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Highlights

e For the first time, early diagenetic signature of a very shallow sub-volcanic intrusion in
carbonate platform is reported.

e The igneous body investigated in this paper intrudes an Urgonian carbonate platform of
the Early Albian.

e The intrusion is located along a synsedimentary fault of the hyper-extended Basque-
Cantabrian Basin.

e Structural, early diagenetic and geochemical data indicates an intrusion emplacement
just below the paleo-seafloor (~50m).

e Pre- & post-intrusive hydrothermal circulations affecting early cements and specific

facies related to seeps are reported.
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Abstract

In several tectonic contexts and especially in hyper-extensive basins, magmatic rise may
crosscut shallow marine carbonate series, forming either volcanic systems or only igneous
intrusions at various depths. Impacts of these magmatic events on the surrounding carbonate
sediments can be significant and are relatively well documented from a geometrical,
sedimentological and hydrochemical point of view. Their diagenetic signature (e.g., early
diagenetic phases in cases where magma reaches or approaches the surface) still remains poorly
investigated. In this paper the authors use a multi-proxy approach combining morpho-structural,
diagenetic (cement stratigraphy), geochemical (carbon and oxygen isotope, U-Pb dating) and
sedimentological study to investigate the Larrano igneous body contemporaneous with the
Urgonian limestones (Early Albian) of the Duranguesado platform, in the well-preserved and
hyper-extended Basque-Cantabrian Basin. This investigative work produced several results: the
first result, combining morpho-structural and sedimentological data, is the model of a basaltic
magma rising along normal faults but stopping about fifty meters below the paleo-seafloor;
another is the detailed description the “Larrano eogenetic anomaly” that includes cataclastic
fractures, dissolution, Fe oxy-hydroxides, ferroan saddle dolomite and magnesian calcite. Such
phases form an early diagenetic overprint around the igneous body and testify to the thermal
shock and warm seawater circulation occurring at the time of and just after the intrusion. Pre-
intrusive and post-intrusive hydrothermally-influenced cements and facies are also recorded
and are perfectly calibrated by a detailed cement stratigraphy associated with a layering model
of the sedimentary units. The role of magmatic CO; contribution is not quantified in the present
study. Furthermore, the §'°C signature of various cements, micrites and bioclasts suggests no
thermogenic methane contribution, unlike other Albian magmatic intrusions hosted by different

lithologies and recorded at various depths below the paleo-seafloor.
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1 Introduction

Hyper-extended basins are the seat of important geothermal anomalies and prone to
magmatic injections within the sedimentary pile that commonly occur along or near major
synsedimentary faults, leading to various cases of intrusive or effusive igneous bodies
(Breitkreuz & Rocchi., 2018; Acocella, 2021; Ducoux et al.,.2021; Lokier et al., 2021).
Volcanic events directly in contact with ancient or recent carbonate platforms are well-
documented (e.g., synthesis by Lokier, 2021). Notable examples are: (1) basaltic flows
overlying platform sediments and inducing many changes in sedimentary environments e.g.,
temperature anomalies, chemical element input, new geomorphological structures (Carracedo-
Sanchez et al., 2012; Baarli et al., 2014); (2) Volcanic breccias in which volcanic fragments are
mixed together with carbonate clasts lying near eruptive structures (Castanares, et al., 1997;
Martin et al., 2004; Basile & Chauvet, 2009; Courgeon et al., 2017); (3) Volcanic ash or clasts
from distant eruptive center interstratified with platform carbonates (Robador & Garcia de
Cortazar, 1986; Fernandez-Mendiola & Garcia-Mondéjar, 1995). In the latter example there is
uncertainty as to the spatial relationship between the eruptive center and the platform. In
contrast, documented cases of sub-volcanic intrusions (e.g., approaching but not reaching the

surface) located right below neritic carbonates remain rare.

Studying the impact of sub-volcanic intrusions on carbonate environments and early
diagenesis remains complicated due to difficulties in accurately dating such magmatic events.

This is particularly true when intrusions are identified only on seismic sections, and not drilled
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or sampled, or when core samples are available but are too deeply altered for direct dating with

K-Ar or Ar-Ar radiometric methods for instance (Magee et al., 2015; Glazner et al., 2018;

Planke et al., 2018). With sub-volcanic intrusions near the surface, indirect dating methods can

be used by:

Detection of interstratified sedimentary breccias, even if they are devoid of igneous
particles, with typical characteristics of phreato-magmatic eruptions (Martin et al.,

2004; Svensen et al, 2015; Agirrezabala et al, 2017).

Identification of sealed synsedimentary forced folds and faults, a few decametres to a
few hectometres above the intrusions. These can be detected in outcrops (Molina &
Vera, 2000; Agirrezabala, 2015), or on seismic sections (Rui et al., 2013; Magee et al.,

2014; Planke et al., 2018; Bischoff et al., 2021).

Discovery of vent structures with specific interstratified facies (e.g., ores bodies,
hydrothermally-influenced communities) located above the igneous intrusion (Mounji
et al., 1988; Planke et al., 2005;2018; Agirrezabala, 2009; Agirrezabala et al., 2013). In
this case, the indirect dating method can be ambiguous, either because demonstrates the
hypogean origin of a bedding-unconformable sedimentary body is difficult on seismic
sections (Moller Hansen & Cartwright, 2006; Cartwright & Santamarina, 2015), or
because the hydrothermal activity may have occurred before or after the igneous event

itself (Belka, 1998; Jakubowicz et al., 2015).

Determination of atypical early (very shallow) diagenesis in the surrounding rocks,
chronologically and spatially linked to the igneous body (Garcia-Garmilla & Carracedo-
Sanchez, 1989; Shah et al., 2021). When intrusions are emplaced in a sedimentary
sequence the surrounding rocks are impacted by: 1) magmatically-induced local heating

(i.e., contact metamorphism - Aarnes et al., 2011; Planke et al., 2018); ii) cataclastic or
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hydraulic fractures with sedimentary injections; iii) hydrothermal diagenesis including
dissolution, recrystallizations and cementations (Fe-rich minerals, dolomitization)
developing during and after the intrusive event (Girard, 1985; Girard et al., 1989;
Agirrezabala, 2009; Shah et al., 2021). Particular eogenetic textures and mineralogical
signatures recording the influence of sub-volcanic intrusions are mostly documented in
sandstones and shales (Garcia-Garmilla & Carracedo-Sanchez, 1989; Agirrezabala,
2009; Magee et al., 2013) but remain poorly represented in shallow marine carbonate

platforms.

The well-preserved hyper-extended Basque-Cantabrian Basin which developed during the
Aptian-Albian records several cases of intrusive and volcanic igneous bodies crosscutting
neritic sediments of the Urgonian platform. One of these bodies, previously interpreted as an
example of intraplatform effusive basaltic event into the platform of Duranguesado (Fernandez-
Mendiola & Garcia-Mondéjar 2003), is used in this paper as a reference case to study the
sedimentary and diagenetic impact of such magmatic injections into shallow marine carbonate

environments.

Using a complete morpho-structural and diagenetic approach (cement stratigraphy,
geochemistry, U-Pb dating), combining previous sedimentological data from Fernandez-

Mendiola & Gareia-Mondéjar (2003) with our own, enables us to present an integrated study.

The aims of the present study were twofold: (1) to demonstrate the value of coupling
sedimentological, structural, and diagenetic studies, to specify the age and depth of the
magmatic event moreover to characterize an early diagenetic signature as a consequence of
magmatic injection emplacement; (2) to refine a scenario for the Larrano magmatic event and
compare structural and early diagenetic signatures of the Larrano igneous event with other

Albian magmatic episodes present in the Basque-Cantabrian Basin (Agirrezabala, 2009, 2015;



Agirrezabala and Dinares-Turell, 2013; Agirrezabala et al., 2013, 2014; Wiese et al., 2015;
Jakubowicz et al., 2021, 2022). At a larger scale, the question relevant to the impact of
numerous magmatic intrusions on marine carbonate environment and on ecosystems above

such structures remains open.
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2 Geological setting

2.1. Structural context and magmatic occurrences
The Basque-Cantabrian Basin (BCB) is a 250 km long and 100 km wide well-preserved
hyper-extended basin (Fig. 1) resulting from oblique rifting that occurred from the Late Jurassic
to the Early Cretaceous at the Iberian-European plate boundary. The BCB was later mildly
inverted by the subsequent Pyrenean orogeny which occurred from the Santonian to the
Oligocene (Lagabrielle et al., 2010; Roca et al., 2011; Tugend et al., 2014; Pedrera etal:, 2017,

2021; Garcia-Senz et al., 2020).

During the late hyper-extended rifting phase in Early Cretaceous, the Central BCB was
seated on an extremely Weise continental lithosphere (Fig. 1B) with some patches of exhumed
mantle (Mendia and Ibarguchi, 1991; DeFelipe et al., 2017; Pedrera et al., 2017), related to a
high-temperature metamorphic event (Clerc et al., 2015; Ducoux et al., 2021) and resulting in
widespread metasomatism and hydrothermalism (Agirrezabala, 2009, 2015; Jakubowicz et al.,

2021), as well as volcanism within the basin and on the seafloor.

This Early Cretaceous magmatism (especially during the Albian) is currently exposed
at the surface and is expressed by both intrusive bodies and by extrusive volcanic complexes of
lava flows or volcaniclastic deposits (Rossy, 1988; Fernandez-Mendiola & Garcia-Mondéjar,
1995, 2003; Castafares, et al., 1997; Agirrezabala et al, 2017; Agirrezabala, 2015; Garcia-
Mondéjar et al., 2018). The magmatism was also identified through seismic data, especially
along the present-day coastal area between Bilbao and Donostia San Sebastian (Agirrezabala

& Dinares-Turell, 2013; Agirrezabala et al., 2013).

During the Aptian-Albian, the central BCB was controlled and delimited by a set of
NW-SE mainly extensional structures, in particular by the Bilbao fault zone (Garcia-Mond¢jar

et al., 2018) where the study area is located (Fig. 1A). This fault zone, with indisputable
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synsedimentary tectonic activity as demonstrated by Garcia-Mondé¢jar et al. (2018), delimited
the northern structural margin of several Urgonian platforms (Fig. 2), bordering the southern
part of the subsiding area named the Biscay Synclinorium (Fig. 1B & Fig. 2) mostly filled with

offshore sediments (Fernandez-Mendiola, 1987; Garcia-Mondéjar, 1990, 1996).

Igneous bodies are common along the Bilbao fault zone where the shallow crustal level
is connected with the deepest part of the crust and the exhumed mantle (Garcia-Mondéjar et al.,
2018). These igneous bodies occur in Early Valanginian to Late Albian sediments which
exhibit diverse facies (see appendix A), from neritic carbonates facies to relatively deep shale
deposits (Garcia-Garmilla & Carracedo-Sanchez, 1989; Garrote Ruiz et al., 1990; Garcia-
Mondéjar et al., 2018). The magma evolved mostly into basalts and trachytes, with
mineralogical and chemical compositions typical of an alkaline sequence (Rossy, 1988;
Carracedo-Sanchez et al., 2012). These magmatic episodes were dated using either K-Ar and
Ar-Ar methods on amphiboles or biotites from the igneous bodies (Montigny et al., 1986; Ubide
et al., 2014; Garcia-Mond¢jar et al., 2018), or by biostratigraphy and lithostratigraphy of the
surrounding sedimentary strata in the case of volcanic events on the seafloor (Robador & Garcia
de Cortazar, 1986; Fernandez-Mendiola & Garcia-Mondé¢jar, 1995, 2003). On this dataset (see
appendix A), Garcia-Mondéjar et al. (2018) observed that, in and near the Bilbao fault zone,
older (Early Valanginian to Early Albian) magmatic events are located to the southwest where
they usually intruded Urgonian carbonates whereas younger ones (Late Albian) developed

north-eastward, mostly in offshore sediments.

Active salt tectonic associated with this rifting and volcanic trend, also take place by
remobilization of the underlying Triassic salts in the BCB (Fig. 1B). This halokinesis is well
recorded by diapirs or salt injections along faults causing inflation and folding of the overlying
lower Cretaceous sediments (e.g., Garcia-Mond¢jar et al., 1996; Quinta et al., 2012; Bodego et

al., 2018; Motte et al., 2021; Roca et al., 2021). However, along the Bilbao fault zone, the Early



Cretaceous halokinesis is not well marked although there is some evidence, including in the
immediate vicinity of the study area (Antiguedad et al., 1983; Fernandez-Mendiola & Garcia-

Mondéjar, 1983; Ferndndez-Mendiola, 1987; Gomez-Perez et al., 1994).
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Figure 1: (A) Simplified geological map of the BCB with ages, main tectonic structures and
magmatic occurrences. The abbreviation ‘PF Urgo.” refers to ‘Urgonian’ carbonate platforms.
Compiled from Robador & Garcia de Cortazar (1986); Fernandez-Mendiola (1987); Garcia-
Mondéjar (1990); Garcia-Mondéjar et al. (1996); Nader et al. (2012); Abalos (2016); Garcia-
Mondéjar et al. (2018). The study area of Larrano is indicated by a red star. (B) Reconstructed
section across the BCB (cf. 1.A for location) during the late Cenomanian (Late rifting stage)
highlighting the architecture of the continental lithosphere. SPFT for South Pyrenean Frontal
Thrust. Modified from Lescoutre & Manatschal (2020). The study area lies along the Bilbao
fault but is located southeast of this section.
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2.2. The Duranguesado Carbonate Platform

The present study focuses on a magmatic event that occurred in the isolated carbonate
platform of Duranguesado (sensu Fernandez-Mendiola, 1987) and developed along the Bilbao
fault zone, 40 km south-east of Bilbao (Fig. 1A). This isolated platform has a digited geometry
(Fig. 2) and was bordered southward by shallow marine clastic deposits (siltstones and
sandstones) of the Arlaban formation (sensu Fernandez-Mendiola & Garcia-Mondéjar, 1990),
and northward by offshore shales and gravity deposits of the Bilbao formation deposited in the
subsiding Biscay Synclinorium (see Fig. 1A, Fernandez-Mendiola & Garcia-Mondé¢jar, 1990;
Garcia-Mondéjar, 1990). The sedimentology and biostratigraphy of this platform were first
studied by Rat (1959), and then further detailed by Pascal (1985), Fernandez-Mendiola &
Garcia-Mondéjar (1983, 1990), Fernandez-Mendiola, (1987). With facies from the “Urgonian
Complex” (sensu Rat, 1959), this isolated carbonate platform was clearly separated by clastic
deposits from other regional carbonate platforms (Fernandez-Mendiola & Garcia-Mondéjar,

1990) such as the nearby small isolated platforms of Zaraya and Udalaitz (Fig. 2).

SW NE

Figure 2: Architecture of the
Urgonian carbonate platforms
during the Early Albian, along the
Manaria Bilbao fault zone in the Central
rrano(studysite) - part of the BCB (see Fig. 1A for
" location). Modified from
Fernandez-Mendiola & Garcia-
Mondéjar (1990) and Ferndndez-
Mendiola & Garcia-Mondéjar
(2003). Pagozelai, Mafiaria and
Larrano are Early Albian
magmatic events that occurred in
the Duranguesado carbonate
platform (Robador & Garcia de
Cortazar, 1986; Fernandez-
Mendiola & Garcia-Mondéjar,
1995; 2003).
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From a stratigraphic standpoint, the Duranguesado carbonate platform lies on
terrigenous facies (sandstone and siltstone) of the Tellamendi formation deposited during the
Upper Aptian in an estuarine to tidal environment (Fernandez-Mendiola & Garcia-Mondéjar,
1989, 1991; Fernandez-Mendiola et al., 1993). Immediately above it, the lower member of
Aramotz formation (Upper Aptian to Earliest Albian) constitutes the basal part of the Urgonian
series. The first limestone deposits form a progressive unconformity that pinches out southward
(Fernandez-Mendiola & Garcia-Mond¢jar, 1983; Ferndndez-Mendiola, 1987) and is now
verticalized (Fig. 3). The northern border of the Duranguesado platform is thus clearly a
structurally-controlled platform margin (Fernandez-Mendiola, 1987; Fernandez-Mendiola &

Garcia-Mondéjar,1983; 1990).

To the southeastern part of the Duranguesado platform (Fig. 2) the beginning of the Urgonian
complex (Aramotz lower member) is characterized by the growth of a stacked reef-mounds,
named the Anboto mound (Fig. 3), defined by Fernandez-Mendiola, (1987). This author
describes this structure as a set of decametric reef-mounds rich in coral-rudist strata. This
composite mound is more than 400 meters thick and was bordered by well-expressed carbonate
slopes, some of them steep enough to generate slumps and olistoliths (Fig. 3) as shown by
Fernandez-Mendiola & Garcia-Mond¢jar (1983) and Pascal (1985). During its first growth
stages, the Anboto mound was probably an isolated mound in an offshore position relative to
the main platform. At the Larrano site, about 1.8 km north-westward of the Anboto mound core,
contemporaneous limestones of this mound (lower Aramotz member) were deposited on a
lower slope setting (Fernandez-Mendiola & Garcia-Mondé¢jar, 2003). They are essentially
massive to bedded mudstones or micro-wackestones with distal fauna such as crinoids and
highly fragmented and micritized small bioclasts. At the Larrano pass, the Urgonian complex
corresponds to the upper Aramotz member (Lower Albian), deposited after the growth of the

Anboto mound (Fig. 3). This upper member is at least 700 meters thick, and is composed mainly

12



of mud-supported limestones, commonly showing fractured and non-fractured rudist shells.
However, it may also contain other facies, such as boundstones with microbial Bacinella
structures, floatstones with corals and rudists (requieniids, monopleurids, radiolitids), bioclastic

packstones and rare bioclastic grainstones.

Finally, before a terminal angular unconformity and a sedimentary gap (Middle Albian is
missing), the limestones of the Amarotz formation are overlain by the deepest sediments of the
Bilbao formation (Fig. 3) due to the submersion of the platform (Fernandez-Mendiola, 1987;

Fernandez-Mendiola & Garcia-Mondéjar, 1990).

13
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Figure 3: 3D outcrop view of the Larrano and Anboto areas showing sub-verticalized strata of
the southeastern part of the Duranguesado carbonate platform. Screen & till refer to the
Quaternary cover. Abbreviations ‘Mb’ and ‘Fm’ refers to ‘member’ and ‘formation’. Satellite
view and aerial images of 2011 from the ©2021 Eusko Jaurlaritza — Gobierno Vasco - Image
Landsat / Copernicus database were used with Google Earth Pro software to the build this 3D
block.
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2.3. The Larrano igneous body and associated hydrothermal facies

Among the magmatic occurrences inventoried within the Duranguesado carbonate
platform (Fig. 2), the Larrano igneous body is the largest and best known (Fernandez-Mendiola
& Garcia-Mondéjar, 2003). These authors described a “Y’-shaped basalt body that crosscuts
the Urgonian strata, subsequently verticalized due to tilting. They also indicated that the basalts
are fairly altered, especially in contact with surrounding limestones where a meter-thick altered
clay-rich horizon is observed (see appendix B) but usually masked by a pedologic cover.
Despite the high degree of alteration, probably due to both ancient hydrothermal and supergene
alteration, primary basalt-forming minerals (e.g., plagioclase phenocrysts, amphiboles and
pyroxenes) can be observed and are occasionally preserved within secondary mineralization

(e.g., iron oxy-hydroxides, chlorite and calcite; see appendix B).

One of the main contributions of the previous study is the identification of specific
sedimentary facies that preceded and followed the basaltic body emplacement. Fernandez-
Mendiola & Garcia-Mondé¢jar (2003) described and mapped silicified beds, named “spiculites”,
in which sponge spicules are extremely abundant. Sponge spicules are cemented by a silicified
matrix and are supported by each other, but rarely connected with each other. The authors
suggested that these spiculites could be related to Si-rich seeps along fractures on the sea floor,
modifying physicochemical parameters in the surrounding waters. Such hydrothermal-
dependent sponge communities are observed in modern environments (Bertolino et al., 2017;
Georgieva et al., 2020) and have been identified in ancient series (Bujtor & Nagy, 2021). At
Larrano, other hydrothermally influenced facies are also suspected by Fernandez-Mendiola &
Garcia-Mondéjar (2003). They consist of metric to decametric mud mounds or coral-rudist rich
mounds where no chemosymbiotic biota have been identified, interstratified within sediments

covering the basaltic body.

15
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Based on their sedimentological, petrographical and geometrical dataset, Fernandez-
Mendiola & Garcia-Mondéjar (2003) put forward a scenario for the emplacement and ensuing
sealing of the igneous body. They describe initial hydrothermally influenced deposits along
fault intersections, preceding the main magmatic activity. A subsequent eruptive event is then
described, with two small, aerial volcanic cones which developed during exposure of the
platform. They suggest that following the eruption, these volcanic cones would have been
completely eroded and evacuated, probably under aerial conditions. This justifies the absence
of any igneous rocks and minerals interstratified within the covering series. They adopt the
hypothesis that the igneous body is a preserved “Y’-shaped basaltic body and would therefore
constitute the root of aerial cones that are now totally eroded. In a third stage, as the igneous
root cooled, an increase in the subsidence rate would have promoted resumption of
sedimentation that comprises both classic Urgonian limestone and hydrothermally influenced

facies.

From a biostratigraphic standpoint, Fernandez-Mendiola & Garcia-Mondéjar (2003)
indicated that the limestone surrounding the igneous body contains Early Albian benthic
foraminifera fauna such as Orbitolina (M) subconcava, Simplorbitolina manasi, Sabaudia
minuta, Orbitolina (M) texana, Coskinolinella sp. and Cuneolina ex gr. Pavonia, and especially
Orbitolina (M) subconcava and Coskinolinella sp. into the hydrothermally-induced marine

facies.
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3 Material and methods

3.1. Field acquisition and sampling

Field investigations at Larrano-Anboto were carried out in two fifteen-day campaigns
in August 2019 and in October 2020, for observations and sampling. 202 outcrop samples were
collected as per regulations (permission n°AU-126-2020) and instructions of the Urkiola
Natural Park. Sampling was conducted following a multi-scale strategy: (i) sampling at large
intervals, encompassing the entire SE area of the Duranguesado carbonate platform, (i1) dense
sampling focusing around the Larrano igneous body. In the field, facies mapping and a
structural study were performed using GPS positioning together with detailed satellite / aerial
images and orthophotography views from different years and seasons, to detect and delineate
the lateral extension of the beds, unit boundaries and faults. The satellite images and
orthophotography views were sourced from Sentinel-2 (Copernicus Sentinel data, 2021) and
from the General Direction of Cadastre, Interministerial Flight @IGN PNOA (National Air

Orthophotography Plan) 1973 to 2005.

3.2. Analytical methods

Facies characterizations were carried out on polished slabs and thin sections.
Petrographic studies were done at the University of Burgundy (Gismo platform) with
conventional methods. A set of 217 thin sections was described under plane-polarized light
(PPL) and cross-polarized light (XPL) using a Nikon AZ100 macroscope coupled with a Tucsen
TrueChrome 4K Pro camera and a Zeiss Axiophot microscope coupled with an Luminera
Infinity 2-3C (3MP) camera. Additionally, UV-Epifluorescence microscopy was carried out on
some samples using the same Nikon AZ100 macroscope. Alizarin red S and K-ferricyanide
staining were used on thin sections especially for detection of Fe-rich calcite and dolomite

crystals.
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Cathodoluminescent microscopy (CL) was conducted on 102 polished thin sections
using an ELM-3R luminoscope (12 to 20 kV gun potential, 0.7 to 1.3 pA beam current) coupled

with a Leica Microscope MZ12 and a Tucsen F1-20 camera.

Elemental mapping was conducted on samples of polished slabs and thin sections. Smaller
elemental maps (7) and semi-quantitative spot analysis (93) were performed on key samples
(gold-covered metallized thin sections) using a Jeol SEM JSM-IT100LA equipped with an EDS
probe (University of Burgundy, Gismo platform). Additional elemental analyses were done
using the SEM FEG QUANTA 650 FEI also equipped with EDS spectrometry for Elementary
Analysis (TotalEnergies Laboratory, CSTJF - Pau, France) resulting in 11 elemental maps and
34 semi-quantitative spots analyses. Wider elemental maps were also performed using a micro
X-Ray Fluorescence 2D scanner (Bruker M4 Tornado) composed of two SD detectors and a Cr
X-ray tube anode with a polycapillary lens offering a 25 um spot size (University of Burgundy,
Gismo platform). This device was also use to measure elemental contents in cements (197
spots), sometimes in spots previously measured with EDS in order to inter-calibrate the two
methods. A set of internal carbonate standards (whose elemental composition is known from
ICP-MS measurements) was use to calibrate X-Ray Fluorescence values. The uncertainty is

about 0,3 mol% for MgCO3 and 0,05 mol% for FeCO3.

Stable isotope analyses (5'%0 and §'3C, n=92) were conducted (University of Burgundy,
Gismo platform) on selected thin sections hosting different phases of micritic matrix, bivalve
shells with low magnesium calcite (LMC), calcite and dolomite cements. Two techniques were
used to microsample the different carbonates, after cleaning with ethanol and purified water: (1)
55 samples were micro-drilled using a dental drill (with a drill bit of 500 pm in diameter)
directly on the hand specimen (ii) 41 samples were micro-drilled on the unstained thin section
under an x8 articulated lamp lens using a Proxxon MF70 microdrill device equipped with

300pm or 500um diameter drill bits. Both techniques enabled us to obtain volumes of carbonate
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powder of the order of 30 to 60 pg weighed with a Mettler Toledo XS3DU ultra-balance. A
Kiel IV carbonate preparation device, paired with a Delta V Plus (ThermoFisher) mass
spectrometer was used for isotopic analyses. Samples were dissolved at 70 °C by
orthophosphoric acid, and isotopic values were calibrated relative to the NBS-19 standard. All
stable isotope values are reported in per mil (%o) relative to Vienna Pee Dee Belemnite (V-
PDB). The uncertainty associated to the measurement of '0 and §"3C is £0.1%o and £0.05%o

respectively.

In situ U-Pb radiometric dating was conducted at CEREGE (Aix-Marseille University)
in the newly developed Laser Ablation Inductively Coupled Plasma Mass Spectrometry High
Resolution (LA-ICP-MS-HR) laboratory facilities equipped with a 193nm Excimer laser (ESI)
coupled to a sector field ICP-MS Element™ XR (Thermo Scientific™). U-Pb analyses were
performed directly on polished thick (~100 um) sections using a 150 um laser spot size at low
energy (fluence ~1J/cm? at 10Hz, see details on analytical methods in supplementary materials
of Godeau et al., 2018). Samples were measured by a standard bracketing approach, using the
NIST-614 glass standard for instrumental drift and lead isotope composition (Woodhead and
Hergt, 2001) and the WC-1 natural calcite standard for inter-elemental fractionation (reference
age = 254.4 £6.4 Ma, Roberts et al. 2017). A second reference calcite, i.e., AUG-B6 (admitted
age = 42.99 +1 Ma; Brigaud et al., 2020) was also used to cross check element fractionation
correction derived from WC-1 analyses. Five different calcite and dolomite cement phases,
previously identified and mapped during PPL, XPL and CL examinations on 3 thick sections,
were investigated. Spots (40 spot analyses) were positioned to analyse the different diagenetic
phases. Detailed spot-by-spot assessment was carried out afterwards by examining ablation pits
under CL microscopy. The U-Pb isochron ages were calculated using Isoplot software in order
to plot the Tera-Wasserburg diagram (Discordia: model-1; Concordia: Tera-Wasserburg

diagram).
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4 Results

4.1. Geometries and strata layering at the Larrano site

As the present paper deals mainly with early deformation and diagenesis, we chose to
not repeat the detailed description of sedimentary facies chronologically and spatially linked to
the Larrano igneous body, previously studied by Fernandez-Mendiola & Garcia-Mondéjar
(2003). However, to describe the different deformations and to precisely locate the diagenetic
phases, a detailed layering model was required. This map integrates our field observations
together with close examinations of various generations of aerial and satellite views ( ). It
includes 9 successive stratigraphic units (U1 to U9) separated from each other by rapid vertical
facies variations such as is the case of pure limestone beds covered with marls or clayey
limestones. Remarkable spiculite layers are also used to delimit some of these units, where
locally they constitute the basal parts of units 2, 4, 6 and 7 ( ). Furthermore, the Larrano
layering gradually disappears into the relative uniformity of the massive Urgonian facies,
making it difficult or nearly impossible, to track it precisely over long distances beyond the

Larrano pass.

4.2. Faults, folds and early deformations linked to the igneous body

Numerous faults and deformation structures around the igneous body were identified
combining various generations of aerial and satellite views together with field observations.
However, in the field, making close-ups of detailed observations of faults and associated
deformations is not straightforward. They are three reasons for this: (i) the series is verticalized
( ), disturbing structural observations of the ground and making it necessary to use zenithal
views; (i1) clay-rich soils linked to weathering of basalts, marls and silicified facies locally mask
contacts between strata and fractures; (iii) numerous faults and deformations occurred before
extensive lithification, so they affected partially-lithified rocks and are not associated with clear

fracture planes, tectonic breccias or slicken-lines. These specific early deformations are
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described below can be divided according to four categories: faults affecting more than 3

successive units, faults which only affect 1 to 3 units, folding and other deformations.

The main structure is a normal fault herein named the Santa Barbara fault (see a- in Fig.
4A). This fault exhibits a listric geometry and defines the base of the north-western limb of the
igneous body, where the limestone-basalt contact is materialized by a yellow to brown clay-
rich alteration profile, up to 3 meters thick. The offset related to this fault varies from one unit
to another, attesting to its synsedimentary activity. The maximun offset (up to 30 meters) is
observed at the tops of units 1 and 2. Offset values rapidly decrease upwards, becoming very
low in the middle part of the unit 4, and ultimately inverted at the top of this unit. Then in units
8 and 9, the fault-related shift develops into fractures (Fig. 4A). Associated deformations,
especially in the hanging wall, are flexible, forming notably a small roll over anticline in the
unit 3 were spiculite beds are well expressed and close to each other (Fig. 4A). The deepest part
of the Santa Barbara fault is largely masked by Quaternary deposits. Therefore, there is no direct
evidence in favour of a connection with the underlying Urkiola fault. Otherwise the fault would
pass just below an old lead mine and near the Pol-Pol Fe-rich spring (Fig. 3) where numerous
fractures filled with calcite, dolomite and Fe-oxides crystals are observed in the terrigenous
facies of Tellamendi formation. Eastward, another normal fault delimits the base of the south-
eastern igneous limb (Fig. 4A). This fault exhibits relatively low throws affecting units 1 to 4

and is sealed by unit 5.

Many other minor faults were observed in this area, with limited throws and vertical
extensions. In most cases they are small listric normal faults, with metric or sub-metric throws
(Fig. 4A). Most of these faults developed in the upper part of units 2 and 3. A few of them also
affected units 5 to 7. With few exceptions, most of these minor faults downfault toward the
Santa Barbara fault, delimiting a subsiding zone called “small perched capping basin” (by

Fernandez-Mendiola and Garcia-Mondéjar, 2003). This small depression is filled mainly with
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clayey limestones, marls and well-expressed spiculite beds. Two other smaller troughs
developed at the northwest and the southeast of the magmatic body. They are structured by

small listric faults affecting units 2 and 3, filled by clayey limestones, marls and spiculite beds.

Finally, a last type of synsedimentary deformation is observed at the top of unit 4,
between the two branches of the igneous body (details on & ). These deformations
disturb initially well-stratified marls and clayey limestones with small folds delimited by
reverse faults forming duplex-like structures. Such synsedimentary deformations are only
detected at the top of unit 4. Their geometry indicates beds sliding towards the hanging wall of
the Santa Barbara fault, up to a buttress zone corresponding to the forced fold above the north-
western branch of the igneous body ( & ). These deformations are sealed by unit 5

where onlaps are detected above the top of unit 4.
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Figure 4: (A) Satellite view of the Larrano area (verticalized series) with the strata layering
proposed in the present study. This layering includes 9 successive stratigraphic units (U1 to U9)
delimited by color lines and affected by faults (thin to thick white lines). The extension of unit
5 1s highlighted in grey. Extensions of spiculite layers are indicated by dashed yellow lines. a —
the Santa Barbara hermitage; b, c, — upper and lower entrances, respectively, of the old Larrano
Zn and Fe mine. Location of ‘Seep mounds*’ extracted from Fernandez-Mendiola and Garcia-
Mond¢jar (2003). Images from ©2021 Google, Images ©2021 Eusko Jaurlaritza — Gobierno
Vasco, Maxar Technologies, ©IGN PNOA 1973 to 2005, together with 3D images from Google
Earth Pro software (12/2021). (B) Undetailed and (C) detailed faults and deformations in unit
4. Red lines represent normal faults; pink lines correspond to reverse faults. Main deformations,
with minor reverse faults (duplex-like structures) and crumpled limestone beds are observed in
unit 4, between less disrupted unit 3 and overlying unit 5, highlighted by onlaps. See appendix
C for more detailed image. Aerial images of 2004 taken from ©2021 ICV (Institute of
Cartography of Valencia), ©2021 IGN PNOA (National Air Orthophotography Plan) 1973 to
2005, together with 3D images from Google Earth Pro software.

4.3. Diagenetic evolution and the Larrano eogenetic anomalies
Eogenesis
Isopachous calcite cements (ICCla, b & ICC2) and aragonite dissolution
In the Larrano area, facies are predominantly mud-supported, moreover the macro porosity is
limited. In this context, the Isopachous Calcite Cements (ICC) are very scarce. These cements
are however detected in three distinct stratigraphic intervals: in unit 2 (ICCla, ), at the
top of unit 3 (ICClb, ) and along fractures in unit 4 (ICC2, ). The cement in these
units form thin fringes of acicular to palissadic crystals of dirty calcite exhibiting cloudy brown
to yellow luminescence under CL. In unit 2 and at the top of unit 3, these cements (up to 120
pm-thick) form thin fringes around allochems of the rare grainstone deposits ( ) or
precipitated on walls of moldic cavities due to very early dissolution of aragonite bioclasts (

). In unit 4, ICC2 cements are observed mostly in F2 fractures ( ), spatially and
chronologically linked with duplex-like structures and highly deformed limestone beds (for
location see & C). There, ICC2 cement can be up to 350 pm-thick on the fracture
walls but is thinner or absent in poorly connected pores bordering these fractures ( &

). Dissolution of aragonite bioclasts (corals, gastropods, parts of bivalves ...) occurred several
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times during eogenesis. Indeed, most of moldic cavities are filled or partially filled with
eogenetic cements such as ICC or early blocky calcite spars.

First Blocky Calcite cements (BCla & b)

In samples with primary or secondary macro-pores, the first Blocky Calcite cements (BC1 zone)
occur as scalenohedral or syntaxial crystals of limpid calcite. In some cases, a BCla subzone
occurs in curved fractures (F1 in ) crosscutting the micritic matrix, corresponding
probably to hydraulic fractures (sensu Jébrak, 1997). Depending on their superposition and their
location in stratigraphic units Ul to U9, BC1 exhibits distinct subzones under CL and AF
staining. The BCla subzone, observed in units 1 to 4 (never above), is very dull luminescent
under CL (dark brown to black) and is unstained by potassium ferricyanide ( ). Micro
X-Ray Fluorescence measurements indicate an FeCOs content below 0.4 mol% and MgCOs3
content below 3.3 mol%. This BCla subzone fills a major part of the macro porosity in close
vicinity of the Santa Barbara fault. Elsewhere, BCla is less voluminous ( , 7TE & 71) or
absent. In unit 4, BCla is clearly crosscut by F2 fractures ( ). In a few samples, a thin
band of Fe-rich calcite, stained blue by potassium ferricyanide, terminates the BCla subzone.
No early blocky calcite cements are observed from unit 5 to unit 8. But, another subzone (BC1b)
is detected around the lower entrance of the old Larrano mine (c- in ), in unit 9. It shows
strictly non-luminescent (black under CL) limpid calcite crystals ( ), not-stained by
potassium ferricyanide (Fe-poor calcite), growing directly on walls of primary pores or on walls

of moldic pores after aragonite dissolution.
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Figure 5: Main eogenetic phases in samples close to the Santa Barbara fault.

(A) Composite image with CL (A1), Micro X-Ray Fluorescence elemental mapping with Fe-
content in red (A2) and AF staining (A3) on micrographs. White circles with black fillings
correspond to location of micro-drilled samples used for stable isotope analyses (5'%0 and
313C). Cements precipitated in a moldic cavity due to very early dissolution of an aragonite
bioclast. The isopachous ICCla cement is the earliest cement detected here, overlapped by
scalenohedral crystals the BCla blocky calcite (Fe-poor), then by coarse saddle dolomite
crystals of the Doll sub-zone (ferroan dolomite). Cataclastic micro-fractures (F2) crosscut
BCla before Doll precipitation and before calcite dissolution indicated by corrosion gulfs
visible in (A1). Mesogenetic blocky calcite cement (BC2b) fills the remnant pore space. Sample
from top of unit 2. (B) PPL micrograph with ICC1b isopachous cement forming thin franges
around allochems in an unusual grainstone deposit. Pyrite crystals sealed ICC1b before BCla.
Sample from top of unit 3. (C) CL micrograph showing BCla affected by cataclastic fractures
(F2) and dissolution gulfs (Cal. Diss). Sample from same location as (A). (D) Composite image
with PPL (D1) and CL (D2) micrographs of intra-skeletal cavities linked to Bacinella fabric.
BCla, Fe-rich coatings and finally ferrous dolomite (Dolla) successively filled these cavities.
Sample from unit 2. (E) Composite image of PPL (E1) and CL (E2) micrographs of a hydraulic
(?) fracturing phase (F1) filled with successive BC1la and BC2a blocky calcite cements. Sample
from unit 3.

The Larrano eogenetic anomaly

Five specific diagenetic phases are documented within a few meters around the igneous body
and the Santa Barbara fault. Post-dated by BC1b subzone and then by earliest mesogenetic
phases, these five diagenetic phases are very atypical of diagenesis occurring in marine platform
carbonates in very shallow burial conditions. They are part of the “Larrano eogenetic anomaly”
( ) whose signification will be discussed later. All these atypical phases are recorded only
up to unit 4, but never above.

The first atypical phase consists of intense cataclastic fracturing (F2 in & () affecting
bioclasts as well as ICCla, ICCIb and BCla cements ( ). With a branched and
anastomosed geometry, the microcracks are sometimes so numerous and close to each other
that they can make it difficult to decrypt the initial microfacies. The second atypical eogenetic
phase is a calcite-dissolution phase, particularly affecting the walls of some cataclastic
microcracks, giving them a curved geometry, with corrosion gulfs ( ). Fe-rich
coatings are also characteristic of this event, but they are only observed in samples very close

to the igneous body. The Fe-rich coatings developed F2 microcracks here and on walls of intra-
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skeletal cavities of Bacinella-rich limestones (sensu Pascal & Przybyla, 1989; Schlagintweit et
al., 2010; Schlagintweit & Bover-Arnal, 2013; ). SEM observations, together with XRD
measurements, reveal Fe-oxides and Fe-hydroxides, but these minerals may correspond to the
replacement/alteration of Fe-rich precursors of unknown composition due to the likely
influence of Quaternary weathering.
The following anomalous phase is a dolomitic (Doll) cement precipitating over Fe-rich
coatings ( ) and unaffected by cataclastic F2 microcracks ( ). Under CL, Doll
sometimes exhibits a first dull luminescent (black) subzone (Dolla). This Dolla cement may
fill all the remnant macro-porosity with relatively coarse crystals (up to 4000 pm-thick) with
curved faces and undulatory extinction under PPL. Dolla is particularly well expressed around
the igneous body and Santa Barbara fault where it can fill almost all the remnant porosity (
). In pores around the igneous body, Dolla cement exhibits a subhedral morphology (
). A more luminescent (dark orange) subzone (Dol1b) locally forms overgrowths on Dolla
( & (), or it precipitated alone in the pores of unit 4( ), exhibiting planar faces
and sharp extinction (planar dolomite). AF staining ( ) and micro X-Ray Fluorescence
indicate a Fe-rich dolomite ( & ), especially in the dolomite crystal cores

(Dolla) where the FeCO3 content is up to 10.1 mol%. Fe-content is lower in Dol1b subzone.
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1500 um

Figure 6: CL micrographs of diagenetic phases related to an F2 fracture at the top of unit 4,
near the Santa Barbara fault. See figure 4C for location. (A) Global geometry of the F2 fracture
(assemblage of 7 micrographs). (B) & (C) zooms reveal crosscutting of the BCla cement by
the F2 fracture (white line) then filled with successive ICC2, pyrite and BC2 cements. ICC2
cement reaches 350 um-thick on fracture walls and is their major filling phase. ICC2 is a minor
cement in the matrix porosity. Red-luminescent Dol1b cement precipitated in the remnant pores
located away from the fracture, where ICC?2 is thin.
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Mesogenesis and Telogenesis
Except in areas around the igneous body and the Santa Barbara fault where BC1 and Doll
cements may predominate, the most abundant cements are generally blocky calcite cements,
named BC2 and BC3. They precipitated either in fractures, or in primary to moldic pores,
sometimes after partial crushing and micro-fracturing due to lithostatic pressure. Such
compaction features are not observed where earlier ICC, BC1 and Doll cements developed. In
many samples, precipitation of these blocky calcite cements follows or is coeval with the
precipitation of pyrite crystals ( ), sometimes grouped into small framboidal structures.
BC2 developed mainly in limestones around the igneous body where it occludes the
remaining porosity after ICC, BC1 and Doll cementing. Elsewhere, it is usually absent or thin
(<100 pm), poorly distinguishable from the overlying zone (BC3). In pores where BC2 is well
developed, it is subdivided into two subzones ( & 7F). BC2a is finely banded with
alternating thin yellow to dark-brown bands under CL. It contains 1 to 3 Fe-rich bands (up to
0.9 mol% of FeCOs3) blue-stained by potassium ferricyanide, with occasional occurrences of
small pyrite crystals ( ). Dog-tooth crystals of BC2a never exceeds 100 to 150 um-long,
especially observed in limestones around the igneous body. Elsewhere, BC2a is commonly
absent, except in unit 9 where it forms very thin overgrowths on BC1b cements. BC2b is a Fe-
poor calcite, unstained by potassium ferricyanide ( ), exhibiting an orange luminescence
with some dull, low-contrasted thick bands ( , & ). Thicker than BC2a, its

thickness can reach 700 pm.
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Figure 7: Some burial diagenetic phases.

(A & B) CL view and SEM elemental mapping of a unit 2 sample close to the Santa Barbara
fault and the igneous body. Crosscutting relationships clearly reveal the relative chronology
between BCla, Dol 1a/1b, BC2, Dol 2a/2b, micro-quartz (uQz), fracture (F4a, bold white line)
and BC4. They also reveal occurrences of dissolution phases between BCla & BC2 (Diss 1,
blue dashed line) and between Dol2b & micro-quartz (Diss 2, yellow dashed line).

(C & D) CL view and zoomed SEM elemental mapping of a spiculite bed in unit 3 sample near
the Santa Barbara fault. Dolomite rhombs, with successive overgrowths including Dolla/l1b
and Dol2a are perfectly encapsulated within micro-quartz (nQz) corresponding to silicification
of the pre-existing micritic mud, thereby proving the anteriority of the dolomites to the
silicification phase. SEM elemental mapping reveals the Fe-rich content of the dull luminescent
Dol 1a subzone. (E & F) Moldic cavities filled with successive BCla, BC2a and BC2b blocky
calcite with U-Pb spots analyses (CL view). Sample from the top of unit 2 close to the Santa
Barbara fault. (G) Successive BC1b, BC2b and BC3 filling a moldic cavity in unit 9 near the
Larrano mine (CL view). (H) Sample of unit 5 close to the Santa Barbara fault showing
successive precipitation of fluorite and Dol 2 cements sealing dissolution gulfs (Diss 2, white
dashed line) affecting BC3 blocky calcite (CL view). (I) Composite image with AF staining
(IT) and CL (I2) from a unit 4 sample close to the Santa Barbara fault showing Fe-rich bands
and pyrite coating (black arrows) within BC2a subzone.

BC3 is the main blocky calcite cement in an area away from the igneous body and the
Santa Barbara fault. It is not colored in blue by AF staining ( ) but is slightly ferruginous

(up to 0.3 mol% of FeCOs3). In some samples, BC3 is affected by a new generation of fractures

(F3) and, more rarely, by dissolution gulfs followed by fluorite, the second dolomite cement

with sub-zones (Dol 2 in ) or quartz ( ). When Dol2 forms overgrowths directly
on Doll rhombs, dissolutions gulfs are clearly observables under CL ( ) or under SEM
mapping ( ).

Silicified limestones are relatively common in the Larrano area. They are divided into
well-stratified spiculite beds and massively silicified limestones above the two limbs of the
igneous body ( ). The main silicified volumes are composed of micro-quartz crystals that
replace a pre-existing micritic matrix ( ). This replacement is readily observed where a
silicifying front is preserved, for example at the boundaries of spiculite layers or of nodular
cherts. Dolomite rhombs (Doll and Dol2 zones) are perfectly encapsulated within the micro-
quartz replacement matrix ( ), indicating that Dol2 predates the phase of silicification.

The growth of this subhedral quartz, sometimes bipyramidal in shape, was locally hampered by
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the presence of BC3 blocky calcite crystals, demonstrating, once again, the relatively late
occurrence (post BC3) of the silicification. Fibrous quartz may also rarely occur in addition to
micro-quartz and mega-quartz (observed in one sample of unit 2), precipitating over dissolution

gulfs affecting the BC3 cements.
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Figure 8: Diagenetic diagram for the Larrano area, compiling diagenetic data from 102 thin
sections coming from stratigraphic units 1 to 9. Atypical phases in the eogenetic period are
indicated as “Larrano anomaly”. F1 to F5 indicate fracturing phases. ICC = Isopachous Calcite
Cement; BC = Blocky Calcite cement; Dol = Dolomite cement (or replacement). See text for
chronological correlation between diagenetic phases and sedimentary events. Late mesogenetic
& telogenetic phases are detailed in appendix D.
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4.4. Stable isotopes
Oxygen and carbon isotopic compositions were measured for 7 distinct diagenetic cements
(BCla, BC2b, BC3, BC4, BC5, Doll and Dol2) from the Larrano area, using micro-drilled
samples (see part 3.2.). §'80 and §'3C from the micritic matrix and poorly recrystallized calcite

of rudist shells were also measured ( ).

The earliest cements, BCla (n=14) and Doll (n=12), have relatively similar §'%0 values (-7.5
to -6.1%o for BCla; -7.0 to -5.8%o for Dol1), but distinct '*C signatures, with higher values for
Doll (+3.6 to +4.3%o), than for BCla (+2.2 to +3.5%o). The highest §'*0 and §'°C values are
measured on BC2b (n=5), with -4.4 to -2.2%o and +5.0 to +5.7%o respectively. BC3 (n=9) has
lower 8'%0 values (-5.4 to -3.4%o0) than BC2b and a §'°C range (+3.2 to +4.4%o) that overlaps
BC2b values, but with a lower average (+5.4 for BC2b vs +3.8 for BC3). The second dolomite
cement Dol2 (n=2) presents very scattered 6'°0 values and, to a lesser extent, 3'*C ranging
from -10.9 to -4.0%o and from +2.8 to +3.7%o respectively. BC4 (n=3) has the lowest §'*0 and
813C values with -15.6 to -8.2%o and +1.4 to +2.0%o respectively. Finally, BC5 (n=3) values are
quite similar to those measured in BC3, with a §'30 ranging from -6.8 to -3.1%o and a '°C from
+3.1 to +4.7%o. In the micritic matrix (n=28) and rudist shells (n=16), §'%0 values range from
-5.4 to -2.9%o and -7.1 to -3.1%o respectively and §'3C values range from +2.7 to +4.7%o0 and

+1.4 to +4.7%o respectively (see for more details).
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Figure 9: 580 versus 8'°C cross-plot from the Larrano area. It compiles data from thicker
calcite cements (BCla, BC2b, BC3, BC4 & BC5), dolomite cements (Doll and Dol2), micritic
matrix and unrecrystallized rudist shells. The data is compared against previously published
data from Aptian-Albian carbonate platforms (matrix and calcite cements) in the BCB (Bustillo
etal., 1992; Fernandez-Mendiola & Garcia-Mondé¢jar, 1997; Neuweiler, 1993; Neuweiler et al.,
1999; Aranburu et al., 2002; Lopez-Cilla et al., 2012).

4.5. U-Pb Dating

In situ U-Pb radiometric dating were attempted on 3 thin sections, including 4 distinct
calcites (BCla, BC2, BC3, BC4) and 1 dolomite (Dol 1) cement. Of the three samples screened
for U-Pb dating, only one sample provided sufficient U-Pb signal to be analysed with good
accuracy. A total of 37 spot analyses were done on two distinct cemented vugs containing BC2a
and BC2b calcite cements ( & 7F). The whole data set shows good definition of a highly
radiogenic pole close to the lower intercept of the Tera-Wasserburg diagram ( ), leading

to the interpretation of a robust isochrone yielding a U-Pb age of 106.8 +3.7 Ma.
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Figure 10: Results of in situ U-Pb radiometric analyses on BC2 cement presented on a Tera-
Wasserburg diagram. The data yields a well-defined isochrone at 106.85 £3.74 Ma. See (Fig.
7E & 7F) for spots analyses location.

5 Discussion

The Larrano igneous body is an exceptional site for documenting the impact of a shallow
sub-volcanic intrusion emplaced into a carbonate platform by using a method which couples
sedimentological, structural, and diagenetic studies. This complete strategy allows us to specify
the age and depth of the magmatic event and furthermore to characterize early diagenetic
signatures as a consequence of magmatic emplacement (Fig. 11). One of the objectives of this
chapter is to discuss what is really associated with this intrusion and what is linked to a classic
diagenetic background (e.g., meteoric / marine / burial). The hyper-extension of the BCB during
the Aptian-Albian recorded many other magmatic episodes. The impact of numerous magmatic
intrusions on the presence of a marine carbonate environment in a hyper-extended basin such

as the BCB remains an open question. In fact, hyper-extended basins are defined by an
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extremely thinned continental lithosphere, associated with some patches of exhumed mantle
related to high-temperature metamorphic events (Clerc et al., 2015; DeFelipe et al., 2017;
Pedrera et al., 2017; Ducoux et al., 2021). This geodynamic configuration would generate local
to basin scale thermal anomalies (e.g. igneous intrusions vs. basin thermicity) possibly

impacting fluid chemistry, ecosystems, and subsequent diagenesis.

5.1. Geometric and structural arguments for very shallow intrusion

According to Fernandez-Mendiola & Garcia-Mondéjar (2003) the igneous body of the
Larrano site has been interpreted as the basaltic root of a small aerial volcano which extruded
the carbonate platform before being eroded and then buried under new carbonate deposits.
According to their scenario, these exposure, extrusive and erosive events would have taken
place between the deposits of units 2 and 3 (Fig. 4A). During our field investigations and
subsequent petrographic study of the numerous rocks samples, we found no traces of volcanic
flows or volcanic breccias. Moreover, we did not find any volcanic rock fragments or igneous
minerals reworked into the carbonate series. This type of evidence would be expected as the
most direct proof of a synsedimentary effusive body, as recorded in many modern (Zinke et al.,
2001, 2003; Nehlig et al., 2013) or ancient (Basile & Chauvet, 2009; Garcia-Mondé¢jar et al.,
2018) marine environments, including in carbonate series (Lokier et al., 2021). However, such
evidence is lacking at the Larrano site. At the Mafaria quarry, 5 kilometres northward of the
Larrano pass, volcanoclastic breccia are interstratified in carbonate layers of the Urgonian
platform (Robador & Garcia de Cortazar, 1986; Fernandez-Mendiola and Garcia-Mondéjar,
1995), supposedly contemporaneous with the Larrano igneous event sensu Fernandez-
Mendiola and Garcia-Mondéjar (2003). Of course, at Larrano, it can be argued that erosion
could have eradicated all these traces before the onset of unit 3 sedimentation. It is also possible
that volcanic products occurred only laterally, outside or aside of the outcrop zone, either in the

southern part of the now eroded profile, or further north, in parts that do not outcrop. Another
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argument in favour of volcanic events occurring just after unit 2 deposition was the absence of
contact metamorphism on the limestones capping the igneous body. However, our diagenetic
investigation does not support this interpretation, as similar early diagenesis is observed in

limestones bordering the sides (units 1 and 2) and the top (unit 3) of the igneous body.

Considering the distribution of synsedimentary deformations in units 1 to 9, another
scenario can be proposed (Fig. 11). The overall geometry of the depositional areas at Larrano,
and the predominance of minor synsedimentary normal faults, clearly shows a predominantly
extensional tectonics. This agrees with the regional geodynamic context of crustal thinning
(Fig. 1B), demonstrated by a panel of sedimentary and tectonic evidence observed at many
points of the BCB (Garcia-Mondé¢jar et al., 1996, 2018; Aranburu et al., 2002; Bodego &
Agirrezabala, 2007; Bodego et al., 2018; Ducoux et al., 2019). At the Larrano pass, additionally
to common extensional features observed at many places in the BCB, other structures,
sometimes compressive, are also detected especially in unit 4. First one are the two uplifted
areas above the two branches of the igneous body, affecting units 2 to 4, sealed by later units
with onlaps structures in unit 5 (Figs. 4A & 4B). Others are the occurrence of highly deformed
beds with minor reverse faults, duplex-like structures and small slump-like structures
(underlying soft deformations) within unit 4, especially between the two uplifted areas
(Fig.4B). These deformations occurred before complete lithification of the sediments (see parts
4.3 and 5.3) and these features are commonly used to clearly determine the stratigraphic
position of a shallow igneous intrusion into a sedimentary column (Westerman et al., 2018).
Several cases of buried igneous intrusions, both in clastic and carbonate series, had already been
documented thanks to 2D and 3D seismic data (Breitkreuz & Rocchi, 2018; Bischoff et al.,
2021). Some of them were outcropping (Morgan et al., 2008; Mathieu and Van Wyk de Vries,
2009) but few examples were found in carbonate platform environments. Based on this, and

strengthened by analogical models (Abdelmalak et al., 2012; Galland et al., 2015), it can be put
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forward that the deformations associated with unit 4, i.e., occurring during or just after its
deposition, are linked to the rise of a viscous (?) basaltic magma along opening fractures, under
shallow burial, in very poorly lithified and permeable limestones. Reverse faults and small folds
in unit 4 ( ) would thus result from limited bed slides along short, ephemeral slopes
bordering the uplifted sediments (Mathieu and Van Wyk de Vries, 2009, Cruden et al. 2018;
Hacker et al., 2018). According to this hypothesis, the Larrano intrusion would have ceased at
very shallow depth just below the paleo-seafloor, corresponding now to the boundary between
unit 4 and 5 ( & 11). Above the two branches of the igneous body, the thickness between
basalt tops (now very altered) and the top of unit 4 is about 45 meters as indicated by the
thickness in . This thickness is the lower estimate as we did not take into account the
impact of compaction and erosion. Considering all these arguments, the Larrano igneous body

is qualified here as a very shallow sub-volcanic intrusion, localized along the Urkiola fault (
).

The 3D architecture of the Larrano igneous body remains unknown due to the absence
of geophysical investigations, wells, caves or sinkholes below the Larrano Pass. The abandoned
Larrano Fe - Zn mine, with its galleries and shafts ( , data provided by the Urkiola
Natural Park), remains inaccessible, making it impossible to document the 3D geometry,
because galleries of this mine are confined to unit 9 where ores occur in an “iron hat” over the
igneous body. This iron hat is commonly caused by a hydrothermal body capping altered
igneous rocks intruded into carbonate series (Hall et al., 1988). Nevertheless, a comparison of
the Larrano igneous body geometries with other intrusions around the world, especially those
occurring near synsedimentary normal faults, reveals important similarities with saucer-shape
morphologies (Moller Hansen & Cartwright, 2006; Bischoff et al., 2021). Such intrusions need
emplacement into non-to very weakly lithified sediments (Polteau et al., 2008), as was the case

at Larrano. Among published examples of small saucer-shape intrusion emplaced at very
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shallow depth, one case (Rui et al., 2013) shows striking similarity with the Larrano igneous
body with an extensional context with numerous synsedimentary normal faults such as mega-
scale faults and deformations in the pre-intrusive series, small half-grabens delimited by listric

faults that developed at the periphery of intrusions.

5.2. Diagenetic signature of the shallow sub-volcanic intrusion

Diagenetic environment and fluid source

Considering the minimum estimated thickness of 45 meters between basalt tops and the

top of unit 4, that allows us to qualify this intrusion as a very shallow sub-volcanic process, it

can be argued that the diagenesis related to this event belongs to the very shallow burial domain.
Moreover, this is corroborated by the lack of distinct compaction features (absence of crushing
and collapse structures) before the precipitation of the BC2 cement (defined as post-intrusive

in the following chapter).

In unit 4 as in other units of the Larrano pass, we did not observe any sign of vadose
evidences such as anisotropic cements, paleo-karsts or paleo-soils features. This absence is
consistent with the lack of main unconformities and the upper offshore depositional setting of
these units. Moreover, the ICC2 cement is typical of neomorphosed High Magnesium Calcite
(HMC) fibrous cements precipitating in marine phreatic conditions. Such cements commonly
precipitated a few centimeters to a few decimeters below the sea floor, in cavities and fractures
with a high Mg/Ca ratio in the flowing seawater, thereby providing Ca** and COs* ions for
HMC precipitation (eg., Durlet & Loreau, 1996; Moore, 2001). Regarding the low amount of
neomorphosed HMC cements, the depositional setting is consistent with the relatively distal
depositional setting (external slope of the Urgonian platform) where HMC oversaturation is

known to be low (e.g. Léonide et al., 2014; Godet et al., 2016).
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Origin of pre-intrusive eogenetic phases

Before the intrusive event ( ), the early diagenesis recorded in units 1 to 4 was
characterized by sparse thin HMC isopachous cements ICC1 now neomorphosed to LMC

followed by more widespread BCla cements ( ).

BCla is composed of limpid sparry calcite crystals with an initial low Mg content and
mainly develops in floatstones with primary or secondary macro pores. In the literature, a
similar cement is commonly reported as early sparite but its parent waters are variously
interpreted as meteoric, marine or mixed. At the Larrano pass, in the upper offshore context of
the units 1 to 8, we don’t observe any clear sedimentary evidence of exposure during deposition.
This is however not sufficient to exclude the intervention of meteoric or mixed waters during
the early diagenesis, either because the exposure indices could have been eroded, or because
such waters could come from emerged parts located further south and involved in submarine
resurgences, possibly mixed with upward-rising fluids along fractures of the Santa Barbara
fault. On the contrary, there is also no definitive proof that BCla have a marine origin. Its §'*C
values (+2.2 to +3.5%o) fits well with a marine hypothesis, but it could also be compatible with
a meteoric lens not associated with well-developed paleosoils as suggested for example in other
Urgonian shelves (Godet et al., 2016). Taking into account this uncertainty about BC1a's parent
waters, it is not possible to use its 8'80 signature to accurately calculate its temperature of
precipitation. If the marine hypothesis is accepted, then BCla precipitated from marine connate
waters (34 to 52°C) as demonstrated by the calculation in based on the fractionation
equation of Kim & O’Neil (1997) for calcite. If meteoric hypothesis is accepted, it would have
precipitated without thermal anomaly (see also ). Considering the absence of big
bi-phase primary fluid inclusions in BCla, perhaps only carbonate clumped isotopes (D47)

measurements could solve this problem.
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From a petrographic standpoint, the cement BC1a is widespread along the Santa Barbara
fault representing a major synsedimentary fluid conduct and precipitated only near early
fractures. This distribution could be consistent with the contribution of fluids coming along the
Santa Barbara fault. Fernandez-Mendiola & Garcia-Mondéjar (2003) documented that
hydrothermal-related facies (Si-rich fluids?) are deposited before magma emplacement, notably
spiculite beds, the oldest of which are detected in unit 1 ( ). According to these evidences,
during pre-intrusive episodes, it could be considered that upward-rising fluids would have

circulated through the most permeable parts of units 1 to 4.

Origin of the Larrano eogenetic anomaly

The Larrano eogenetic anomaly is clearly indicated by cataclastic fractures affecting
bioclasts and BCla cements that precipitated before the intrusive event. When a magma
intrudes a sedimentary series, the first decimetres to meters of the host rock around the intrusion
are impacted by local heating and over pressures, leading to the formation of a dense fracturing
network in a damaged zone (Senger et al., 2015; Westerman et al., 2018; Sydnes et al., 2019).
At Larrano, cataclastic fractures affect only local patches of micritic matrix (mainly mud-
supported limestones). As observed in other hydrothermal systems, where distribution of early
cement is commonly heterogeneous (Agirrezabala, 2009; Agirrezabala et al., 2013), this limited
extent of cataclastic fracture suggests the matrix was probably not entirely cemented
everywhere (Groshong, 1988; Cooke et al., 2018). Subsequent dissolution gulfs affected the
walls of cataclastic fractures, just before, or at the same time as Fe-rich coatings. This indicates
sudden, local circulation of Fe-rich waters relatively corrosive for calcium carbonate. Many
studies focus on natural COx-rich fluids released from volcanic vents to understand the
physical-chemical processes, in time and space, including parameters such as pH, CO partial
pressure (pCO»), or carbonate saturation states (Barry et al., 2010), and thereby to estimate the

environmental impact on such input. When CO-rich fluids are released, pCO- increases leading
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to an increase in acidity and a decrease in carbonate saturation states (Hall-Spencer et al., 2008;
Barry et al., 2010; Boatta et al., 2013). However, because these fluids rapidly interact with
surrounding carbonate sediments, the acidity is quickly buffered, restricting calcite (or
aragonite) dissolution to the proximal aureole (Lin et al., 2019). Mafic-derived fluids,
particularly those rich in CO., have a strong iron concentration maintained in anoxic conditions
(Boatta et al., 2013). Therefore, when such fluids are introduced into an oxidizing environment,
iron oxy-hydroxides rapidly precipitate close to the fluid source (possibly through a microbial
mediation/activation), as documented in many continental or marine volcanic settings,
including in carbonate environments (Bougeault et al., 2019; Ferretti et al., 2019; Gonzalez et
al., 2020, Pascault et al., 2022).

During the settlement of the sub-volcanic intrusion, the associated thermal shocks and
overpressures are quickly dissipated as demonstrated in numerous other studies of thermal
effects caused by igneous intrusions (Tang et al., 2014). At Larrano, the thermicity of this
anomaly can be estimated using the typology and isotopic composition of the dolomite cement
(Dolla, Fig. 8). As a reminder, the dolomite cement belongs to the eogenetic very shallow
burial domain (see previous sub-chapter). The non-planar character of the dolomite crystal
lattices is unusual in the “classical” eogenetic trends of marine carbonate series under very
shallow burying because this lattice organization is usually interpreted to be indicative of
temperatures over 55°C to 60°C (Sibley and Gregg, 1987), suggesting here a warm to hot water
influence (Jacquemyn et al., 2014). Considering a §'®Oseawater value of about -2 to 0% SMOW
(Standard Mean Ocean Water) for the Early Albian seawater (Pearson et al. 2001; Puceat et al.,
2003; Prokoph et al., 2008), and using the Horita (2014) fractionation equation for dolomite,
the temperature range obtained is about 51 to 70C° (appendix F for details). These estimated
temperatures for a cement that precipitates in a very shallow depth before deposition of the unit

5 would imply a thermal anomaly, in agreement with the underlying magmatic intrusion.
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In the overlying disrupted area, isopachous cements (ICC2, ) are observed mostly in open
fractures and in the few centimetres of macroporous limestones bordering these fractures (

). The fractures linked to the intrusive event acted as conduits for Mg-rich connate seawater
rising up to the paleo-seafloor located at the top of the unit 4. These isopachous cements with
petrographic characteristics of an initial HMC cement ( ), precipitated very quickly in these
fractures, in an ascending heated flow that could have been substantial. This precipitation may
have started before the complete solidification of the underlying injected magma, when local
thermal gradients were important, promoting a high flux of heated seawaters eventually mixed
with upward-rising fluids. For kinetic reasons, this rapid precipitation would have favored HMC
rather than dolomite. The second dolomite cement (Dollb, ) precipitating away from the
igneous body (up to unit 4) is planar unlike dolomites located around the igneous body. In the
overlying disrupted area, the isopachous cements (ICC2) are sealed by this Dol1b ( ). This
would suggest a lower temperature of Mg-rich connate seawater away from the igneous body,
near the paleo-seafloor. This has occurred before the deposition of unit 5 since no such cements
have been recorded above the top of the unit 4, in a probably cooling phase of the intrusion.
This characteristic is consistent with the proposal of temperature gradient in the up-rising fluids,

with significantly cooler flux near the paleo-seafloor rather than close to the igneous body (

).
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Figure 11: Simplified model for Larrano igneous body emplacement. (A) Before sub-volcanic
intrusion emplacement (units 1 to 4), extensional stress, hydrothermal fluids may have
promoted spiculite deposits at the surface (perhaps due to Si-rich fluid inputs) and LMC
cements (BCla) in sediments bordering the main fractures. Elsewhere, early diagenesis is
limited to a few isopachous HMC cements and pyrite crystals, probably due do to BSR
(bacterial sulfate reduction). (B) During and just after the sub-volcanic intrusion emplacement
(unit 4). The intrusion caused local uplift, deformations (slump folds, duplex-like structures),
erosion, as well as cataclastic fractures, dissolutions, Fe-rich coatings and Fe-rich saddle
dolomites (Dolla) around the igneous body. Contemporaneously, thick HMC cements (ICC2)
precipitated along open fractures near the paleo-seafloor associated with dolomites (Dollb) in
vugs close to fractures. The Larrano eogenetic anomaly is highlighted in red. (C) After the sub-
volcanic intrusion, units 5 to 7 progressively sealed the syn-intrusive structures (with onlaps in
unit 5). Residual hydrothermal fluids may have promoted spiculite deposits at the surface
(perhaps due to Si-rich fluid inputs).

Origin of post-intrusive shallow burial diagenetic phases

Among numerous mesogenetic to telogenetic phases recorded at Larrano, the earliest
blocky calcite cement (BC2, ) is interesting because it post-dated the Larrano eogenetic
anomaly and provided a U-Pb age that accurately dates the paragenesis. Moreover, this age
gives the possibility to replace this paragenesis in the burial curve and to discuss the intriguing

very high §'°C signature of BC2 cements.

From the in situ U-Pb radiometric dating obtained on BC2, the following observations
can be made: (i) The robustness of the isochrone relies mainly on the highly radiogenic data
points containing BC2a, which have the greatest weight on the calculated age. (ii) Data points
including only BC2b do not bear much on the definition of the isochrone and the calculated
age. (ii1) The uncertainty on individual data points is very good overall in particular for the most
radiogenic data points containing BC2a. (iv) The tree data points, scattered to the right of the
isochrone come from pure BC2b and show a large uncertainty related to their very low amount
of Pb (<10 ppb). These results lead to the conclusion that the isochrone depicted in
gives a robust age and can be primarily attributed to the BC2a subzone. Considering
uncertainties, the chronological range from 103 Ma to 111 Ma indicates that BC2a cement

formed during the Albian, from the late Early Albian and the middle Late Albian. The
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precipitation of this cement would therefore occur during, or just after, deposition of the last
limestones of Duranguesado platform. A large uncertainty remains about the depth at which the
cement BC2a precipitates, which may range from shallow marine environment to several

hundred meters of burial depth (at least 700m, ).

The very high §"3Cearcite values (+5.0 to +5.7%o) measured in the mesogenetic BC2b
subzone are relatively unconventional. They are not only the highest measured at Larrano, both
in cements, bioclasts and bulk rock samples, but they are also values rarely recorded in calcite
cements of carbonate platforms. Nevertheless, by listing all the §'3C calcite published for the
Urgonian bulk rock samples of the BCB and other peri-Pyrenean basins, it appears that positive
excursions reaching up to +5 and even +6 %o exist in the Albian series. This is especially the
case for the end of the Lower Albian, after the OAE 1a event, in the Aralar area (eastern BCB,
Millan et al., 2014), maybe in relation with one of the major rifting tectonic pulse (II) of the
BCB (Garcia-Mondéjar et al., 2005). If considering that the high §'*Cealcite values of BC2b are
linked to deep circulation of late Early Albian marine water (during the positive carbon

excursion), thus the oldest U-Pb age for BC2a (111Ma) need to be retained.
5.3. Comparison with other Albian igneous intrusions in the BCB

During Albian, the BCB evolved to a hyper-extended rift basin with numerous effusive and
intrusive igneous bodies, especially along major fault corridors (Garcia-Mondéjar et al., 2018;

Garcia-Senz et al., 2020; Jakubowicz et al., 2022).

A minor fraction of these intrusive/extrusive events occurred within Urgonian platform
facies. Among them, Larrano is the only one where deformations and early diagenesis
associated with the magma rise and cooling have been studied from samples located in the
immediate vicinity of the igneous body. In other cases, the chronological and genetic

relationships between possible magmatic intrusions within Urgonian platform facies and early
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diagenetic phases has been suggested (Garcia-Garmilla & Carracedo-Sanchez, 1989; Aranburu

et al., 2002) but not sufficiently documented.

Geometric and diagenetic studies of magmatic Albian intrusions are located along the
current coast of the Basque country (Agirrezabala, 2009, 2015; Agirrezabala and Dinares-
Turell, 2013; Agirrezabala et al., 2013, 2014; Wiese et al., 2015; Jakubowicz et al., 2021, 2022).
In these studies, the link between early diagenetic phases and igneous bodies is well established.
There, magmatic bodies generally intrude deep offshore deposits (shales and coarse-to-fine-
grained turbidites of the Black Flysh Group), usually rich in organic matter. In their recent
study, Jakubowicz et al. (2021) synopsized the geometries of these intrusions and their impacts
on the geochemistry and diagenesis of the surrounding Albian sediments. They propose
geometric models for magmatic sills occurring at different depths. Two sills, at Mutriku
(Alkolea & Kardala) and Ispaster, intruded the sediments at original depths comprised between
1190 and 790 m (compacted). At Gorliz, the ‘Larragan laccolith’, emplaced in the upper part
of Monte Grande Formation (Urgonian limestone) at a shallower depth (about 265 m,
compacted), was followed by two subsidiary sills that are even more shallow (about 100m,
compacted, Jakubowicz et al., 2021, 2022) and which intruded the Black Flysh Group. These
emplacement depths are much greater than Larrano (45 m compacted) and resulted in different
syn-intrusive manifestations at the paleo-seafloor. The most important sediment deformation
occurs with the shallower igneous intrusion of Gorliz, where a syn-intrusive uplifted dome
(forced folding) is detected (Agirrezabala, 2015). This dome is bordered by peripheral fractures,
some of them filled with extruded breccia that include igneous rock fragments (Agirrezabala,
2015). At Larrano, syn-intrusive fractures reaching the paleo-seafloor also developed within
and nearby uplifted sediments, even though, breccias with igneous fragments in their infilling
were not detected. At the two other costal sites (Mutriku and Ispaster), the greater emplacement

depths disfavored these types of deformations/extrusions. In fact, the synsedimentary signature
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of intrusions within the Black Flysh Group consists of small patches of seep-carbonates
developing at the paleo-seafloor or just below. These seep-carbonates are primarily identified
by (i) the geological background; (ii) early diagenesis (brown anhedral calcite, fibrous calcite
preceded and followed by several corrosion phases, Agirrezabala, 2009); (iii) occasional
chemosymbiotic biota (Agirrezabala, 2009; Agirrezabala et al., 2013; Weise et al., 2015); and
(iv) the Nd (Jakubowicz et al., 2021, 2022) and 8'°C signatures (Agirrezabala, 2009;

Agirrezabala et al., 2013; Jakubowicz et al., 2021).

At Larrano, successive hydrothermally-influenced facies, notably spiculite beds
(Fernandez-Mendiola & Garcia-Mondéjar, 2003) developed before and after the deposition of
unit 4 that is, before and after the magmatic event (Fig. 4A). Moreover, metric to decametric
carbonate mounds and biostromes (Fig 4A), some of them essentially micritic, are detected in
units 2, 3 and 4. Although, no chemosymbiotic biota such as the carbonate seeps of the coastal
sites, or specific eogenetic cements or mineralizations were identified in these carbonates. The
influence of hydrothermal rises at the origin of their development (seep mounds) can

nevertheless be considered, as proposed by Fernandez-Mendiola & Garcia-Mondéjar (2003).

At Larrano, the 8°*Ccabonate values are positive, both in micro-sampled early to late
cements, in calcitic bioclasts and micritic matrices, thereby suggesting to the absence of
thermogenic methane. This is an important difference between Larrano and the costal sills
(Mutriku, Ispaster and Gorliz) where the lowest negative 8'*Cecarbonate Values (up to —41.6%o, at
Ispaster) known from the studied Basque seeps are noticeable early isopachous cements
(Agirrezabala et al, 2009), characteristic of carbonates formed due to oxidation of thermogenic
methane (Agirrezabala et al., 2013; Jakubowicz et al., 2021). On the contrary, high positive
813 Ccarbonate Values (up to +8.5%o, at Alkolea) are recorded in isopachous sparry calcite of the
late diagenesis and are attributed to seeps expelling hydrocarbons of mixed origin, issuing

biogenic, rather than thermogenic methane. Thus, these cements incorporate carbon derived
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from residual, exceptionally '*C-enriched CO» produced during microbial methanogenesis
(Jakubowicz et al., 2021). This major '*C-signature difference between Larrano and the costal
sills (Mutriku, Ispaster and Gorliz) could be related to low concentrations of organic matter in
the Urgonian facies of the Duranguesado platform and its basements (Fernandez-Mendiola &
Garcia-Mondéjar, 1990; Garcia-Senz et al., 2020). Without concentrations of organic matter,
the sudden heating caused by the intrusion cannot have generated significant quantities of
methane at Larrano. Therefore, the lithology of the igneous intrusion host rock, as well as its
depth below the paleo-seafloor, play a key role in the very early diagenetic and geochemical
signatures of these events, as already mentioned for many basins and settings (Agirrezabala,
2009; Aarnes et al., 2011; Svensen et al., 2018; Jakubowicz et al., 2021). Using a panel of
geometrical, geochemical, sedimentological and diagenetical evidences, this paper

demonstrates that Larrano is yet another example of this proposal.

Finally, it is important to discuss the common use of hydrothermally-influenced
deposits as a chronological marker for an intrusive magmatic event (Mounji et al., 1988; Planke
et al., 2005; 2018). At Larrano, successive hydrothermally-influenced facies, (Fernandez-
Mendiola & Garcia-Mondéjar, 2003), developed before and after the magmatic event. This is
another example that hydrothermal activity may occur before or after the igneous event itself

(Belka, 1998; Jakubowicz et al., 2015).

Therefore, detection of hydrothermally-influenced facies is not always a robust method
for relative dating of the magma emplacement. However, at Mutriku, Gorliz and Ispaster, the
seep-carbonates are used to date the magmatic emplacements. This is a particular case where
the very low 8'°C signature of some of these specific carbonates imply thermogenic methane,
as a result of early heating of an underlying source rock, perfectly explainable by the thermal

shock due to the magma rise.

50



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

6 Conclusion and Perspectives

During the Albian, the hyper-extended Basque-Cantabrian Basin was the seat of
numerous magmatic phenomena forming either volcanic systems or magmatic intrusions at
various depths. Before the present study, early diagenetic and geochemical signatures of such
injections had been investigated, but essentially relevant to intrusions in deep clastic sediments.
Such diagenetic impacts are less documented in carbonate platform sediments, not only in the
Basque-Cantabrian Basin but also in other fossil to modern sedimentary basins. Using a range
of complementary approaches and methods, we studied one such case of intra-platform
magmatism, at the Larrano Pass, within the Duranguesado platform. For this emblematic case,

we demonstrate the following points:

- The Larrano igneous body is composed of basalts (now fairly altered) which probably did not
reach the surface at the location of the studied outcrop. This is consistent with the absence of
any igneous clasts or lava flow interstratified within the surrounding and overlapping
sediments. Intense deformations observed within an interval located about fifty meters above
the igneous body testify to its very shallow emplacement within partially lithified mud-

supported limestones.

- The very shallow occurrence of the intrusion is also attested by the “Larrano eogenetic
anomaly”. Along with cataclastic fractures, calcite dissolutions, Fe oxy-hydroxides, ferroan
saddle dolomite and magnesian calcite, this anomaly forms a diagenetic overprint around the
intrusion. The Larrano eogenetic anomaly is evidence of the thermal shock, overpressure and
connate seawater circulation (8'80 in saddle dolomite suggest temperatures of 51°C to

70C°) occurring at the time of and just after the magmatic intrusion.

- Upward-rising fluids circulation along fractures and normal faults also preceded and then

followed the intrusive episode. A previous study (Fernandez-Mendiola & Garcia-Mondéjar,
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2003) had already described occurrences of hydrothermally-influenced facies, notably spiculite
beds. Here, we confirm the existence of the pre-intrusive upward-rising fluids circulation thanks
to the characterization of an initial blocky calcite cement that precipitated only near early

fractures, before the magmatic intrusion.

- The §'3C positive values from various calcitic bioclasts, micrites and early cements (dolomite
and calcite) at Larrano is consistent with the isotopic signature of Albian marine carbonate
platform in the Basque-Cantabrian Basin. This trend diverges from other Basque-Cantabrian
Basin cases where igneous intrusions occur within deeper Albian clastic deposits, where §'°C
signatures of seep-carbonates are mostly negative and consistent with thermogenic methane
contribution. The scarcity of preserved organic matter in the Larrano igneous body host-rock

(and below) did not favor such early thermogenic methane maturation.

The study of the Larrano outcrop has demonstrated that accurate dating of a very shallow
magmatic intrusion in a carbonate platform may can be well constrained when all the
sedimentological, structural, geochemical and eogenetic characteristics are compiled. This
paper demonstrates that identifying hydrothermally-influenced deposits, near seeps above a
magmatic body is not always a reliable approach for relative dating of an intrusion, because

hydrothermal circulation may have preceded or followed the magmatic event.

Beyond this issue of dating accuracy, the influence of shallow magmatic intrusions on the
production versus destruction of marine carbonates around intrusions (from local to regional
scale) needs to be better understood. Certainly, magmatic-CO, is almost inevitably expelled
into the sediments and then into the surrounding seawater. However, the role of magmatic-CO;
contribution remains difficult to understand and quantify. At Larrano, the limited dissolution of
calcite in cataclastic fractures bordering the magmatic body is consistent with the potential
influence of natural COz-rich fluids released from volcanic vents. Further away in the

surrounding carbonate sediments, the acidity is quickly buffered, restricting calcite (or
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aragonite) dissolution to the proximal aureole. At this location, did magmatic-CO; boost the
precipitation of carbonates, either by forming early cements, or by boosting the carbonate
sedimentation rate in the neighboring environment? Finding the answer to this question will
require further geochemical investigations, but as well as the study of modern cases where
fluids linked to very shallow magmatic intrusions are still circulating in marine carbonate

sediments.
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