\
A\‘/
Alkolea seep carbonates Ispaster seep carbonates Gorliz seep carbonates
Al-2 Al-3 —>¢—Is-B-13 —#—Is-A1-1—0—Is-A-8 —— Go-Sc-2a ——Go-S-1a
0.01

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 8. PAAS-normalised REE patterns of the Albian micritic seep carbonates of the Basque-Cantabrian Basin (A: Kardala and Alkolea; B:
Ispaster; C: Gorliz) and igneous intrusions underlying the Gorliz deposit (C).
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tionally been applied (e.g., Piepgras and Wasserburg, 1985;
Stichel et al., 2018; Chavagnac et al., 2018), but also
sediment-hosted fluid discharges.

Studies of the sediment-hosted fluid discharges hold par-
ticular promise, as the complex fluid sources typical of such
settings, differentially affecting different geochemical sys-
tems, encourage combined use of various isotope tracers.
Because of the mainly terrigenous control on the seawater
Nd budget, for most oceanic basins shallow-burial,
seawater-derived pore waters show unradiogenic eng values
(a global seawater &ng-average = < —8; Tachikawa et al.,
2017). Accordingly, most methane-seep carbonates, precip-
itating shallowly below the sediment-water interface, can
be expected to record correspondingly seawater-like, unra-
diogenic enq signals. Indeed, low eng values close to ambi-
ent seawater have been observed in the few Nd isotope
studies performed at modern seeps (Bayon et al., 2011;
Freslon et al., 2014). Where deviations from seawater signa-
tures were, in turn, reported for Cenozoic seeps, they were
towards more unradiogenic eng values (Ge et al., 2020).
The enrichment of seep carbonates in radiogenic Nd pro-
vides, therefore, an important indication of a presence in
the plumbing system of mafic, volcanic-derived materials.
Indeed, increased eng(f)carbonate Values have been docu-
mented for fossil seeps overlying volcanic successions from
a passive margin (Jakubowicz et al., 2015), sedimented rift
(Jakubowicz et al., 2019) and subduction zone (Jakubowicz
et al., 2020). In addition, advection of deep-seated fluids
with exotic gng signatures has been considered as a source
of some "**Nd-enrichment observed in sedimentary organic
matter at seeps of the Eastern Mediterranean Sea (Freslon
et al., 2014).

Shallow-level igneous intrusions are typical elements of
sedimented spreading systems (Einsele, 1980; Planke
et al., 2005; Lizarralde et al., 2011; Angkasa et al., 2017).
A causal link between the magmatism and formation of
hydrocarbons has been documented for many of such rifts,
including both modern (Guaymas Basin, Okinawa Trough,
Sea of Japan, Middle Valley of the Juan de Fuca ridge) and
fossil (e.g., Paleocene-Eocene North Atlantic region) exam-
ples (e.g., Welhan and Lupton, 1987; Svensen et al., 2004;
Cruse and Seewald, 2006; Kawagucci et al., 2013; Snyder
et al., 2020). Analogously, a similar relationship appears
suggested for the Basque-Cantabrian rift by the spatial
association between the studied methane-seep deposits
and intrusive bodies, and the coincidence between the
methane seepage and the mid-Cretaceous peak of igneous
activity in this area. Indeed, fluid-rock interactions involv-
ing mafic igneous materials have been recorded to various
degrees by the Nd isotope composition of all the Basque
seep deposits. For three out of four analysed seeps, the
involvement of the radiogenic Nd source is very distinct,
with the highest recorded eng(#)carbonate Values being from
~2.5 (Kardala deposit) to ~2 (Ispaster and Alkolea depos-
its) eng units higher than the background pore water signal.
The contribution of volcanogenic Nd is most evident for
the Kardala locality, where even the least radiogenic
end(f)carbonate Value is still nearly 2 eng unit higher than
the mean background signature. The least pronounced
143N d-enrichment, not exceeding 0.3 exg unit, is observed

at Gorliz. For Alkolea and Ispaster, the eng(?)carbonate Val-
ues vary from relatively radiogenic ratios to signals close
to the range of non-seep pore waters.

Similarly broad scatters of Nd isotope data have been
recorded for other seeps hosted by magmatism-affected
basins (Jakubowicz et al., 2015, 2019, 2020). Generally, in
such areas the expression of deep, volcanogenic fluid com-
ponents is strongly dependent on the high spatial and tem-
poral variability in fluid composition and flow rates,
inherent to seepage-affected interstitial waters (cf.,
Himmler et al., 2010; Birgel et al., 2011). Accordingly, the
range of eng values observed at the studied Basque seeps
can be understood primarily in the context of mixing
between background pore waters and deep fluids enriched
in "Nd. In marine settings, the shallow-burial pore water
REE inventories, and thus Nd isotope signatures, are typi-
cally dominated by reduction of marine-derived, authigenic
Fe-Mn oxides, and hence usually resemble local seawater
signal (Gutjahr et al., 2007; Molina-Kescher et al., 2014).
As a consequence, where no exotic Nd supply by fluid
advection is involved, the offset between deep seawater
and shallow-level pore water very rarely exceeds 1 eng unit.
Indeed, the most significant offsets, still not larger than 1-
1.5 eng units, have been recorded for pore water profiles
typified by exceptional abundance of volcanic ash dispersed
within the sediment (Abbott et al., 2015). Given the infilling
of the Basque-Cantabrian Basin with the thick siliciclastic
succession, with its inherent unradiogenic Nd isotope com-
position, background pore waters do not provide, there-
fore, a likely source of the 143N/d-rich fluids involved in
precipitation of the studied seep carbonates. In the four
investigated sections, the turbiditic sediments underlying
the seep deposits do not contain volcaniclastic particles,
and volcaniclastics layers identified at some sections
(Agirrezabala and Garcia-Mondéjar, 2001) are invariably
very rare and thin (<2 cm in thickness). Accordingly, the
fish sample used here as an archive of the background pore
water signature yielded a relatively unradiogenic eng value,
within the range defined by the platform carbonates. In this
context, the igneous intrusions present in the basements of
the studied seeps constitute the most plausible source of the
excess '**Nd available in the Basque-Cantabrian Basin at
the time of hydrocarbon seepage.

6.2. Site-specific patterns in geochemical signatures of fluid
sources

6.2.1. Kardala and Gorliz sites

In the spectrum of the observed isotopic signatures, the
Kardala and Gorliz deposits appear to represent two end-
member cases of a relative role of the volcanogenic fluid
component. Both these seeps are defined by comparatively
narrow ranges of engq(#) values, which do not overlap: the
lowest eng(?) value observed at Kardala is nearly 1.5 eng
units higher than the highest eng(f) value measured for
the Gorliz deposit. Similarly, the carbon isotope ratios of
the early-diagenetic carbonates from the two sites define
mostly distinct ranges, with the Gorliz carbonates showing,
on average, considerably more pronounced '*C-depletion.
Furthermore, for both deposits, there are consistent varia-
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tions within the C — O and Nd — C isotope datasets. In car-
bonate systems, the presence of co-variance patterns
between different isotopic systems can result from three
processes: (1) mixing between distinct fluid end-members
upon carbonate precipitation; (2) involvement of different
generations of carbonate cements; and (3) diagenetic alter-
ation affecting isotopic proxies with similar sensitivity to
post-depositional overprint.

In any study devoted to ancient carbonates, a role of
diagenesis must be evaluated first. Among isotopic systems
commonly used in studies of carbonate rocks, Nd isotopes
belong to those least prone to diagenetic alteration. Shifting
the primary eng(?) values requires very high fluid-rock
ratios, which are not attainable in most feasible alteration
pathways during marine-burial diagenesis (cf., Banner and
Hanson, 1990; Webb et al., 2009; Liu et al., 2019). Of great-
est importance here are the low REE contents typical of
most late-diagenetic solutions, while seep carbonates are
typically characterized by high primary REE concentra-
tions, which makes them particularly resistant to shifts in
their eng values (see Jakubowicz et al., 2015 for a discus-
sion). Accordingly, the conspicuous MREE-enrichment
(‘REE-bulge’) observed in the shale-normalised REE-
patterns of the studied deposits is characteristic of primary
seep carbonates (cf., Himmler et al., 2010; Birgel et al.,
2011; Jakubowicz et al., 2015; Argentino et al., 2019). This
type of REE distribution reflects their precipitation from
very early-burial pore fluids, and thus under major REE
release from reduction of, inherently MREE-enriched, Fe-
Mn oxides (cf., Haley et al., 2004). On the other hand, it
is markedly different from typical patterns observed in
deeper-burial pore fluids (Haley et al., 2004; Kim et al.,
2012; Zwicker et al., 2018). Interestingly, the presence of
some positive Eu anomalies, observed in most analysed
samples, is a typical feature of fluids affected by elemental
exchange with mafic igneous rocks (Douville et al., 1999).
For the Basque seeps, this may further hint at a role of fluid
interactions with the intrusive volcanics. The anomalies are,
however, relatively small, and for many samples their con-
clusive interpretation is hampered by the apparent effect of
the Gd-depletion, as well as, in some cases, the increased Ba
concentrations, the latter causing potential artifacts during
ICP-MS measurements (Dulski, 1994). Of importance may
have also been the very strongly reducing conditions devel-
oping at seeps, which may produce pore water Eu-
enrichment with no involvement of fluid interactions with
igneous materials (Jakubowicz et al., 2015 and references
therein).

While the C isotope system shows comparatively low
susceptibility to diagenetic alteration, it is less resistant to
advanced diagenesis (Banner and Hanson, 1990;
Marshall, 1992; Knauth and Kennedy, 2009). In such cases,
the high fluid-rock ratios required result, however, typically
in pervasive recrystallization of the original carbonate fab-
rics; this is not observed for the studied carbonate samples,
which show generally good preservation of the original tex-
tural features. Furthermore, the measured, negative 3¢
values are typical of fossil seep carbonates (Peckmann
and Thiel, 2004; Campbell, 2006; Jakubowicz et al.,
2017). Distinguishing between the primary vs. diagenetic

origin of these signals can be further aided with analysis
of their co-variance relationships with different isotopic sys-
tems. The large stable isotope datasets collected in the pre-
sent and previous studies (Agirrezabala et al., 2013;
Agirrezabala, 2015) depict consistent, negative correlations
between the 3'°C and 8'%0 data for both Kardala and Gor-
liz deposits (Fig. 5). Because oxygen is much more prone to
diagenetic exchange, resetting 8'*Ogurponate Values typically
takes place notably before alteration of the more
diagenetically-resistant isotopic proxies, such as 8'*C and
eng signatures (Banner and Hanson, 1990; Jaffrés et al.,
2007; Knauth and Kennedy, 2009). Consequently, diage-
netic re-equilibration of the oxygen isotope system most
commonly results in narrow clustering of 5'%0 data. Con-
versely, a broad range of 8'30 values and their correlation
with different, less alteration-prone isotope proxies support
a low level of alteration of the archived isotope data
(Banner and Hanson, 1990). While it is likely that the oxy-
gen isotope ratios in individual samples could have been
shifted to some extent, the general preservation of the linear
3'3C — 8'®0 co-variances provides a strong argument for
the mostly primary nature of the carbonate 8'°C and
3180 values. For our 8'3C data, this is further supported
by their correlation with the eng(?) signals, especially for
the Gorliz deposit.

When analysed together, the isotopic systematics of the
Gorliz and Kardala carbonates can be to a large degree
explained in terms of mixing between two cement end-
members. The first, 13C-depleted component is similar for
both sites. If treated as hypothetical mixing patterns, the
trends emerging from the 8'°C — §'%0 data would point
to a shared cement end-member having §'%0 within a few
per mil of zero, and 8'°C in the range of —35 to —40%o.
As far as it can be judged from the limited number of the
Nd measurements available for Kardala, the 3'*C — eng()
dataset shows a consistent pattern with a shared '’C-
depleted end-member. Therefore, we suggest that, although
representing two separate hydrocarbon systems, the
methane-rich endmembers at both Kardala and Gorliz were
geochemically similar and characterised by the combination
of moderately negative 3'C, high §'%0, and relatively unra-
diogenic eng values. This cement end-member can be inter-
preted as precipitated mostly from fluids representative of a
relatively shallow, outer parts of the thermal aureoles pro-
duced by the intrusions, where thermogenic methane gener-
ation was at its most intense, and enrichment in volcanic-
derived '**Nd was less pronounced.

The second cement end-members recorded at Kardala
and Gorliz show, on the one hand, similarities in their
3'%0 values, but, on the other hand, clear differences in
their 8'3C and, in particular, eng(f) signals. Conclusive
interpretation of the significant '%0-depletion shared by
the '*C-enriched end-members at both sites is problematic,
as it is also for analogously '*O-depleted seep carbonates
hosted by modern rifts (e.g., Nunez-Useche et al., 2018).
Agirrezabala (2009, 2015) interpreted the low 3"80 arbonate
values typifying the Cretaceous Basque seeps as indicative
of their increased precipitation temperature. This interpre-
tation is particularly well supported for the §'%0 data of
blocky calcites and saddle dolomites, precipitated during
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progressive burial and representing fabrics expected to have
been stable throughout diagenesis. Nevertheless, for Kar-
dala even the isotopically heaviest of the early-diagenetic
carbonates still show pronounced depletion in '*0. For
the most '*0-depleted micritic samples, their 8'%0 values
would translate into precipitation temperatures of over 60
°C (cf., Friedman and O’Neil, 1977; Agirrezabala, 2009).
These would have most likely been attained at depth below
the sediment-water interface. In general, the occurrence of
the Kardala and Gorliz carbonates as predominantly small,
scattered micritic concretions is indicative of their precipita-
tion from sediment pore waters in the relatively deep
sulphate-methane transition zone (cf., Peckmann et al.,
2009). These palaecotemperature estimates do not, therefore,
provide direct constraints on the habitat characteristics of
the seafloor-dwelling seep communities. An alternative
explanation for the presence of the 5'%0 — 5'*C correlation
would be a major influx of meteoric fluids; this possibility
appears, however, implausible given the palacoenvironmen-
tal setting of the studied seeps (Agirrezabala, 2009), and the
trend towards decreasing 380 carbonate Values with progres-
sive burial, suggestive of a deep-seated origin of the precip-
itation fluids. Finally, low 8'30g,4 values may also develop
in pore waters affected by relatively low-temperature basalt
alteration to smectite (Lawrence et al., 1979; Lawrence and
Gieskes, 1981). The potential of such processes to result in
significant fluid '%0-depletion in systems with dynamic fluid
flow remains, however, insufficiently understood. At tem-
peratures > 60 °C, smectite dehydration, rather than smec-
tite formation, becomes a dominant silicate weathering
process, releasing fluids with high 8'80 values, expulsion
of which has been well documented for some convergent
margins (Dahlmann and de Lange, 2003; Hensen et al.,
2004). The involvement of basalt alteration in the '30-
depletion observed in the Basque seep carbonates would,
therefore, require a significant degree of intrusion cooling
at the time of the fluid seepage. Such an interpretation is
further complicated by the temperature constraints of ther-
mogenic hydrocarbon formation (see Section 6.3), as well as
the combination of low 8'80 and enq(7) values observed in
the Gorliz deposit.

Besides the different level of '*C-depletion, the most sig-
nificant difference between the second, 13C-depleted cement
end-members recorded at Kardala and Gorliz is in their
contrasting eng(?) values. Whereas at Kardala the most
13C-enriched and '*0-depleted samples show pronounced
enrichment in '¥Nd, for Gorliz the trend is towards
decreasing, rather than increasing eng(f) values with
increasing 8'3C and decreasing 8'%0 (Fig. 6). For Kardala,
the eng-8'°C relationship can be explained in terms of the
zonation of fluid release patterns expected for contact aure-
oles, with the zone directly adjacent to the intrusion-
sediment contact producing the most '**Nd-enriched fluids,
but not favourable for hydrocarbon generation due to the
temperature constraints. Possibly, this may include also
some contribution of radiogenic Nd from fluids derived
directly from intrusion devolatilisation (cf.,, Schutter,
2003), and hence devoid of hydrocarbons. For Gorliz, the
3C-enriched cement end-member apparently precipitated
from fluids with lower, although still significant, contribu-

tion of hydrocarbons, and no detectable input of vol-
canogenic Nd. This points to a distinct, apparently less
evolved character of the second end-member recorded at
Gorliz, which can be attributed to the shallower depth from
which these interstitial fluids originated, and a different
mechanisms and rate of fluid discharge triggered by the
Gorliz intrusion. When combined with the overall much
lower eng(?)carbonate Values observed at Gorliz, the disparate
patterns in the eng-8'>C systematics of the Gorliz and Kar-
dala deposits have broader bearing on the nature of igneous
control on fluid expulsion at these sites and will be dis-
cussed in detail in Section 6.4.

6.2.2. Ispaster and Alkolea sites

For the Ispaster and Alkolea deposits, interpretation of
the isotope data is more difficult, because there are no dis-
tinct correlation trends among the different systems. In sed-
imented rifts, the chemistry of emitted fluids is strongly
modified by their interactions with sediments during both
the recharge and discharge circulation stages (Piepgras
and Wasserburg, 1985; Seewald et al., 1994; Cruse and
Seewald, 2006; Kawagucci et al., 2013). Because of the dif-
ferential behaviour of different elements during such inter-
actions, this can result in various degrees of decoupling
between different isotopic proxies. Modification of the orig-
inal, deep fluid signatures during subsequent seepage
appears particularly likely for the complex geochemical sys-
tematics recorded at Alkolea, for which special local con-
straints were probably involved (see Section 6.3). For
fossil seeps, the primary geochemical variability can be
additionally obscured by effects of later diagenesis. Of par-
ticular note for the Ispaster carbonates are their relatively
narrowly clustered, strongly negative 3'%0 values. This is
a common characteristic of diagenetically-altered carbon-
ates, reflecting pervasive overprinting of original signatures
with those of diagenetic fluids (Banner and Hanson, 1990).
Accordingly, for Ispaster this pattern has been attributed to
diagenetic alteration by Agirrezabala et al., (2013). The
clustering of 8'%0 values does not automatically imply that
3'3C values have been altered as well (cf., Banner and
Hanson, 1990), given that, because of the high variability
of environmental conditions at seeps, the range in the pri-
mary carbon isotope ratios of seep deposits may be very
broad (Peckmann and Thiel, 2004; Campbell, 2006). For
Ispaster, some diagenetic shifts of the original carbon iso-
tope signatures might be suggested by the particularly
broad range of the 3'*Curponate Values, much broader than
these observed at Gorliz and Kardala, and close to both
these deposits combined. At the same time, however, this
large scatter is accompanied by the analogously broad vari-
ability of the eng values, which are much less susceptible to
diagenetic alteration, attesting to the primarily increased
isotope variability of cements involved in the Ispaster
deposit. Conversely, assuming that the variability of the
end(?)carbonate Values reflects partial resetting of the Nd iso-
tope system would require 8"3Carbonate Values to have been
reset notably earlier, resulting in their narrow clustering
(cf., Banner and Hanson, 1990). This seems to suggest that,
rather than isotopic re-equilibration of previously precipi-
tated carbonates, the C and Nd isotope signatures of the
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Ispaster micrites record increased contribution of later-
diagenetic cements, a scenario consistent with the relative
enrichment of the Ispaster carbonates in HREE (low [Gd/
Yblsn ratios; Table 3), a feature common for pore fluids
below the zone of Fe-Mn oxide reduction in which seep car-
bonates typically form (Kim et al., 2012; Zwicker et al.,
2018).

6.3. Thermogenic vs. biogenic origin of hydrocarbons

The enrichment of the studied Basque seep carbonates in
radiogenic, apparently volcanic-derived Nd is in accord
with several lines of structural, petrological and geochemi-
cal arguments presented in previous studies (Agirrezabala,
2009, 2015; Agirrezabala and Dinareés-Turell, 2013;
Agirrezabala et al., 2013, 2014), pointing to the igneous
intrusions as the main trigger of the Albian hydrocarbon
generation in the Basque-Cantabrian rift. Further con-
straints on the magmatic role in the methane formation
are placed by the relatively high 8'>C values of the seep
deposits, not lower than —27%o for the Kardala, Alkolea
and Ispaster sites, and only to —39%o for Gorliz. Such sig-
natures are most typical of carbonates formed due to oxida-
tion of thermogenic methane (e.g., Peckmann and Thiel,
2004; Orphan et al., 2004; Naehr et al., 2007). The broad
range of the observed 8'*Cearponate Values can be primarily
accounted for by mixing between carbon derived from the
thermogenic methane, with its typically moderate level of
13C-depletion (8'°C = —20 to —50%0; Whiticar, 1999), and
isotopically heavier carbon supplied from background pore
waters (8'°C & 0%o). The thermogenic source of hydrocar-
bons is further supported by the presence in the Kardala,
Alkolea and Ispaster deposits of the pyrobitumen infills,
since only thermogenic alteration of organic matter results
in the formation of significant quantities of longer-chain
hydrocarbons and solid bituminous residues that accom-
pany methane (e.g., Simoneit et al., 1988; Whiticar, 1999).
Compared to methane, migration of such heavy hydrocar-
bons may be hampered, and their solidification can take
place already in the subsurface (cf, Simoneit et al., 1988;
Sturz et al., 1996), in line with the later appearance of the
pyrobitumens in the paragenetic sequence. Furthermore,
the pyrobitumens are directly pre-dated by saddle dolomite,
comprising a well-established geothermometer indicative of
precipitation temperatures of > 60 °C (Machel, 2004), con-
sistent with thermogenic formation of hydrocarbons
through catagenesis (Tissot and Welte, 1978). Notably, at
Alkolea the saddle dolomite is followed by the association
of sulphate and carbonate minerals indicative of their
shallow-burial hydrothermal origin (Agirrezabala, 2009).

For the studied seeps, the thermogenic origin of hydro-
carbons requires involvement of the intrusive magmatism.
Agirrezabala et al. (2008) provided geochemical evidence
that the pyrobitumens found in the Basque seep deposits
were sourced from the underlying Black Flysch Group.
Because the thickness of these sediments does not exceed
1 km for any of the studied sites, in the absence of igneous
activity no feasible geothermal gradients would be con-
ducive to thermogenic hydrocarbon generation, given that
catagenetic oil production is initiated at ~60 °C, and most

methane forms at > 100 °C (Tissot and Welte, 1978; Stolper
et al., 2014). In thermal aureoles of igneous intrusions,
development of temperatures sufficient for catagenesis
can, in turn, be considered geologically instantaneous
(Simoneit, 1994), and is accompanied by abrupt overpres-
sure build-up and host rock fracturing, favouring rapid
fluid expulsion (Schutter, 2003; Jamtveit et al., 2004; Iyer
et al., 2017). Accordingly, Agirrezabala et al. (2014) docu-
mented contact metamorphic effects of a sill underlying
the Gorliz deposit, including metamorphic mineral assem-
blages indicative of temperatures exceeding 600 °C at the
intrusion contact and 200 °C at 55% intrusion thickness,
and the presence in the aureole of abundant bituminous
residues left after pyrolytic methane release. Likewise, the
extensive Nd isotope exchange between the fluids and the
volcanics has been recorded in the present contribution as
the very high eng(#) value of the sill-hosted calcite veins.
Most likely, this reflects calcite precipitation from CO, gen-
erated by the sediment heating, because fluids generated by
thermal alteration of organic-rich argillites are typically
dominated by CH4 and CO, (cf., Seewald et al., 1994;
Aarnes et al., 2010; Agirrezabala et al., 2014).

In addition to thermogenic hydrocarbons, an involve-
ment of an additional, biogenic methane source may
explain some of the geochemical characteristics observed
in the Alkolea deposit. Of particular note here is the
remarkably broad range of the reported §'*C values, span-
ning in total 50%¢ (Table 2 and Supplementary Table 1),
and the presence of the exceptionally high, positive 8°C
values measured in two samples of the isopachous cement.
The presence of such '*C-enriched carbonates is most typi-
cal of seeps issuing biogenic, rather than thermogenic
methane, where they incorporate carbon derived from
residual, exceptionally '*C-enriched CO, produced during
microbial methanogenesis (cf., Tissot and Welte, 1978;
Whiticar, 1999). This is combined with the presence of early
isopachous cements with some of the lowest 5'*C values
known from the studied Basque seeps (—41.5%c;
Agirrezabala, 2009). These characteristics may suggest that
the Alkolea seep expelled hydrocarbons of mixed origin,
including a contribution from biogenic methane, with its
typically lower 3'C values (Whiticar, 1999). Most studied
buried rifts host emissions of both thermogenic and bio-
genic methane, and seeps discharging mixtures of both
hydrocarbon sources are relatively common in these set-
tings (Cruse and Seewald, 2006; Kawagucci et al., 2013;
Geiler et al., 2018; Teske et al., 2019). Such a scenario
may account for both the large scatter of the C and Nd iso-
tope data, and the moderately negative 5'0 values of the
Alkolea carbonates. The latter, the highest among the stud-
ied Basque seeps and suggesting a comparatively low tem-
perature of the seeping fluids, are consistent with
increased mixing with shallower-level fluids. Notably, the
methanogenesis-related cements show a pronounced
enrichment in volcanogenic Nd, implying, together with
the presence of the relatively late-diagenetic hydrothermal
minerals, that the advection of the volcanic-influenced flu-
ids continued through progressive burial of the seep
deposit. The combination of the heavy carbon isotope
composition and the particularly high degree of this
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143N d-enrichment can be explained by the different sources
dominating C and Nd isotope budgets at different depths in
the sediment pore waters. Because anaerobic oxidation of
methane takes place at a relatively shallow depth, requiring
continuous recharge of sulphate-bearing seawater, the eng
signature of the seeping fluids is partially obscured in seep
carbonates by the relatively intense supply of Nd with
seawater-like isotope signature. Below the zone of methane
oxidation, in turn, contribution of seawater-derived REE
decreases with depth, and interstitial waters in the methano-
genesis zone typically show very low REE concentrations
(Kim et al., 2012; Soyol-Erdene and Huh, 2013). Since
the absence of sulphate in this zone precludes also release
of methane-derived carbon to the dissolved inorganic car-
bon pool, methanogenesis can, therefore, be expected to
affect the 8'3C signal of the seeping, volcanic-influenced flu-
ids much more readily than their exg values. Overall, the
apparently higher complexity of fluid sources at Alkolea
compared to the nearby Kardala site may have been asso-
ciated with its more complex structural and facies context.
For the Kardala seep, its direct association with the Lau-
garren Hondartza-Mutriku fault was likely responsible for
its particularly pronounced record of the deep, **Nd-
enriched fluid signature. For Alkolea, on the other hand,
the presence of the two angular unconformities, as well as
the breccia horizon underlying the seep deposit may have
favoured mixing of fluids originating from both deep and
shallow sources, entailing increased variability of geochem-
ical systematics recorded in its authigenic precipitates.

6.4. Divergent responses to different styles of intrusion
emplacement

Interestingly, the Gorliz seep, representing the sole site
for which the intrusive volcanics can be observed in out-
crops, rather than in seismic images, shows also the lowest
contribution of volcanogenic Nd. Dominance of a different,
biogenic source of methane at this site appears unlikely.
Analogously to the remaining studied seeps, a thermogenic,
intrusion-related origin of methane is suggested here by the
moderate '*C-depletion of the seep carbonates, the intimate
spatial association between the seep deposit and the under-
lying volcanic intrusion, including the system of marginal
fissures and clastic dykes, and the seep formation in the rel-
atively narrow stratigraphic interval corresponding to the
peak of volcanism in the Basque-Cantabrian Basin. Thus,
the low degree of the '**Nd-enrichment, together with the
marked differences in the 8'*C-gng(#) co-variance patterns
observed between the Gorliz and Kardala deposits, point
to important differences in the nature of thermal alteration
effects associated with the intrusions at these sites.

The principal controls on the influence of igneous intru-
sions on their host rocks are (i) magmatic heat supply, gov-
erned by the primary temperature, cooling rate and size of
an intrusion; (ii) depth of the intrusion emplacement; and
(i) host rock properties affecting the type and volume of
generated fluids, as well as effectivity of heat transfer: back-
ground temperature, content, type and maturation of
organic matter, and the presence of potential heat sinks
(pore water vaporisation, dehydration/decarbonation

reactions; Schutter, 2003; Driesner and Geiger, 2007;
Aarnes et al., 2010; Wang et al., 2012; Svensen et al.,
2015). When the structural and facies context of the Gorliz
deposit is compared with those of the other Basque seeps, a
combination of the intrusion size- and depth-related con-
straints appears particularly likely as key to its geochemical
distinctiveness (Fig. 9). In comparison to the estimated vol-
umes of the intrusions underlying the Mutriku-Alkolea and
Ispaster deposits, the intrusion at Gorliz is markedly smal-
ler (Table 1). The intrusion size is among the chief controls
on the longevity of intrusion-induced hydrothermal circula-
tion and heat transfer (Raymond and Murchison, 1991;
Fisher and Narasimhan, 1991; England et al., 1993;
Barker et al., 1998; Schofield et al., 2010; Sydnes et al.,
2018). For smaller intrusions, the amount of heat trans-
ferred to the host rock is typically insufficient to develop
a long-lasting hydrothermal system, and only incipient con-
vection develops. This leads to rapid, single-stage volatilisa-
tion of pore fluids near the intrusion, followed by rapid
cooling of the intrusion-host rock contact by inflow of rel-
atively cool pore waters (Delaney, 1982; Barker et al.,
1998). In such cases, the thermal aureoles are typically rel-
atively narrow, limiting both the volume of generated ther-
mogenic methane and interactions between the expelled
fluids and the volcanics.

Another factor likely involved in the thermal alteration
patterns observed in the studied sections was the intrusion
emplacement depth. The intrusion depth dictates several
parameters influencing the response of host sediments to
contact metamorphism. Arguably most important is the
increase in the lithostatic pressure, and associated: (i)
decrease in the host rock porosity and permeability, and
thus the volume and mobility of pore fluids; and (ii)
increase in the boiling point of interstitial water (Delaney,
1982; Polyansky et al., 2003; Schofield et al., 2010; Aarnes
et al., 2012). Both these tendencies result in pronounced dif-
ferences in the cooling styles of very shallow- and
moderate-depth intrusions. The conceptual boundary
between these two categories is commonly placed at a depth
of ~1 km (e.g., Delaney, 1982; Jamtveit et al., 2004; Aarnes
et al., 2010; Iyer et al., 2017). Notably, this would translate
into differential pathways of contact alteration for the suc-
cessions underlying the shallowest, Gorliz seep and the
remaining deeper, Kardala, Alkolea and Ispaster seeps
(Fig. 9). While for the shallowest-level intrusions their ther-
mal influence may result in abrupt expulsion of fluids from
the host rock, such hydrothermal systems are typically
ephemeral, because vaporisation of the substantial volumes
of pore waters available at shallow depths under low-
pressure conditions provides a very effective heat sink
(Einsele, 1982; Barker et al., 1998; Polyansky et al., 2003;
Wang et al., 2012). As a result, thermal influence of very
shallow intrusions is commonly very limited (Raymond
and Murchison, 1991; England et al., 1993; Driesner and
Geiger, 2007). This is in agreement with, on the one hand,
the presence at Gorliz of breccia dykes indicative of abrupt
overpressure buildup and fluid expulsion (cf., England
et al., 1993; Schofield et al., 2010; Aarnes et al., 2012;
Cartwright and Santamarina, 2015), and, on the other
hand, the limited volume of the seep carbonates produced.
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Fig. 9. Proposed relationships among the intrusion characteristics (size, emplacement depth), the nature of resulting fluid expulsion patterns,
and the volume, fauna and Nd isotope composition of associated seep carbonates in the Albian Basque-Cantabrian Basin. (*) Note that of
additional importance were other constraints, such as the type of intruded sediments (see text for further discussion).

Moreover, the scarcity of chemosynthesis-dependent
macrofauna suggests that the system may have been active
for too short to support a rich chemosynthesis-based com-
munity. The abrupt, early-stage character of the venting is
further attested by the extrusion of basalt clasts with fluidal
margins, implying their high temperature upon mobilisa-
tion (Agirrezabala, 2015). Assuming the temperature-
dependence of the 80, ponate Signatures, it appears also
in line with the low 8'80 values measured in the '*C-
enriched cement end-member, suggesting rapid heating
and expulsion of the background intersitial fluids. Likewise,
rapid dissipation of magmatic heat by water vaporisation is
consistent with the relatively thin contact areole (40% of the
intrusion thickness) documented around one of the sills
underlying the Gorliz deposit (Agirrezabala et al., 2014).
Finally, imposed on the effects of the small intrusion size
and shallow depth at Gorliz was the effect of the emplace-
ment of the main laccolith within a carbonate-dominated
part of the succession, with only subsidiary sills reaching
directly into the organic-rich, argillaceous Black Flysch
Group (Agirrezabala, 2015; Fig. 4C). Because thermal
alteration of limestones by igneous intrusions generally pro-
duces limited amounts of, CO,-, rather than CHy-
dominated, fluids (Aarnes et al., 2011), this further
restricted the hydrocarbon-generation potential of this
intrusion-host rock system, and possible interactions

between the hydrocarbon-rich fluids and the volcanics.
These constraints have been recorded in the form of the
minor scale of '**Nd-enrichment observed in the Gorliz
carbonates.

In contrast, for the Kardala, Alkolea and Ispaster sites,
both the larger size of the intrusions, as well as their greater
emplacement depths favoured more extensive interactions
between the generated fluids and the volcanics (Fig. 9).
Emplacement of larger intrusions can be associated with
development of convection cells (Delaney, 1982; Fisher
and Narasimhan, 1991; Barker et al., 1998). In such cases,
continuing recharge of cool interstitial fluids provides a
heat-absorbing mechanism aiding in intrusion cooling; a
net effect is, however, broader distribution of heat across
more extensive contact aureoles (Barker et al., 1998). This
favours formation of higher amounts of hydrocarbons,
and a more sustained character of their expulsion (cf.,
Middleton et al., 2001; Schutter, 2003; Sydnes et al.,
2018). Furthermore, for intrusions > 1 km deep, the drier
nature of the host rock and high temperature required to
volatilize pore fluids strongly limits the role of pore water
boiling as a heat sink (Raymond and Murchison, 1991;
Polyansky et al., 2003; Aarnes et al., 2010; Iyer et al.,
2013). Indeed, while for the original depth of the Gorliz
intrusion (450 m, i.e., ~45 bar hydrostatic pressure) the
boiling point of the interstitial waters could be expected
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to fall within the range of 200—250 °C, at the pressures
appropriate for the other sites pore water vaporisation
would require temperatures at least 100 °C higher. As a
result of these depth-related effects, metamorphic aureoles
around deeper intrusions are usually thicker, and their ther-
mal influence, with the heat transfer dominated by conduc-
tion, rather than water vaporisation, is typically much more
persistent (Raymond and Murchison, 1991; Polyansky
et al.,, 2003; Driesner and Geiger, 2007; Aarnes et al.,
2015). Accordingly, the intrusions > 1 km deep are the cen-
tral elements of the models invoking catastrophic thermo-
genic methane release from sedimented rifts to explain
some rapid global climate shifts (Svensen et al., 2004;
Aarnes et al., 2010; Iyer et al., 2017). For the Kardala,
Alkolea and Ispaster seeps, the more extensive, long-lived
character of the contact alteration and associated hydrocar-
bon discharge is consistent with the high volumes of seep
carbonates produced, the presence at Kardala and Ispaster
of abundant seep-specialised macrofauna, and the signifi-
cantly more pronounced presence of volcanogenic, **Nd-
enriched fluid component recorded in their authigenic
precipitates.

7. CONCLUSIONS

Neodymium, rare earth element (REE) and stable iso-
tope analyses of four mid-Cretaceous (upper Albian)
methane seep deposits formed within an early-stage,
sediment-filled rift, the Basque-Cantabrian Basin (northern
Spain), have been carried out to provide insight into the
relationship between the methane discharge and intrusive
igneous activity. In a broader context, the study serves to
refine the present understanding of the role of the intrusion
characteristics in the nature of associated fluid expulsion,
and to assess the general potential of Nd isotopes to record
the presence of volcanic-influenced fluids in sedimentary
basins subjected to magmatism.

Each of the studied seep deposits is underlain by igneous
intrusions, either observed in outcrop (Gorliz deposit), or
documented from seismic images (Ispaster, Kardala and
Alkolea deposits). Based on indirect evidence, including
the distribution of the seep carbonates, their stable isotope
composition, and thermal alteration patterns documented
for a single sill, it has previously been hypothesised that
the seeping methane originated from contact aureoles of
the intrusions. Our new approach applying Nd isotope
analyses of the seep carbonates provides a direct record
of subsurface interactions between the seeping fluids and
mafic igneous rocks. For three out of four studied seeps,
the eng(?)carbonate Values attest to a former presence of fluids
notably enriched in radiogenic, volcanic-derived Nd. The
primary character of the carbonate Nd isotope signatures
is confirmed by REE analyses, documenting patterns typi-
cal of primary seep carbonates. The scale of the '**Nd-
enrichment shows high variability both between and within
individual sites, apparently reflecting spatial and temporal
differences in fluid composition and flow rates, typical of
seepage-affected interstitial fluids. The proposed involve-
ment of volcanogenic Nd is in accord with the collected 5'3-
Cearbonate data, suggesting thermogenic origin of the emitted

methane, with possible contribution of biogenic methane at
the Alkolea site.

The conspicuously less radiogenic eng(?) values docu-
mented for the Gorliz deposit can be most likely attributed
to a different style of fluid generation processes controlled
by the igneous intrusion at this site. The combination of
the relatively small size and shallow emplacement depth
of the Gorliz intrusion can be expected to have resulted
in rapid heat dissipation by pore water volatilisation, pre-
venting development of sustained hydrothermal circulation.
For the larger, deeper intrusions that underlain the
Kardala-Alkolea and Ispaster seeps, we propose, in turn,
that more extensive thermal alteration of the host sedi-
ments, dominated by conduction and convection, enabled
development of longer-lived fluid expulsion systems and
more extensive interactions between the fluids and vol-
canics, recorded in the form of increased eng(?)carbonate
values.

The results illustrate the utility of the Nd isotope system-
atics of seep carbonates to reveal former interactions
between seeping fluids and igneous intrusions in sediment-
covered rifts. Application of the Nd isotope analyses can,
therefore, aid in deconvolving the roles of different triggers
in hydrocarbon generation for the very complex fluid circu-
lation systems of the volcanic sedimentary basins.
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