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Abstract :

In New Caledonia, upper Cretaceous to Palaeogene sedimentary rocks record a regional tectonic shift
from Cretaceous extension to Eocene compression, which led to the obduction of oceanic mantle onto
the northeastern tip of the submerged Zealandia continent. This study provides new descriptions of these
successions in the region of the Gouaro anticline, from outcrops and an extensively cored, 1.9 km long
onshore petroleum well, CADART-1. Combined sedimentological, palaeontological and mineralogical
data allow us to propose a revised lithostratigraphic framework and to discuss sedimentary sources, basin
physiography and vertical tectonic motions. The base of the studied section comprises an upper
Cretaceous transgressive syn- to post-rift siliciclastic succession (Gouaro Formation) culminating in
deepwater silicified mudstones. Our biostratigraphic analysis suggests that the Palaeocene and Lower
Eocene are not present in the studied section. During the middle Eocene, sedimentation is dominated by
deepwater pelagic carbonates and calciturbidites (Adio Limestone). The middle to upper Eocene is
marked by a 4 km thick, lithologically heterogeneous turbidite succession, the Bourail Flysch Group,
divided into: (i) the Lutetian to Bartonian Lower Bourail Flysch Formation, comprising mixed siliciclastic -
calcareous turbidites; (ii) the Bartonian to Priabonian Middle Bourail Flysch Formation, dominated by
calcareous turbidites; and (iii) the uppermost Eocene (to Oligocene?) Upper Bourail Flysch Formation
consisting of clinopyroxene-rich volcaniclastic turbidites and extraformational breccias. Two successive
phases of clastic fluxes occurred, the former during the Lutetian-Bartonian and the latter during the
uppermost Priabonian, separated by a period of drowning and/or subsidence during the Bartonian to
Priabonian. These phases are likely controlled by vertical motions and we discuss their possible tectonic
origin. Of particular note is that we believe that within the Bourail Basin, horizontal shortening and nappe
emplacement are only recorded during the latest Eocene and possibly Oligocene. Indeed, the second
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phase of clastic flux is associated with debris flow breccia, possibly derived from a thrust front, yet we
discuss alternative origins such as fault scarp erosion or intraslope failures.
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1. Introduction

Obductions are unusual tectonic events observed in a number of locations worldwide

(e.g., Oman, Cuba, Taiwan). Generally, both the ophiolite and the associated sedimentary
basins are poorly preserved and/or strongly tectonised due to imbrication within the orogenic
belts (Lagabrielle and Cannat, 1990; Kerr et al., 1998; Manatschal and Miintener, 2009). In
New Caledonia, one of the largest ophiolitic peridotites of the world covers one third of the

main island, Grande Terre (Fig. 1). This weakly deformed nappe is thought to have been
2
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emplaced in the latest Eocene on the continental Norfolk Ridge (Cluzel et al., 2001; Maurizot
et al., 2020b). The tectonic mechanisms by which such mantle ophiolites are emplaced remain
enigmatic in the theory of plate tectonics. Two main competing sets of models are proposed.
In the first one, obduction is the result of a continental subduction zone or arc-continent
collision that leads to the emplacement of a supra-subduction forearc mantle and crust (e.g.,
Dewey et al.1976; Aitchison et al., 1998; Gautier et al., 2016). In the second one, obduction
occurs as a back-thrust of the main subduction thrust, often in the context of a ridge-trench
interaction (e.g., Dewey et al., 1976; Tokuyama et al., 1992; Mortimer et al., 2003; Boudier
and Nicolas, 2020). Other recent models invoke mechanisms implying vertical motions rather
that horizontal shortening (Lagabrielle et al., 2013; Sutherland et al., 2020). In New
Caledonia, a thick sedimentary succession underlying the ophiolite, spanning the upper
Cretaceous to the uppermost Eocene, is preserved and records a succession of tectonic events
that is thought to ultimately lead to obduction. These unique records are not only of regional
significance, with the large scale geodynamic changes affecting New Caledonia and the
Zealandia continent, but are also of global interest for understanding tectonic processes that
can generate obduction. On the western coast of Grande Terre, more specifically within the
Gouaro anticline in the Bourail area (Fig. 1), a 4 km thick sedimentary succession is
particularly well-preserved. The basal ~1.9 km of the section (Senonian to lower Priabonian)
has been cored by the CADART-1 onshore exploration well, whereas the remaining ~1.8 km
upper section (lower Priabonian to supposed latest Priabonian) crops out along natural
exposures. In this paper, we present a detailed characterisation of this section with high
resolution sedimentological descriptions coupled with mineralogical, hyperspectral and
biostratigraphic analyses. We propose a new lithostratigraphic framework and provide
alternatives for the evolution of sediment sources. This allows us to reconstruct the vertical

motions that affected Norfolk Ridge during the Palaeogene and hence discuss the origin of the
3
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tectonic events that affected the ridge just before obduction. Resolving these issues is critical
for understanding obduction mechanisms in the broader context of northern Zealandia

tectonics.

2. Geological setting

2.1  Overview of the geology of New Caledonia in its regional tectonic context

New Caledonia is located on the continental Norfolk Ridge at the northeastern extremity of
the submerged Zealandia continent (Mortimer et al., 2017) (Fig. 1a). From the late
Carboniferous to the early Cretaceous, the Norfolk Ridge is thought to have been located in
the fore-arc domain of a subduction zone where the Phoenix plate dipped towards the
southwest beneath the eastern active margin of the Gondwana supercontinent (Mortimer et al.,
2009; Cluzel et al., 2010). In New Caledonia, this active margin phase resulted in the collage
of (i) arc-derived sediments (Meffre, 1991; Aitchison and Meffre, 1992), (ii) an accretionary
complex, and (iii) slices of oceanic crust and mantle (Meffre et al., 1996; Cluzel and Meffre,
2002). For clarity, these terranes are regrouped in this paper as the “Sedimentary Basement”
(e.g., Figs.1b, 2). Following this active margin stage, a phase of Cretaceous rifting (ca. 110-
100 Ma to ca. 85 Ma) led to the dislocation of the eastern Gondwana margin and initiated the
separation of Zealandia from Gondwana (Gaina et al., 1998; Crawford et al., 2003; Sdrolias et
al., 2003; Schellart et al., 2006; Whattam et al., 2008; Collot et al., 2020). This rifting stage is
followed by seafloor spreading in the Tasman Sea, during the late Cretaceous to the late
Palaeocene, inducing regional post-rift tectonic inactivity and generalised thermal subsidence
(Hayes and Ringis, 1973; Weissel and Hayes, 1977; Gaina et al., 1998). Subsequently, in the

Eocene, a major change in the tectonic regime from extension to compression occurred
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(Aitchison et al., 1995; Sutherland et al., 2017; Collot et al., 2020). This Eocene convergence
phase profoundly affected the geology of Zealandia (Aitchison et al., 1995; Maurizot and
Cluzel, 2014; Sutherland et al., 2017) and in New Caledonia culminated with the westward
emplacement of oceanic mantle onto the continental crust of the Norfolk Ridge (Aitchison et
al., 1995; Cluzel et al., 2001; Maurizot and Cluzel, 2014). This obduction is thought to result
from the locking of a NE-dipping subduction zone due to the arrival of the Norfolk Ridge in
the subduction trench (Paris, 1981; Aitchison et al., 1995; Cluzel et al., 2006). This
convergence generated a high pressure - low temperature (HP-LT) metamorphic core complex
exhumed during the late Eocene (Baldwin et al., 2007; Vitale Brovarone et al., 2018), which
now crops out in the northeastern part of Grande Terre (Fig. 1b). During the Eocene, this
collisional episode led to the stacking of several allochthonous nappes over the Norfolk Ridge
(Figs. 1b, 2): (1) the Montagnes Blanches Nappe (Maurizot, 2011), composed of upper
Cretaceous-Palaeogene sedimentary deposits; (ii) the Poya Nappe (Cluzel et al., 1997, 2001,
2018) comprising oceanic basalts and abyssal argillites, interpreted to be the oceanic crust of
the subducting plate, as well as Coniacian to Campanian turbidite sandstones (Paris, 1981;
Cluzel et al., 2018; Maurizot et al., 2020a); and (iii) the Peridotite Nappe (Avias, 1967),
which is interpreted to be the supra-subduction zone fore-arc lithosphere (Cluzel et al., 2006,
2020; Secchiari et al., 2017). These three nappes overlie the parautochthonous sedimentary
units of the Norfolk Ridge (Fig. 2). These sedimentary units spanning the upper Cretaceous to
the Palaeogene rest unconformably on the Sedimentary Basement and are thought to record
both the regional rifting phase and the Eocene convergence phase. These units, typically
referred to as the “Sedimentary Cover”, are presented in detail in Section 2.2. The Peridotite
Nappe was emplaced sometime between 34 and 27 Ma. Indeed, the youngest sediments
underling the ophiolite are dated by biostratigraphy as being ca. 34 Ma (Cluzel, 1998; Cluzel

et al., 2001, Maurizot et al., 2020a) and the Koum and St Louis granitoids that seal the
5



126  ophiolite are dated at 27 Ma (Cluzel et al., 2005; Paquette and Cluzel, 2006). Following this
127  compressional event, which led to the onset of the ophiolitic complex, most of the region
128  entered a phase of back-arc basin opening related to the eastward retreat of the Tonga-

129  Kermadec subduction zone (Auzende et al., 1988; Pelletier et al., 1998; Mortimer et al.,

130  2007). Post-obduction isostatic re-equilibrium of the Norfolk Ridge led to the exhumation of
131  all tectonic units (Lagabrielle et al., 2005; Chardon and Chevillotte, 2006) and emplacement
132 of shallow water carbonate platforms, the Nepoui Limestone (Maurizot et al., 2016;

133 Tournadour et al., 2020).

134

135 2.2 Upper Cretaceous to Palaeogene stratigraphic units of New Caledonia

136  Figure 2 provides a lithostratigraphic summary of the main units of the upper Cretaceous to
137  Palaeogene Sedimentary Cover of New Caledonia, which lies on the Sedimentary Basement
138  and is overlain by the nappes. The regional syn-rift phase, spanning from the Cenomanian to
139  Mid-Campanian, is recorded by fluvial conglomerates and shallow marine coal-bearing

140  sandstones forming the “Formation a Charbon” (Paris, 1981) along with rift-related volcanism
141 (Pic Jacob volcanic Formation (Tissot and Noesmoen, 1958; Cluzel et al., 2011; Maurizot et
142 al., 2020a). The post-rift phase is recorded by Mid-Campanian to Palaeocene transgressive
143 succession comprising calcareous siltstones (“Mamelons Rouges Beds Formation™) followed
144 by silicified deepwater mudstones (“Black Chert Formation™). From the Palaeocene to the
145  middle Eocene (Maurizot, 2011), a shift to fully marine, carbonate-dominated sedimentation
146  is recorded by the deposition of ca. 150 m thick pelagic calcareous mudstones, mostly

147  exposed on the Montagnes Blanches Nappe in the Koumac region (“Globigerina

148  Limestones™) (Figs. 1b, 2) as well as by calciturbidites and carbonate debris flow breccia

149  (e.g., “Adio Limestones”, “Creek Aymes Limestones”, “Buadio Breccia”) (Gonord, 1977;

6



150  Paris, 1981; Maurizot, 2011, 2012). These carbonate deposits have previously been restricted
151  to the Palacocene and lower Eocene (Maurizot and Cluzel, 2014), but recent stratigraphic

152 studies (Dallanave et al., 2018, 2020) and new biostratigraphic analyses documented in this
153  study suggest that they only span from the lower to middle Eocene (Section 3.3). Previous
154  studies attributed the development of these carbonates to (i) a continuation of post-rift thermal
155  subsidence (Paris, 1981), (ii) a regional plate motion change associated with the initiation of
156  the Tonga-Kermadec subduction (Dallanave et al., 2018, 2020), (iii) global palaeoclimatic
157  changes (Hancock et al., 2003; Hollis et al., 2005; Hollis, 2007) or (iv) local pre-obduction
158  tectonics (Maurizot, 2012, 2014; Maurizot and Cluzel, 2014). Following this succession, the
159  middle to upper Eocene onset of convergence is thought to have resulted in the deposition of
160  mixed source turbidites known as the “Eocene Flysch” (Gonord, 1977), the “Bourail Flysch”
161  (Paris, 1981), or the “Palaeogene Flysch” (Cluzel et al., 1998). The latter typically overlies
162  pelagic carbonate formations and mostly crops out along the western coast of Grande Terre.
163 The succession has been recently documented as the “Bourail Flysch Group” (Fig. 2)

164  (Maurizot, 2011; Maurizot and Cluzel, 2014; Maurizot et al., 2020a) with three distinct

165  formations: (i) the “Lower Bourail Flysch”, described as middle to late Eocene calciturbidites,
166  (ii) the “Upper Bourail Flysch”, described as late Eocene volcaniclastic turbidites and (iii) the
167  latest Eocene “Olistostrome”, dominated by polygenic breccia and outsized blocks (Maurizot
168  and Cluzel, 2014; Maurizot et al., 2020a). Contemporaneous shallow water carbonate

169  platforms are known to have developed throughout the Eocene in the region. This is clearly
170  observed in the Uitoé€ area where the upper Eocene "Uitoé Limestones” lie unconformably on
171  the Triassic sedimentary basement (Tissot and Noesmoen, 1958; Gonord, 1977; Paris, 1981;
172 Maurizot, 2014). In addition, the reworking of shallow water carbonate components is

173  common within all the Eocene flyschs (Routhier, 1953; Paris, 1981; Maurizot and Cluzel,

174 2014; Maurizot et al., 2020a). To explain such a succession, a depositional model involving a
7
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foreland basin has been proposed (Maurizot, 2014; Maurizot and Cluzel, 2014; Maurizot et
al., 2020a). This flexural basin would have formed in front of subduction/obduction-related
thrust nappes, ie. the Montagnes Blanches Nappe, the Poya Nappe and the Peridotite Nappe.
The overall coarsening and thickening upward trend of the Bourail Flysch Group is
interpreted as reflecting the propagation of thrust nappes prior to obduction (Maurizot and
Cluzel, 2014; Maurizot et al., 2020a). Calciturbidites of the Lower Bourail Flysch would be
derived from shallow water carbonate platforms developed on a peripheral forebulge
(Maurizot, 2014; Maurizot et al., 2020a), whereas volcaniclastic turbidites of the Upper
Bourail Flysch would originate from the erosion of basalts of the Poya Nappe. In turn, breccia
and olistoliths of the “Olistrostrome” originate from the gravitational destabilisation of
sedimentary units of the Montagnes Blanches Nappe, more specifically the “Black Chert” and
“Globigerina Limestones” formations (Maurizot, 2011; Maurizot and Cluzel, 2014; Maurizot

et al., 2020a).

2.3 Study area: the Gouaro anticline

The Gouaro anticline is located on the western coast of Grande Terre, in the Bourail region
(Figs. 1b, 3). It is part of a folded structure comprising sedimentary cover, allochthonous
nappes and possibly the Sedimentary Basement (Fig. 3) (Maurizot and Cluzel, 2014). This 30
km-long, 10 km wide and 135°N oriented anticline plunges towards the northwest to form a
pericline in the Cap Goulvain area (Fig. 3a). In the north and northeast part of the study area,
the anticline incorporates the Montagnes Blanches Nappe and the Poya Nappe (Fig. 3b). To
the southeast, it displays a successive Palaeogene to upper Cretaceous sedimentary cover and
Mesozoic sedimentary basement outcrops. The anticline axis was a target for petroleum
exploration with several hydrocarbon exploration boreholes: Gouaro 1 and 2, completed in the

1950’s (Pomeyrol, 1955), and CADART-1 in 1999 (France, 2000) (Fig. 3b). Located on the
8
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left bank of the Nera River, close to its mouth (Fig. 3a), CADART-1 was drilled to 1930 m
depth. A total of 1777 m of core was recovered between -153 m and the bottom of the hole.
Our study focuses on the 4 km thick composite succession of upper Cretaceous to Palacogene
deposits recorded in the CADART-1 well and at outcrops along the Nera River section (Fig.
3a). The lower half of the sedimentary section is dated as upper Cretaceous to late Eocene
while the upper part is yet to be stratigraphically constrained but is hypothesised to date from

the latest Eocene (Maurizot and Cluzel, 2014; Maurizot et al., 2020a).

3. Methods

3.1 Sedimentology

Detailed sedimentological observations were performed both in the field and on the
CADART-1 cores. They were reported on conventional sedimentological logs at 1:50 scale,
subsequently synthesised at 1:500 and 1:5000 scales. A facies analysis was undertaken, with
particular attention given to sedimentary structures, grain size trends, laminations, bedding,
bed contacts, trace fossils, mineralogical and palacontological content (Fig. 4). Beds less than
5 cm thick were not drawn on the 1:50 scale logs. The terminology proposed by Stow (2005)
for bedding and lamination scales was used. Such observations allowed the elaboration of a
comprehensive, process-based facies classification, which uses classical turbidite facies
models developed by Bouma (1962) and Mutti (1992). Sedimentary facies were regrouped
into 10 facies associations and subdivided into two main groups depending on their
composition, either as mixed calcareous, siliciclastic, clinopyroxene-rich (cpx-rich) facies
associations (FAm; see Table 1), or as calcareous-dominated facies associations (FAc; see
Table 1). For the latter, the Dunham (1962) classification was used to describe rock textures.
These facies associations form the basis of our sedimentary process and depositional

environment interpretations.
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3.2 Biostratigraphy

Biostratigraphic data from benthic and planktonic foraminifera used in this study are a
combination of analyses from the ERADATA company, partly published by Maurizot and
Cluzel (2014) and new analyses performed by GNS Science. Identifications rely on the
foraminiferal taxa illustrated by Jenkins (1971), Hornibrook et al. (1989), Olsson et al. (1999),
Berggren and Pearson (2005), Pearson et al. (2006). Taxa identifications were mostly
performed on thin sections, therefore the ages given in this study are limited to stages and not
biozones (e.g., Bartonian rather than E12 / E13). Analyses of calcareous nannofossil
assemblages were also performed on 50 samples spanning the interval from -1614 m to the
top of the section. Smear slides were prepared from raw material following standard
procedures described in Bown and Young (1998). Areal semi-quantitative counts on three
long transects (ca. 6-7 mm?) have been carried out using a Zeiss transmitted light microscope
at x1250 magnification. The taxonomy adopted is that of Aubry (1984, 1988, 1989, 1990,
1999), Perch Nielsen (1985), Bown (2005), and Agnini et al. (2014). Calcareous nannofossil
biostratigraphy is used to date the section, applying the biozonation schemes of Martini
(1971) and Agnini et al. (2014). Calcareous nannofossil events reported in Agnini et al.

(2014) have been recalibrated to the Geological Time Scale GTS2012 (Gradstein et al., 2012).

3.3 Petrographic analyses

Petrographic observations were performed on a microscope with plane and cross-polarised
light (PPL/XPL) on more than 110 thin sections from samples distributed along the section.
These qualitative observations were supplemented by quantitative point count analyses made
on the Eocene Bourail Flysch Group. Fifteen representative thin sections of the latter were

selected on samples of similar grain-size (medium-grained sands) (see Fig. 4 for sample
10
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locations). On each thin section, the relative proportion of the rock components were
quantified on the same surface area (6 cm?). A random grid point counting method (Fliigel,
2013) was performed with the JMicroVision Image analysis software. This stochastic method
consists of a count of 688 elements randomly chosen by the software on 16 different images
of the thin section. Quantified mineralogical and palaeontological components were
regrouped into nine main classes: quartz, feldspar, silicified mudrock, calcareous clast,
siliciclastic clast, metamorphic clast, clinopyroxene, benthic foraminifera and planktonic
foraminifera (see Appendix A). These classes are thought to reflect the overall variations and
importance of the mineralogical fraction. Element abundances were categorised as trace

(<1%); rare (1%—10%); common (>10%—-25%); abundant (>25%-50%); dominant (>50%).

3.4 Hyperspectral analysis

High-resolution imaging and reflectance spectroscopy analysis of the CADART-1 cores were
undertaken by CSIRO with their HyLogger™.-3 core scanner (Fig. 4). Reflectance
spectroscopy studies the interaction between light and matter such as minerals or rocks (Clark
et al., 1990). In the case of the HyLogger™.-3 core scanner, reflected wavelength allows us to
identify the main mineralogical components of scanned rocks and determine the presence,
relative abundance and composition of the mineral phase. This method allows continuous
measurements to be performed along all cores. The reflectance spectra were resampled to 8
nm spectral resolution and 1 cm spatial resolution with “The Spectral Geologist” software
(TSG™). Three best matched minerals mix were extracted along with estimates of their
relative proportions for each wavelength range (e.g., VNIR, SWIR and TIR) and fitting errors.
Differences between the VNIR / SWIR and TIR summary distribution plots arise from the
different spectrally active bands or absorption features that a phase exhibits. In this study,

scanner results were only used on mineralogical group identifications on both wavelength
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domains (silicates instead of quartz, sulphate instead of gypsum or pyrite) because mineral
identification can be biased by core conditions (e.g., humidity, core roughness). The relative
abundance of mineralogical components analysed by hyperspectral techniques will be noted
in this study, however the results from the point counting technique is favoured for its
robustness. To calibrate Hylogging spectral dataset, 30 samples were selected for bulk,
random powder XRD analysis to provide a validated mineralogical framework of the
mineralogy identified spectrally. Details on the instrumentation, operational set-up and

general processing procedures can be found in Mason and Huntington (2012).

4. Results

Figure 4 summarises our newly acquired data along the CADART-1 / Nera River section with
stratigraphy, lithostratigraphic units, hyperspectral data, a composite log showing the
evolution of lithology and sedimentary facies and the position of samples. The base of the
section, which corresponds to the lowermost cored interval of CADART-1, comprises a first
unit of alternating muddy sandstones and siltstones, newly named the “Gouaro Formation”. It
is overlain by an uppermost Cretaceous hemipelagic siltstone unit defined previously by
Maurizot and Cluzel (2014) as the “Mamelons Rouges Beds Formation”. These two
siliciclastic formations are sharply overlain by a middle Eocene calcareous unit that we link
with the “Adio Limestone Formation” (Maurizot, 2012; Maurizot et al., 2020a). The
stratigraphic gap between the uppermost Cretaceous and the middle Eocene, is attributed here
to a tectonic contact (see Section 4.4). Overlying the Adio Limestone Formation is the 3.5 km
thick turbidite succession of the Bourail Flysch Group that, based on the following analyses,
has been subdivided into the Lower, Middle and Upper Bourail formations. In the following

sections, we provide a detailed description of sedimentary facies and internal organisation,
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mineralogical composition, palacontological data and main sedimentary unit boundaries of all

lithostratigraphic formations identified in the CADART-1 /Nera River section.

4.1 Sedimentology and stacking pattern of units

The Gouaro Formation is a 210 m thick unit, between the bottom of the hole at -1930 m and -
1720 m (Fig. 4), composed of five main facies associations (Fig. 5a). These facies
associations correspond to FAm1, FAm2, FAm3, FAm4 and FAmS5. The latter are described
in Table 1. Noteworthily, some dewatering structures such as pillars, convolute, dishes or
flame structures due to the upward flow of water loosening the packing of sediment grains are
rarely present in FAm2. FAmS differs from FAm4 due to its finer grain size and the lack of a
basal massive sandstone interval. Highly deformed, decimetre-thick organic matter-rich layers
are observed within all facies associations (FAm1-FAmS5). As shown on the detailed logs in
Figure 6, the unit is organised following roughly symmetrical, coarsening to fining upward
and thickening to thinning upward, decametre-thick sand-dominated packages composed of
facies associations FAm2 and FAm3 separated by mud-dominated intervals composed of
facies associations FAm6 and FAm4/5 (Fig. 6b).

Conformably overlying the Gouaro Formation, the “Mamelons Rouges Beds Formation”
spans -1720 m and -1616 m depth in the CADART-1 well (Fig. 4). It mostly consists of
heavily bioturbated (Planolites, Phycosiphon) siltstones regrouped within facies association
FAm6 (Fig. 6). FAmS is rarely observed. In some places, several decimetre to metre-thick,
highly fractured organic matter-rich layers are present.

At -1615 m depth, the Adio Limestone Formation marks a significant lithological change
from the underlying deposits. This 79 m thick interval (-1615 m to -1536 m) comprise four
main facies associations (Fig. 7): (1) thick-bedded, sharp to erosively based, normally graded,

coarse to medium-grained, structureless to planar-laminated bioclastic grainstones (FAc1); (2)
13
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faintly planar-laminated and/or soft-sediment deformed bioclastic packstones (FAc2); (3)
bioturbated, massive to locally soft-sediment deformed bioclastic wackestones (FAc3); (4)
massive calcareous mudstones with siliceous nodules, calcite veins and abundant horizontal to
vertical stylolites (FAc4). The formation is organised following a coarsening upward
bioclastic interval with successive facies associations FAc3, FAc2, FAcl. The top of the
formation is composed of the FAc4 micritic mudstones with a sharp basal contact with FAcl
(Fig. 8).

The Adio Limestone Formation is overlain by the siliciclastic Lower Bourail Flysch
Formation. This 801 m thick unit, located between -1536 m and -735 m depth in the well, is
composed of bioturbated siltstones, interbedded very fine-grained sandstones and siltstones,
as well as amalgamated coarse-grained sandstones of facies associations FAm6, FAmS5,
FAm4, FAm3 and FAm?2 (Fig. 9). FAm3 and FAm?2 are well represented. The Lower Bourail
Flysch is divided into a lower part dominated by FAm6 and an upper part organised following
two ca. 100-150m thick sandy packages (Figs. 4, 10b). These sandy packages are organised
into symmetrical, thickening and coarsening upward (FAmS to FAm?2) to thinning and fining
upward successions (FAm?2 to FAmS5) (Fig. 10b). FAm2 is more prominent in the first interval
(53 m thick) than the second (33 m thick). These two sandy packages are separated by a ca.
240 m thick silty interval comprising unorganised facies associations FAm6 and FAmS5.

The Middle Bourail Flysch Formation has been described at the top of the well and along the
first half of the Nera River section (Fig. 4). This 1.5 km thick interval is primarily composed
of thinly bedded calcareous sandstones alternating with bioturbated siltstones and mudstones
(Fig. 11a). Facies associations FAm6, FAm5 and FAm4 are dominant. Bed bases are
generally sharp and bed tops are typically ripple-laminated (Fig. 11b). The formation is

organised into asymmetrical metre-thick, coarsening and thickening upward successions
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involving facies associations FAm5 and FAm4 (Fig. 11a). Outcrops along the Nera River
section reveal beds that are laterally isopaceous and continuous.

The top of this section is composed of the Upper Bourail Flysch Formation. Cropping out
along the second half of the Nera River section, this 1.2 km thick formation consists of
interbedded siltstones and sandstones, coarse to fine-grained sandstones and polygenic
breccias (Fig. 4) regrouped into FAm6, FAmS, FAm4, FAm3, FAm2 and FAm1 (Fig. 12).
Sedimentary structures such as traction carpets are observed within FAm3 (Fig. 12b). Thick
sandstone beds of FAm?2 typically exhibit sharp to erosional basal surfaces with common rip-
up clasts and sharp grain-size increases. Breccia facies, regrouped as facies association FAm1
comprise: (1) thin to medium-bedded, polygenic, faintly cross-laminated, clast-supported,
well-sorted angular to subangular granule to pebble-sized breccias within a fine-grained
sandstone matrix (Fig. 12¢); (2) thin to medium-bedded, polygenic, erosional, anisopaceous,
moderately sorted, matrix-supported, angular to subangular pebble-sized breccias displaying
traction carpets and cross-bedding; (3) thick bedded, polygenic, poorly to moderately sorted,
clast-supported, angular to subangular granule to cobble-sized breccias (Fig. 12d); (4) thick to
very thick-bedded, polygenic, poorly sorted, matrix-supported, subangular to rounded, pebble
to cobble-sized breccias within a medium to coarse-grained sandstone matrix and sparse sub-
angular extraformational blocks (Fig. 12e). Outcropping conditions do not allow any clear
facies trends or stacking patterns to be determined. However, through all the Upper Bourail
Flysch Formation, an overall coarsening upward trend is observed, with a lower part
comprised of FAm6, FAmS and FAm4 with noticeable slope failures evidenced by clear
truncations of beds along arcuate surfaces delimiting slumped intervals (Fig. 13a). The middle
part is dominated by FAm3 to FAm1 with breccia facies interfingered within thick-bedded
clinopyroxene-rich sandstones of FAm3 and FAm?2. These erosive breccias vary laterally in

thickness and form channelised decametre-long lenses (Fig. 13b). The upper part is organised
15
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as successive very thick-bedded polygenic breccia beds (FAm1) within a clinopyroxene-rich

sandstone matrix.

4.2 Mineralogical composition

4.2.1 Petrographic results

Qualitative and quantitative petrographical analyses on thin sections are detailed in Appendix
A. They reveal that the Gouaro Formation sandstones are mainly composed of quartz,
feldspar, volcanic clasts and silicified mudrock clasts (Fig. 14a). Minor components comprise
recrystallised (silicified) rounded biogenic debris (foraminifera, radiolaria and sponge
spicules), as well as altered clinopyroxenes and metamorphic clasts. Coal clasts are also
observed at the base of beds and pyrite concretions are present along very fine-grained
fractions. In the “Mamelons Rouges Beds Formation”, quartz, feldspar plagioclases and
recrystallised planktonic foraminifera are the only components observed (Fig. 14a).

The increase in carbonate content within the Adio Limestone Formation is due to biogenic
elements such as undifferentiated bioclasts, benthic and planktonic foraminifera, red algae,
shell debris, sponge spicules, echinoids and bryozoans (Fig. 14b). Calcareous nannofossils are
also sporadically present. The proportion of biogenic debris progressively increases up-
section in favour of the siliciclastic phase (Fig. 8). The latter is represented by plagioclase,
silicified mudstone clasts, quartz, chlorite, black opaques and volcanic clasts such as
microlithic basalts. Additionally, fine to medium-grained, angular glauconite clasts are
sparsely present.

The Lower Bourail Flysch Formation comprises abundant calcareous clasts and feldspar,
while quartz and siliciclastic clasts are common (Fig. 14c). Up section, planktonic
foraminifera remain very rare, but benthic foraminifera become common at the top of the

formation at the expense of siliciclastic and calcareous clasts (Appendix A).
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398  An increase of biogenic material is observed in the Middle Bourail Flysch Formation which is
399  marked by a clear increase in biogenic debris within sandstone beds compared to the Lower
400  Bourail Flysch. Benthic and planktonic foraminifera (Fig. 14d) are both present from rare to
401  abundant, whereas biogenic debris such as bivalves, bryozoans, algae, echinoids and shells
402  are common. Calcareous nannofossils are scarce. Biogenic components replace siliciclastic
403  and calcareous lithoclasts, which are respectively abundant and common (Appendix A). On
404  the contrary, silicified mudrock clasts become more abundant upward.

405  The Upper Bourail Flysch Formation is marked by a strong increase in clinopyroxenes,

406  silicified mudrock clasts and calcareous clasts (Appendix A). While rare at the base of the
407  formation, clinopyroxene becomes common to abundant further up the section (Fig. 14e;

408  Appendix A). Silicified mudrock and calcareous clasts are commonly present. Inversely,

409  siliciclastic clasts are abundant at the base of the formation, but their abundance decreases
410  upward. On a macroscopic scale, the breccia clasts are composed of, in decreasing order of
411  their relative abundance within the clasts: silicified mudrocks (Fig. 14e), micritic mudstones
412 with planktonic foraminifera and siliceous nodules (Fig. 14e), sandstone and siltstone clasts,
413  and foraminifera-rich, shell debris-rich bioclastic grainstone with red algae and coral

414  fragments.

415  4.2.2 Hyperspectral results

416  The petrographic observations (Section 4.2.1) are supported by the hyperspectral results from
417  the VNIR-SWIR and TIR domains. In the VNIR-SWIR domain, four main mineralogical

418  groups are dominant: sulphates, carbonates, chlorites and white micas. In the Gouaro

419  Formation, white micas are the dominant group (70 to 90%) present throughout the formation
420  with a few intervals recording the presence of sulphate, associated with muddy intervals

421  (FAm6) (Fig. 6). This association is also observed along the “Mamelons Rouges Beds

422  Formation”, where a strong increase in the relative abundance of sulphate is observed (Fig. 4).
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The sharp mineralogical change observed at the base of the Adio Limestone Formation is
confirmed by hyperspectral data in the SWIR wavelength domain, with a progressive increase
in carbonate (~20 to 80%) and a consistent relative abundance of white micas (~20%) (Fig.
8). In the Lower Bourail Flysch Formation, white micas, chlorite, and carbonates are present
throughout the interval with a consistent relative abundance of approximately 60%, 20%, and
10%, respectively (Figs. 4, 10a). However, there is a constant relative abundance change at
the bottom of the Middle Bourail Flysch Formation. From -705 m to ~-600 m, the relative
abundance of white micas decreases in favour of carbonate. Here, only chlorite and carbonate
are detected in the SWIR wavelength domain (Fig. 4).

In the TIR wavelength domain, silicates, sulphates, carbonates, chlorites, white micas and
plagioclase are the main detected mineralogical groups (Fig. 4). In the Gouaro Formation,
silicates are dominant throughout the formation (Fig. 6a). Carbonates and smectite are rare,
while sulphates, chlorite and plagioclase abundances vary (0-50%; 20-40% and 5-50%
respectively). Sandy intervals are marked by abundant silicates (quartz >50%) and feldspars
(plagioclase >30%) whereas white micas and chlorite are the main components of muddy
intervals (Fig. 6b). These differences are causally linked to variations in grain size and
composition of the muddy matrix. In the “Mamelons Rouges Beds Formation™ hyperspectral
data record a decrease then an increase in the relative abundance of silicates in favour of
sulphate (Fig. 4). In the Adio Limestone Formation, silicates progressively decrease through
the section in favour of carbonates (Fig. 8). In addition, plagioclases are detected at the base
of the section, in association with FAc3 and FAc2. The Lower Bourail Flysch Formation and
Middle Bourail Flysch Formations are characterised by a consistent relative abundance of the
silicate group (~40%) (Fig. 4). In the Lower Bourail Flysch Formation, sandstone beds are
characterised by an increase of plagioclases and carbonates (Fig. 10). However, interbedded

siltstones and very fine-grained sandstones are characterised by an increase of chlorite and
18



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

white micas (Fig. 10b). In the Middle Bourail Flysch Formation, the relative abundance of

chlorite increases from ~20 to ~40% at the expense of the carbonates (Fig. 4).

4.3 Palaeontological age determination

Throughout the studied section fossil preservation is poor with highly deformed and
recrystallised foraminifera and calcareous nannofossils, due to the strong tectonisation and
burial of these units during emplacement of the ophiolite. However, in the Gouaro Formation,
undeformed Globotruncanidae foraminifera are present and Globotruncanita sp. is observed
(in samples B355 and B339, respectively). The presence of these taxa suggests a late
Cretaceous (Santonian to Maastrichtian) age for this formation (Robaszynski et al., 1984;
Hornibrook et al., 1989). These foraminifera are also observed in the “Mamelons Rouges
Beds Formation”. Globotruncanidae are present (in samples B318 and B296) and suggest a
late Cretaceous age for this formation.

New biostratigraphic data for the Adio Limestone Formation are based on planktic
foraminifera and calcareous nannofossils. Planktic foraminifera species span the late
Palaeocene to Early-Middle Eocene. In the basal part of the Adio Limestone Formation
(samples B289, B287, B286), Parasubbotina cf. varienta, Praemurica sp. and Subbotina sp.
are present and suggest a late Palaeocene (biozones P4 to E3) to Early Eocene (biozone E3)
age (Fig. 8). The presence of Subbotina senni, Morozovella lensiformis, Subbotina eocaena,
Subbotina linaperta, Acarinina cuneicamerata and Acarinina bullbrooki at the top of the
formation, (samples B283, B282, B279) suggests an early to middle Eocene age (E6 — E13
biozones). Calcareous nannofossils are very rare in this interval but the presence of specimens
ascribable to Reticulofenestra spp. in sample N292 indicates an age younger than the early
Eocene (Fig. 8). The presence of a single specimen of Reticulofenestra umbilicus in sample

N269 suggests a Lutetian age (Zone CNE13) (Agnini et al., 2014). This inconsistency
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between age determinations from calcareous nannofossils and foraminifera is likely due to the
fact that foraminifera were identified in thin sections. Moreover, at the bottom of the
formation, calcareous nannofossils indicate a younger age compared to planktonic
foraminifera. Thus, we are more confident with age derived from calcareous nannofossils in
that section. For this reason, and considering biostratigraphic data of overlying formations, we
have tentatively assigned a middle Eocene age to the Adio Limestone.

The Lower Bourail Flysch age determination is divided into two parts. In the lower section,
samples N268 to N263, calcareous nannofossil assemblages are characterised by the
simultaneous presence of R. umbilicus and Sphenolithus furcatolithoides morphotype B and
the absence of Cribrocentrum reticulatum, which suggest that this interval could be ascribed
to mid-Lutetian (Zone CNE13). From sample N261 to the top of the LBF (sample N127) the
presence of C. reticulatum, and Dictyococcites bisectus (> 10 pum) indicates a Bartonian age
(Zones CNEI1S5 - CNE16). Unfortunately, sphenoliths are rare in this succession so a careful
approach is preferred, and the absence of Sphenolithus obtusus has not be used as an
additional biostratigraphic constraint. The last occurrence of this taxon defines the base of
Zone CNEI16 thus the absence of this taxon could suggest that this interval can be ascribed to
Zone CNE16. Ages indicated by the calcareous nannofossils are also confirmed by the
presence of planktonic foraminifera Acarinina primitiva (sample B257) and
Pseudohastigerina wilcoxensis (sample B238) which indicate a Lutetian age for this first
interval, and a Bartonian age for the second interval due to the presence of Turborotalia
pomeroli (sample B132) and Turborotalia cerroazulensis (sample B123).

At the base of the Middle Bourail Flysch Formation (sample N121) calcareous nannofossil
assemblages are assigned to the undifferentiated Zones CNE15- CNE16 (i.e. Bartonian).
Sample N109 can be ascribed to ealy Priabonian (Zone CNE17) based on the high abundance

of Cribrocentrum erbae; the base of the acme of C. erbae is used to denote the base of the
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Priabonian stage (Agnini et al., 2011). From sample N105 to sample NERA3, the calcareous
nannofossil assemblage is characterised by the presence of C. reticulatum and the virtual
absence of C. erbae indicating that this interval can be ascribed to a Priabonian age (Zones
CNE18-CNE19). The presence of a single specimen of Cribrocentrum isabellae in sample
NERA3 suggests that the base of Zone CNE19 may be identified with more detailed highly-
resolved analyses. From sample N109, Palaeocene reworking progressively increases upward.
Calcareous nannofossil biostratigraphic results are also supported by planktonic foraminifera
data, with the presence of Turborotalia cerroazulensis, Subbotina cf. gortanii and
Turborotalia pomeroli indicating a middle to late Eocene age in samples B76, B34 and B12.
Moreover, an important reworking of Palacocene species and contemporaneous shallow water
species, such as Nummulites sp., Discocyclina sp., Amphistegina sp., or Assilina spp. is also
observed in the foraminifera assemblages.

Along the top of the section, strong weathering of the rocks and poor outcropping conditions
limit the number of samples from the Upper Bourail Flysch Formation. In addition, biogenic
components are poorly preserved. This formation has not been biostratigraphically dated in
this study. However, based on the structural position of the Upper Bourail Flysch Formation
beneath the tectonic nappes, thought to be emplaced during the latest Eocene in the Nepoui
region (Cluzel, 1998), the age of the top of this formation is speculated to be uppermost

Priabonian.

4.4  Unit boundaries

Sedimentological, mineralogical, and palaeontological characteristics of each formation are
used to determine and characterise boundaries between formations crossed by the CADART-1

/ Nera River Section. The lowermost boundary crossed by the well corresponds to the limit
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between the Gouaro and “Mamelons Rouges Beds Formation™. This boundary is gradational,
however, here we place it at -1720 m based on the loss of the prominent sandstone beds
together with a strong increase in pyrite concretions and post-depositional gypsum
mineralisation (Fig. 4). The top of the “Mamelons Rouges Beds Formation” corresponds to a
highly deformed and fractured interval with centimetre-thick calcitic veins and tectonic
breccia spanning -1617 m to -1615 m. Biostratigraphic data suggest that there is an important
time gap between the Mamelons Rouges Beds and the Adio Limestone formations (see
Section 4.3). Borehole data record a significant mud loss and a poor recovery rate at the top of
this unit (France, 2000), which strongly suggests that a tectonic contact separated the two
formations, as already noted by Maurizot and Cluzel (2014). The top of the Adio Limestone
Formation is defined by a sharp reversal to siliciclastic lithologies and the occurrence of thick
fractured intervals highlighted by calcitic veins. Biostratigraphic data suggest that there is a
hiatus at the base of the Lower Bourail Flysch. Consequently, we also attribute the limit
between these two formations as a tectonic contact, as noted by Maurizot and Cluzel (2014).
Formation boundaries between Lower to Middle and Middle to Upper Bourail Flysch
Formation are gradational and associated with progressive changes in mineralogical
composition and sedimentary facies (Appendix A). The boundary between the Lower and
Middle Bourail Flysch is marked by a compositional change from siliciclastic to calcareous
sandstones. This transition is clearly visible on hyperspectral data and based on these, the
boundary was inferred to be at -711.5 m. The top of the Middle Bourail Flysch Formation is
marked by an increase in clinopyroxenes in the lithic phase of sandstones (Appendix A) and,
although gradational, has been set at +605 m. Finally, the top of the Nera River section is
marked by a tectonic contact between the Upper Bourail Flysch Formation and a tectonic slice

of Sedimentary Basement overlain by the Poya Nappe (Fig. 3). On the western part of the
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546  Bourail Anticline, this thrusted contact is observed with the Montagnes Blanches Nappe and a

547  tectonic slice of Sedimentary Basement.

548

549 5. Discussion

550

551 5.1 Depositional environmental interpretation

552 All of the formations described in this study are believed to have been deposited within

553  deepwater environments, yet no specific palacobathymetric depth is identified. Facies

554  associations point to depositional processes from (hemi)pelagic suspension fallout or

555  submarine gravity flows in deepwater settings (see Table 1). The bedded character of the
556  Gouaro Formation, the preservation of bed tops, together with the lack of clearly erosional,
557  disconformable surfaces and cross-bedding suggest that deposition of the Gouaro Formation
558  occurred within a poorly channelised turbidite fan made of sheet-like or lobate basin floor
559  deposits (Galloway, 1998; Mulder and Etienne, 2010; Liu et al., 2018). However, the

560 occurrence of conglomeratic deposits could suggest catastrophic slope or shelf edge

561  destabilisation events or, alternatively, sediment by-pass (Kastens and Shor, 1985; Wuellner
562  and James, 1989). Massive siltstones facies from hemipelagic decantation present in the

563  “Mamelons Rouges Beds Formation™ let us to interpret an hemipelagic basin plain.

564  The sedimentary facies of the Adio Limestone Formation and its paleontological content with
565  benthic foraminifers and biogenic debris from middle to external platform environments

566  reworked with bathyal planktonic foraminifers and calcareous nannofossils strongly suggest
567  reworking into deepwater environments by gravity flow processes. This formation is thus seen

568 asreflecting hemipelagic to pelagic deepwater sedimentation in open marine settings,
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supplemented by significant gravity flow inputs from a coeval shallow water carbonate

platform(s) and local slope destabilisations.

Similarly to the Gouaro Formation, the sedimentary facies, stacking patterns and depositional
hierarchy following nested depositional cycles of the Lower Bourail Flysch Formation is seen
as reflecting deposition within a basin floor fan made of unchannelised depositional lobes
(Mulder and Etienne, 2010). However, the occurrence of amalgamation surfaces with
common mudclasts, together with sharp grain size breaks could suggest some degree of

bypass and/or channelling, possibly as individual channels within lobe axis settings.

The isopaceous and tabular geometry of the Middle Bourail Flysch, organised as metre-thick
asymmetric sequences suggest progradational or compensational stacking of lobes (Mutti and
Sonnino, 1981; Pickering et al., 1989) possibly following a reduction in the sedimentation rate
/ depocenter space ratio (Liu et al., 2018). This is consistent with a period of carbonate
platform development and drowning which would imply a relative shutdown in clastic fluxes

during the Priabonian (see Section 5.2).

Finally, the lenticular breccia of the Upper Bourail Flysch Formation, suggest deposition after
a short-transport distance, possibly as base-of-slope aprons (Richards et al., 1998) which are

typified by a weak longitudinal extent.

5.2 Sedimentary sources

The petrographic and hyperspectral analyses performed in this study provide information on
the relative abundance variations of all the components identified in the late Cretaceous to
Palaeogene sediments of the Gouaro Anticline. Relative abundances of these components and

their evolution through the section allow us to discuss the potential sources that fed the
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Bourail Basin and how these sources changed over time. Four different groups of components
are discussed (1) quartz and feldspar, (2) biogenic debris, (3) sedimentary lithics with
silicified mudrock, calcareous and siliciclastic clasts and (4) clinopyroxenes, whose nature,
relative abundances and evolution are diagnostic and are used to identify sediment sources

and their evolution.

5.2.1 Quartz and feldspar: permanent siliciclastic input from syn-rift and basement units
Quartz and feldspar are present throughout the section from the late Cretaceous to the late
Eocene. Quartz has a relatively constant abundance (TIR results, Fig. 4) while feldspars are
present in sandstone beds (Fig. 4). This consistency from the late Cretaceous suggests that
they were derived from a long-term subaerial source and/or from marine reworking of
contemporaneous and older formations to those studied here. The quartz component identified
in the Lower Bourail Flysch Formation could be fed by reworking from: (i) the syn-rift
siliciclastic Formation a Charbon; (ii) the Pic Jacob Formation which corresponds to syn-rift
volcanism (Cluzel et al., 2010; Nicholson et al., 2011; Maurizot et al., 2020a); and/or (iii)

older sedimentary basement units.

5.2.2 Biogenic debris: middle to late Eocene shallow water carbonate platforms

The reworking of shallow water biogenic components such as benthic foraminifera, shell and
bivalve debris, bryozoan and other elements (sponge spicules, coral clasts, etc.) are mainly
observed in the Lutetian Adio Limestone and middle to late Eocene Middle Bourail Flysch
Formation. The contemporaneous reworking and/or erosion of shallow water carbonate is
highlighted by the presence of shallow water benthic foraminifers species Amphistegina sp,

Discocyclina sp, Assilina sp, Rotaliidae and Nummulites sp, (Boudagher-Fadel, 2008). In both
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formations, these faunas reworked from the shallow water domain have the same ages as the
pelagic nannofossils. This suggests that a shallow water carbonate platform was present
during the deposition of these gravity systems. Of particular note is the presence of an in-situ
shallow water carbonate platform of middle to late Eocene age in the Uitoé area (Fig. 1),
recorded by the Bartonian to Priabonian Uitoé Limestones, which rest unconformably on the
sedimentary basement (Maurizot, 2014). Such shallow water carbonates could be the
remnants of the platform that fed the Middle Bourail Flysch Formation, as supported by the
similar ages and faunal taxa found in the Middle Bourail Flysch Formation. The older
Lutetian Adio Limestone Formation contains shallow water components but is interpreted as
deepwater turbidite limestones and has no known associated contemporaneous shallow water
carbonate formation. Thus, the presence of reworked and hemipelagic fauna of the same age

infers a contemporaneous filling of the Bourail Basin.

5.2.3 Sedimentary lithics: reworking of the post-rift cover

Clasts of silicified mudrock and calcareous rocks (typically micritic mudstone) are the
dominant sedimentary lithic components within the Bourail Group. These clasts are most
likely present due to the erosion of Upper Cretaceous to Eocene post-rift deepwater deposits.
Silicified mudrock and micritic mudstone clasts could be respectively linked to the Black
Chert Formation and the Globigerina Limestone and/or Adio Limestone formations, as
proposed in Maurizot and Cluzel (2014). Previous work has shown that the Black Chert facies
are only observed in the Black Chert Formation (Routhier, 1953; Maurizot, 2011) and that the
only New Caledonian geological formations which are composed of micritic mudstone
correspond to the Former Adio Limestone Formation (Routhier, 1953; Gonord, 1977; Paris,

1981; Maurizot, 2012) and the Globigerina Limestone (Paris, 1981; Maurizot, 2011).
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Other siliciclastic clasts (green chert, metamorphic clasts) and calcareous clasts, such as
grainstone blocks observed in the Upper Bourail Flysch Formation, are less diagnostic. Many
potential sources could be identified and they could be derived from several formations, such
as the Lower Bourail Flysch Formation, Gouaro Formation, Formation a Charbon as well as
the Uitoé Limestones. In the breccia of the Upper Bourail Flysch Formation, the angularity of
most of the clasts (black chert, micritic mudstone, grainstone blocks) imply a relatively short
distance for transportation, which would suggest that these clasts are derived from a different
location than the quartz and feldspars and the sand-sized fraction of the clinopyroxene rich

sandstone.

5.2.4 Clinopyroxenes: an input from the Poya Nappe?

The appearance and progressive upward increase in the abundance of clinopyroxenes is a
distinct compositional change through the Upper Bourail Flysch Formation (Appendix A).
Maurizot and Cluzel (2014) identified that these minerals plot in the field of EMORB basalts
and suggest that they were derived from the Poya Nappe that comprises E-MORB basalts.
This interpretation is suggested as the Poya Nappe is mainly composed of a basalt with a
MORB signature which could be the origin of the Upper Bourail Flysch Formation
clinopyroxene (Maurizot and Cluzel., 2014; Maurizot et al., 2020b). However, the formation
of such fine-grained sands found within the Upper Bourail Flysch Formation, implies a
subaerial exposure of the Poya Nappe during the late Eocene, which is hardly reconciled
when considering the very likely subaqueous settings of such an obducted oceanic crust
nappe. Moreover, the lack of materials derived from the other rocks comprised in the Poya
Nappe (such as abyssal red cherts, radiolarites, turbidite sandstones or dolerites) and the

absence of coarser reworked material of oceanic origin, both in the sandstone matrix and
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breccia, questions the link between the Upper Bourail Flysch Formation and the Poya Nappe.
In addition, the recently identified Eocene volcanic chain along the western flank of Norfolk
Ridge (Mortimer et al., 2020) also evidenced by Priabonian volcaniclastic turbidites at site
IODP Site U1507 located in the New Caledonia Basin at the foot of one of the Norfolk Ridge
volcano (Sutherland et al., 2019) could be an alternative source supplying the volcanic
material found in the Upper Bourail Flysch. However, published geochemical data from the
Eocene volcanoes (Mortimer et al., 2020) do not clearly indicate a MORB signature. Finally,
the Koh Ophiolite (Meffre, 1995; Meffre et al., 1996) present in the New Caledonia basement
composed of dolerites, boninites, gabbbros and pillow-lava with a MORB or BABB type
basalt signature cannot be ruled out as a potential source. Thus, we believe that three potential
sources could have provided the volcaniclastic material of the Upper Bourail Flysch but our

dataset cannot favour one more than another.

5.3 Bourail Basin evolution

Along with sediment source variability, the compositional and facies changes observed
throughout the Bourail Basin fill can help determine the main phases of basin development
with a focus on platform-to-basin relationships and vertical motions. Deposition in deepwater
basins is thought to directly record the variations of the feeding systems on the shelf (e.g.,
source variations, augmentation of sedimentary fluxes), which are controlled by relative sea
level fluctuations (e.g., tectonic, palaeoclimatic) (Stow et al., 1984; Weber and Reilly, 2018).
Our detailed characterisation shows that besides the overall coarsening and thickening upward
trend observed throughout the succession, distinct and repeated intervals of siliciclastic-
dominated (Gouaro, “Mamelons Rouges Beds Formation”, Lower and Upper Bourail Flysch
Formation) vs carbonate-dominated (Adio Limestone Formation, Middle Bourail Flysch

Formation) resedimentation occur (Appendix A). Carbonate-dominated intervals are
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considered to reflect phases of shallow water carbonate platform development, possibly
marking drowning during subsidence phases or, alternatively, palacogeographical or
palaeoclimatic changes. On the other hand, siliciclastic-dominated intervals likely reflect
periods of increased terrigenous inputs during base level drops, possibly as a result of tectonic
uplifts. More precisely, we propose that the vertical evolution of the succession can be
summarised in five main phases: (i) a late Cretaceous phase of siliciclastic sedimentation
related to active rifting and associated horsts erosion (Gouaro Formation); (ii) a latest
Cretaceous to middle Eocene (Lutetian) subsidence phase recorded by the progressive onset
of pelagic and resedimented carbonates (“Mamelons Rouges Beds” and Adio Limestone
formations); (iii) a Lutetian to Bartonian renewal in terrigenous fluxes, recorded by the
deposition of a thick siliciclastic turbidite fan (Lower Bourail Flysch Formation), possibly
associated with an uplift, (iv) a second drowning phase in the Priabonian, recorded by
calciturbidites in the basin (Middle Bourail Flysch Formation) and shallow water carbonates
on the Norfolk Ridge (e.g., Uitoé Limestones); and (v) a poorly dated Priabonian to post-
Eocene phase of substantial volcaniclastic/siliciclastic inputs and submarine slope
destabilisations (Upper Bourail Flysch Formation), possibly associated with a second uplift
and regional volcanism. The possible origins of this polyphased evolution are discussed in the

following sections.

5.3.1 Deepwater sedimentation during late Cretaceous rifting

The Gouaro Formation corresponds to the first siliciclastic-dominated interval. On the basis of
our depositional processes and environmental interpretations, this Santonian/Maastrichtian
formation is thought to record deposition within a poorly confined turbiditic environment.

This suggests the existence of deepwater basins on or in the vicinity of the Norfolk Ridge

29



713 during the late Cretaceous, the infill of which being coeval with the paralic

714 Cenomanian/Campanian “Formation a Charbon” (Maurizot et al., 2020a). The Gouaro

715  Formation sandstones, composed of quartz, feldspar and sedimentary and volcanic lithics,

716  may correspond to a distal equivalent of the deltaic sandstones of the “Formation a Charbon”,
717  as supported by similarities with regards to age, mineralogical components and also by the
718  presence of coal in turbidite beds. The “Formation a Charbon” is mainly composed of quartz,
719  plagioclase, lithic elements (andesite, trachyte and rhyolite) and coal layers (Paris, 1981;

720  Cluzel et al., 2011; Maurizot et al., 2020a). These two-coeval formations suggest a complete
721  sedimentary system from deltaic sandstones, fed by a contemporaneous alkaline volcanism
722 and erosion of sedimentary basement, to poorly confined deepwater turbidites. The late

723  Cretaceous age of these two-coeval formations corresponds regionally to the widespread

724 rifting of the eastern margin of the Gondwana continent (Gaina et al., 1998; Crawford et al.,
725  2003; Sdrolias et al., 2003; Schellart et al., 2006; Whattam et al., 2008; Collot et al., 2020).
726  The siliciclastic formation of the “Formation a Charbon” is considered to record this extensive
727  phase (Paris, 1981; Cluzel et al., 2011, 2012; Maurizot et al., 2020a). The Gouaro Formation
728  is also associated to the late Cretaceous rifting stage and the short distance between this

729  formation and its coeval deltaic sandstones in the Bourail area (less than 12 km) (Fig. 3) could
730  result from an important shortening of all the sedimentary pile, also supported by the

731  numerous reverse faults and tectonic contact present in the area (Espirat, 1971; Gonord, 1977,
732 Paris, 1981).

733

734 5.3.2 Uppermost Cretaceous subsidence
735  In New Caledonia, the upper Cretaceous Mamelons Rouges Beds Formation and the

736  overlying upper Cretaceous to Palaeocene Black Chert Formation conformably overlie all
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syn-rift formations. They are interpreted to record a generalised drowning leading to a
deepening and widespread blanketing of all sedimentary basins. This palacogeographic
“homogenisation” is seen as reflecting post-rift thermal subsidence during the deposition of
the “Mamelons Rouges Beds Formation” and Black Chert Formation (Maurizot et al., 2020a).
The lack of the latter in the CADART-1 / Nera River section could be explained by the
tectonic contact observed at -1614 m (Fig. 4). This hiatus between “Mamelons Rouges Beds
Formation” and Adio Limestone, including the whole Palaeocene, could be the result of this

tectonic contact, as suggested by the important fracturation of the corresponding interval.

5.3.3 Lutetian basin reorganisation or continued post-rift thermal subsidence?

The Gouaro and Mamelons Rouges Beds marginal to deepwater, siliciclastic-dominated
deposits are progressively overlain by a calcareous-dominated interval with pelagic
limestones and calciturbidites during the lower and middle Eocene. This is recorded by the
Globigerina Limestone, the Adio Limestone and the Creek Aymes Limestone formations. In
the CADART-1 well, this contact is interpreted to be tectonic, induced by post-deposit thrust
linked to the onset of the ophiolitic complex onto Grande Terre.

The presence of frequent glauconite clasts, biogenic debris, and shallow water fauna (Section
4.2) in the Adio Limestone Formation is indicative of a low energy depositional environment
and low sedimentation rates, allowing the development of these iron oxides (F6llmi, 1996;
Fliigel, 2013). These carbonate deposits show basin reorganisation with the development of a
shallow water carbonate platform and their reworking deposited in a deepwater environment
as calciturbidite beds.

Three scenarios could explain this palaeogeographic setting. The first, following

interpretation of Maurizot and Cluzel (2014), is to propose that the Adio Limestone
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corresponds to the first record of tectonic activity linked to convergence phases, starting at 55
Ma around Koumac, following Cluzel et al. (2006), who attributed subduction related
boninitic dykes to the onset of the South Loyalty subduction. Maurizot and Cluzel (2014)
propose that these limestones would be the first record of convergence, being deposited on the
forebulge domain of the flexural basin associated with the South-Loyalty subduction.

A second scenario could be that the Adio Limestone Formation are deposited in the continuity
of the post-rift thermal subsidence. Such sustained subsidence would lead to the progressive
drowning of nearby rift-related topographic highs where shallow water carbonate platforms
could eventually develop and feed adjacent deepwater basins. Long post-rift subsidence
phases associated with a shift in sedimentation from siliciclastic to carbonates are known in
other margins and sedimentary basins such as those of the Grand Banks region (Quebec
offshore domain). In this area, a long thermal subsidence (Early to Late Jurassic) is marked by
the siliciclastic Downing and Voyager Formation (siltstone and marls) overlain by calcareous
Rankin Formation (McAlpine, 1990; Driscoll et al., 1995).

Finally, a third scenario where the shift to carbonate sedimentation is controlled by
palaeoclimatic and/or palacogeographic changes without invoking any substantial
subsidence/uplift vertical motions, cannot be ruled out. The Palaeocene to early Eocene was
an interval of significant palaeoclimatological change, with global records of decreasing §'0
through the Palaeocene suggesting increasing global temperatures with a peak during the
early Eocene (Zachos et al., 2001, 2008) and global sea level curves suggesting an overall
increase in global sea level through the late Palacocene to middle Eocene (Miller et al., 2005).
These global variations favour an increase in calcareous production. Palacogeographically,
the South-West Pacific observed a change in plate-motion between the Ypresian to Lutetian,
with a northward translation (Breton et al., 2004; O’Connor et al., 2013). This event drove the

Zealandia continent to a higher palaeolatitude (40° to 20°S) (Sdrolias et al., 2003; Schellart et
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al., 2006) which would impact sedimentation, from siliclastic to calcareous-dominated.
Furthermore, in New Zealand a very similar shift occurs in the Late Palaeocene from the
cherty Whangai Formations to the Amuri Limestones (Hancock et al., 2003; Hollis et al.,
2005; Hollis, 2007; Dallanave et al., 2015; Slotnick et al., 2015) and is attributed to a global
warming event.

Thus, the onset of the Adio Limestones Formation could be interpreted as a record of (i) a
tectonic event which reorganised palacogeography with new high and low domains; or (ii)
shelf drowning along a post-rift thermal subsidence where flooding of siliciclastic system
allowed carbonate platform development; or (iii) where palacoclimate and latitude permit a
shift from siliciclastic to carbonate sedimentation without a relative sea-level drop. In
comparison with New Zealand’s geological history, the lack of clastic supply associated with
tectonic uplift, global warming and palaeolatitude variations of the Zealandia continent,
suggests one of the last two scenarios, with high and deep domains corresponding to inherited

structures from the rifting period.

5.3.4 Middle Eocene uplift

The conformable but strongly tectonised upper boundary of the Adio Limestone Formation in
the CADART-1 well is overlain by the 801 m thick Middle Eocene Lower Bourail Flysch
Formation succession that is composed of siliciclastic turbidites whose sources are interpreted
to come from the basement, mixed with components from Cretaceous to Palacocene
sedimentary cover (Section 5.2.1). This renewal of terrigenous input in the Bourail Basin
constitutes an important change in sedimentary environment that we interpret as being related
to an uplift. The Lutetian to Bartonian age of the Lower Bourail Flysch Formation indicates

that this uplift is contemporaneous with the recently dated transition in the Noumea area, from
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pelagic Globigerina Limestone to hematite rich pink calciturbidites, interpreted as resulting
from an uplift and erosion of the Norfolk Ridge (Dallanave et al., 2018).

The middle Eocene is also a critical time in northeastern New Caledonia where the peak of
high pressure low temperature metamorphism occurs at 44 Ma, which records the deepest
burial of rocks down to ca. 80 km depth and hence the onset of their exhumation from 44 Ma
to 34 Ma (Baldwin et al., 2007). At a regional scale, recent studies based on the analysis of
marine geological data have documented the ‘Tectonic Event of the Cenozoic in the Tasman
Area’, an Eocene episode of widespread compression and uplift of the ridges of northern
Zealandia that is thought to be responsible for the major middle Eocene to Oligocene
unconformity observed in the DSDP and IODP wells of the LHR (Burns et al., 1973; Collot et
al., 2008; Sutherland et al., 2010, 2017, 2018; Bache et al., 2012; Etienne et al., 2018). This
regional tectonic event and associated uplift are linked to the Tonga-Kermadec subduction
initiation along the eastern part of Zealandia Continent during the Eocene (Sutherland et al.,
2017, 2020).

According to these local to regional observations, we suggest that the middle Eocene uplift of
the Norfolk Ridge, responsible for the deposition of the Lower Bourail Flysch, is the result of
a tectonic event likely to be associated with New Caledonian metamorphic complex activity

or subduction initiation observed regionally.

5.3.5 Bartonian to Priabonian drowning

The transition between the siliciclastic-dominated deposits of Lower Bourail Flysch and the
calcareous-dominated Middle Bourail Flysch Formation is interpreted to reflect a
transgressive phase associated to a general flooding. Indeed, the proportion of quartz, feldspar

and sedimentary lithics progressively decreases in favour of biogenic debris and foraminifera.
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Benthic foraminifera identified in the Middle Bourail Flysch Formation indicate the nearby
development of a shallow water carbonate platform. As previously suggested, because of its
shallow water character, its nearby position and its contemporaneous age, the Uitoé
Limestones, that directly overlie the sedimentary basement, are very good candidates for the
carbonate source of the Middle Bourail Flysch succession.

The Middle to Late Eocene period is characterised by a regional cooling (Zachos et al., 2001,
2008) and fall of sea level (Miller et al., 2005). These two trends are not in favour of a
development of carbonate platform. Hence we interpret the deposition of Middle Bourail
Flysch Formation as being related to a second phase of drowning of the Norfolk Ridge. The
origin of this second drowning period is not clearly identified. Previously interpreted as the
deepening of the forebulge domain (Maurizot, 2014; Maurizot and Cluzel, 2014), other local
and regional tectonic events could be linked to this period. As the first tectonic uplift, this
drowning phase could be also linked to metamorphic complex exhumation which occurred
between 44 to 38 Ma (Baldwin et al., 2007). Metamorphic complex exhumations are
generally assumed to occur during extensive regimes (Davis and Coney, 1979; Coney, 1980;
Wernicke, 1981; Tirel et al., 2004, 2008), in different geodynamical settings as post-
collisional extension (Wernicke and Burchfiel, 1982; Wernicke, 1985; Davis et al., 1986)
and/or slab-roll back extension (Le Pichon et al., 1981; Jolivet et al., 2009). New Caledonian
metamorphic complex exhumation linked to an extensive regime could be responsible for the

drowning phase.

5.3.6 Late Eocene to Oligocene? uplift and origin of breccias
The Upper Bourail Flysch Formation is 1.2 km thick and is poorly dated. The basal 700 m of

the formation are exclusively composed of clinopyroxene rich sandstones interpreted by

35



857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

Maurizot and Cluzel (2014) to be sourced from distal erosion of basalts (Section 5.1) and the
top 500 m are alternations of clinopyroxene rich sandstones and polygenic breccias that show

an overall coarsening and thickening upward sequence.

Our observations show that the onset of these breccias, interpreted as debris flows, likely
denotes a substantial change in slope values. The angularity and size of elements, the short
lateral extension of beds, the normal grading and amalgamated surfaces supported by clast-
supported basal lags indicate a short transport distance of these breccias which corroborates
the slope destabilisation interpretation (Courjault et al., 2011; Ferry et al., 2015). Major slump
surfaces associated with the breccias and soft sediment deformation such as folds also
corroborate this interpretation. It has been shown that slope breaks located at the mouth of
canyons or gullies can generate a hydraulic jump that leads to the deposition of breccia lobes,
mega-ripples and inclined stratification. Hence we suggest that the Bourail Basin breccias
could be formed in a similar context at the base of a slope in reaction to a very proximal slope
increase and destabilisation. Festa et al. (2016) also show that breccias and olistoliths could be
linked to many diverse tectonic settings, from rift-drift and passive margin to convergent
margin as subduction, obduction or collisional environment. Maurizot and Cluzel (2014)
proposed that the breccias were generated directly by the emplacement of the Montagnes
Blanche Nappe. The onset of the latter would be responsible for slope increase and
intraformational erosion would fed breccia beds present in the Upper Bourail Flysch
Formation. However, the lack of clasts provided by the Poya and Peridotite nappes leads us to
propose an alternative model. The latter would be based on a slope increase of the eastern
domain of the Bourail Basin resulting from a general convergence phase. Interfingered with
this breccia, derived from slope collapse, clinopyroxene rich sandstone could be from a distal

part of the source system from Sedimentary Basement erosion, Norfolk Ridge Eocene
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Volcanism or Poya Nappe, even if for these last two hypotheses, the clinopyroxene source is

contentious and it is difficult to explain the sedimentological process of this fine-grained

clinopyroxene rich sandstone in a subaqueous setting.

6. Conclusion

This detailed sedimentological description and sedimentary source analysis of the CADART-

1/ Nera River section can be summarised as follows:

1.

3.

The Bourail Basin corresponds to a deepwater basin, filled with turbidite sandstone, as
early as the upper Cretaceous. Identification of numerous tectonic contacts within the
sedimentary section and rapid lateral variations of facies (e.g. deltaic sandstones in the
Moindou area and the deepwater character of CADART-1) questions the degree of
allochthony of the sedimentary units from the West coast of Grande Terre.

The upper Cretaceous to Palaeogene interval is fed by multiple sediment sources
whose relative abundance shows important variations with time: (i) pre-existing
sedimentary units (sedimentary basement); (i) contemporaneous carbonate platforms;
(111) upper Cretaceous/Eocene sedimentary cover; and (iv) eroded volcanic rocks of
which their origins are discussed.

We provide evidence for several significant phases of subsidence and uplift. While the
uppermost Eocene evolution is very likely the result of pre-obduction sedimentary
nappe emplacement, the other phases could result from other local tectonic events
linked to metamorphic complex history, regional Tectonic Event of Cenozoic in the
Tasman Area (TECTA as of Sutherland et al. (2017)), or palaeoclimatic events as

observed in New Zealand.
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4. We also discuss the mechanism for the origin of the breccias and their syn-tectonic
character. Their organisation and reworked components do not allow us to link these
breccias to the sedimentary nappe emplacement and could be linked instead to margin

slope-increase which favours dissection of previous sedimentary cover.

This study builds a new framework of the Late Cretaceous — Eocene sedimentary units
present in New Caledonia and proposes new alternatives for tectono-sedimentary evolution of
the Bourail Basin region. Notably, according to this new interpretation of the sedimentary
record of the Bourail Basin, effects of the convergence in Northern Zealandia are not showing
up before Lutetian and even maybe as late as Priabonian, which implies a fast transition from

collision to obduction..
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Figure captions

Figure. 1: (a) Regional bathymetric map of the south west Pacific between New Caledonia
(NC), New Zealand (NZ) and Australia (AU) with location of the main morphobathymetric
features. Red dotted line delimitates the Zealandia continent (Mortimer et al., 2017).
Bathymetric data are from Global Predicted Bathymetry V18.1 (Smith and Sandwell, 1997).
(b) Simplified geological map of New Caledonia modified after (Maurizot and Vendé-
Leclerc, 2009). The black rectangle shows the location of the study area. (¢) Simplified

geological cross section of Grande Terre modified after Maurizot and Vendé-Leclerc (2009).

Figure. 2: Lithostratigraphy of the New Caledonian sedimentary succession from Upper
Cretaceous to Oligocene (modified after Tissot and Noesmoen, 1958; Avias, 1967; Paris,
1981; Cluzel et al., 2001, 2018; Maurizot, 2011; Maurizot and Cluzel, 2014; Maurizot et al.,
2020a). Lithostratigraphic units are associated with the major tectonic events which marked

New Caledonian geological history. St= silt; F= fine; M= medium; Pbl; pebble.

Figure. 3: (a) Geological map of the Bourail anticline and position of the CADART-1 well
complemented with the Nera River section (after Maurizot et al., 2020a). (b) Schematic cross

section of the Bourail anticline showing the CADART-1 / Nera River section.

Figure. 4: Composite log of the CADART-1 well and Nera River section with new

lithostratigraphic divisions and subdivisions from this study. Relative thicknesses are from

57



1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

bottom and top of the CADART-1 well. Samples for petrography, biostratigraphy and

mineralogical point counting analysis are shown.

Figure. 5: (a) Core photo of the six main facies associations present in the Gouaro Formation
and in the Mamelons Rouges Beds Formation. (b) Core photo of secondary pyritic
mineralization and (¢) Dendritic white gypsum mineralisation on core surfaces observed along

the “Mamelons Rouges Beds Formation™.

Figure. 6: (a) Synthetic sedimentological log (1:500 scale description) of the Gouaro
Formation illustrating lithofacies succession. The legend of facies association is detailed in
Fig. 4. (b) Graphic sedimentary log (1:50 scale description) illustrating the facies succession
in a sandy package. Hyperspectral data are shown in SWIR (short-wave infrared region) and
TIR (thermal infrared region) wavelength domain. Cl= clay; St= silt; vF= very fine; F= fine;

M= medium; C= coarse; vC= very coarse; G= granule; Pbl= pebbles; Cbl= cobbles.

Figure. 7: (a) Well core photos of the four facies associations present in the Adio Limestone
Formation. (b) Well core photo zoomed on particular features of this formation: 1. Soft
sediment deformation; 2. burrow filled by bioclastic grainstone; 3. Sharp grain size increase in

middle of FAcl; 4. Erosional basal contact of bioclastic grainstone bed.

Figure. 8: Synthetic sedimentological log (1:500 scale description) of the Adio Limestone

Formation illustrating lithofacies succession and mineralogical composition from
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hyperspectral data in the SWIR (short-wave infrared region) and TIR (thermal infrared
region) wavelength domains. v.F= very fine; F= fine; M= medium; C= coarse; v.C= very

coarse; G= granule.

Figure. 9: (a) Well core photos of the five main facies associations present in the Lower

Bourail Flysch Formation. These facies associations are described in Table 1.

Figure. 10: (a) Synthetic sedimentological log (1:500 scale description) of the Lower Bourail
Flysch Formation illustrating facies association successions in one of the sandy packages. See
Fig. 4 for the facies association legend. (b) Graphic sedimentary log (1:50 scale description)
illustrating facies succession in a sandy-dominated interval. Hyperspectral data are shown in
SWIR (short-wave infrared region) and TIR (thermal infrared region) wavelength domain.
Cl= clay; St=silt; v.F= very fine; F= fine; M= medium; C= coarse; v.C= very coarse; G=

granule; Pbl= pebbles; Cbl= cobbles.

Figure. 11: (a) Typical coarsening and thickening upward metric sequence of calcareous
sandstone present in the Middle Bourail Flysch Formation. See Fig. 4 for the facies
association legend. (b) Photo of 2 mains facies association present in this formation. Cl= clay;

St=silt; v.F= very fine; F= fine.
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Figure. 12: Main features of the Upper Bourail Flysch Formation. (a) Centimetre-thick
turbiditic bed of normal-graded, medium grained clinopyroxene rich sandstone interbedded
with argillites. (b) Metre-thick turbiditic bed of coarse grained clinopyroxene rich sandstone
with traction carpet marked by centimetre-thick sedimentary clasts. (¢) Polygenic, clast
supported, moderately sorted, subangular clasts breccia with a clinopyroxene rich sandstone
matrix. (d) Polygenic, matrix supported, subangular and moderately sorted breccia with
micritic mudstone, silicified mudrock and sandstone clasts. (e) Poorly sorted, polygenic,
matrix supported breccia with clinopyroxene rich sandstone matrix. Silicified mudrocks,
micritic mudstones with planktonic foraminifera and siliceous nodules, sandstone and
siltstone clasts, and foraminifera-rich, shell debris-rich bioclastic grainstone with red algae

and coral fragments are the main components of these breccias.

Figure. 13: Outcrop photos of different breccia facies present in the Upper Bourail Flysch
Formation. (a) Outcrops panorama of the Upper Bourail Flysch member with typical
clinopyroxene rich lithofacies FAm4/FAmS5 and slumped surfaces (red lines). (b) Interbedded
clinopyroxene rich sandstone (yellow colour) with thick bedded, erosional base (red line),
moderately sorted, angular and polygenic clasts breccia (purple colour) with mega-ripples

(dotted black line) which show a westward palacocurrent direction.

Figure 14: Examples of micro-facies observed on thin sections from samples collected along
the CADART-1 / Nera River section for each lithostratigraphic formations. Stratigraphic
position of each sample is indicated in Fig. 4. (a) Micro-facies of the Gouaro Formation and

the Mamelons Rouges Beds Formation. 1: Moderately sorted, fine-grained sandstone with
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subangular quartz, feldspar, and biogenic debris (Inoceram?) (FAm3). 2: Well sorted,
siltstone with subangular quartz and feldspar minerals and muddy matrix (FAm6). 3. Well
sorted, very-fine grained sandstone with angular quartz and feldspar (FAmS). (b) Micro-facies
observed on the Adio Limestone Formation. 4: Bioclastic grainstone with shell and bryozoan
debris and siliciclastic clast as subrounded quartz grain (FAcl); 5: Micritic mudstone with
planktonic foraminifers (FAc4). (¢) Micro-facies of the Lower Bourail Flysch Formation. 6:
Poorly sorted, fine-grained sandstone with subangular quartz, sedimentary lithics and
undifferentiated biogenic debris (FAm3). 7: Well sorted, fine-grained sandstone with
subangular quartz, feldspar and silicified mudrock clast (FAm4). (d) Micro-facies of the
Middle Bourail Flysch Formation. 8: Poorly sorted, medium-grained calcareous sandstone
with benthic foraminifers, algae clasts and quartz grains (FAm4). 9: Poorly sorted, medium to
fine-grained calcareous sandstone with benthic foraminifers debris, angular to subangular
quartz and feldspar grains and coarse grain size of sedimentary lithics (FAm4). 10:
Moderately to well sorted siliciclastic limestone with a grainstone texture and millimetre thick
benthic foraminifers (numulites) (FAm4). (e) Micro-facies of the Upper Bourail Flysch
Formation. 11: Moderately sorted, medium-grained sandstone with angular quartz and
feldspar grains and subrounded sedimentary lithics as silicified mudrock clasts and siltstone
clasts (FAm2). 12: Well sorted, medium-grained clinopyroxene-rich sandstone with medium
grain size silicified mudrock clasts (FAm3). 13: Well sorted, fine-grained cpx-rich sandstone
with presence of subrounded quartz, silicified mudrock clasts and micritic mudstone clasts

(FAm3).

Figure. 15: Evolution of depositional change and interpretation of sedimentary processes,

sources and vertical evolution of series present along the CADART-1 / Nera River section.
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Table captions

Table. 1: Table summarising lithofacies and equivalence with Mutti facies (Mutti, 1992) and
interpretations in terms of flow processes based on Mulder and Alexander (2001). Cl= clay;

vF= very fine; M= medium; vC= very coarse; Pbl= pebbles.

Appendix

Appendix A: Mineralogical point-counting result along the Bourail Flysch Group in the
CADART-1 well and Nera Rive section. Planktonic and Benthic foraminifera, Siliciclastic,
Calcareous, Chert, Metamorphic / Volcanic clast, Clinopyroxene, Feldspar and Quartz are the
main component of the Bourail Flysch Group. See Figure 4 for composite and Hyperspectral

legend.
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mudrock

Lithofacies | Code Description Flow Types
Thick FAc1 Light-grey, thick bedded, sharp to erosional based, | Hyper to
bedded homogeneous to normally graded, medium to coarse- | concentrated flow

c bioclastic grained with some sharp grain size increase; massive to | /

o grainstone plane-laminated bioclastic limestone with a grainstone | By-passing flow

_}3 texture and preserved bed top in some case

8 Massive to FAc2 Light-grey, heterogeneous, faint or deformed plane- | ?

7 normally laminated, strongly deformed by soft sediment

© graded deformation bioclastic limestone with a packstone

a bioclastic texture. Plane laminations are marked by fine to medium

IS packstone grained bioclastic lamina.

S Bioclastic FAc3 Dark grey homogeneous, bioturbated (Planolites) and | ?

a lime- massive calcareous siltstone with a wackstone texture

8 siliciclastic and several bioclastic interval deformed by soft sediment

= wackstone deformation

O

8 Mudstone FAc4 Massive and homogeneous micritic limestone with a | Pelagic
with mudstone texture with planktonic foraminifers. Several | fall-out
planktonic centimeter thick silicifieous nodules and compaction
foraminifera structures are present (stylolite).
Sandy FAm1 Massive to normally graded, clast supported, sandy | Grain flow
matrix matrix breccia. Clast are poorly sorted, angular, and
polygenic polygenic. Clast size varies from medium pebbles to

S breccia cobbles. In some case, traction carpet are present as

= layer in disorganized breccia. Several decimeter to

O several meter thick bed observe erosional basal contact

8 as amalgamated basal surface or by-pass surfaces.

% Thick- FAm2 Normally graded or massive very coarse to coarse | Hyperconcentrated

) bedded grained sandstone. Facies is organized as several | flow

-% granular to decimeter to meter thick bed with basal erosional by-

Kej coarse- passing surfaces and centimeter thick mudclast lag.

» grained Planar laminations are observed at top of beds and

8 sandstone dewatering structures as dishes are present.

5 Thick- FAM3 Normally graded coarse to medium grained sandstone. | Concentrated flow

2 bedded Several decimeter to meter thick beds has sharp base

o) coarse to contact or erosional base surface as amalgamation.

§'<3 medium- Grain size is fining upward from medium / coarse to fine.

f= grained Planar lamination overlie by ripples forms top of bed and

o sandstone bed caps are preserved.

= Interbedded | FAm4 Normally graded several centimeter to decimeter thick | Turbidity current

o . . . .

= sandstone medium grained sandstone, interbedded with several

o and siltstone centimeter thick homogeneous and bioturbated siltstone.

> ;

Q. (sandy Sandstone beds correspond to Bouma classical

8 heterolithics) turbidites sequence with top-missing sequence (id, te).

5 Tabc Bouma terms are present. Grain size is fining

~ upward to muddy bed caps with bioturbations. Basal

2 contact are sharp and flute or groove cast are also

2 preserved.

° Interbedded | FAm5 Normally graded centimeter thick fine grained sandstone | Turbidity current

Q sandstone interbedded with several centimeter to decimeter thick

‘n and siltstone homogeneous and Dbioturbated siltstone (Fe6).

; (muddy Sandstone beds correspond to Bouma classical

> heterolithic) turbidites sequence with base-missing sequence (ta).

8 Tbcde terms are preserved. Grain size is fining upward

] to muddy bed caps with bioturbations. Basal contacts are

O sharp.

8 Bioturbated FAM6 Massive and homogeneous siltstone highly bioturbated. | Hemipelagic fall-
massive Nereites, Zoophycos and Phycosyphon represent | out
siltstone / majority of bioturbations




Lithofacies | Code Description Flow Types | Simplfied lithofacies log
Thick bedded | FAc1 Light-grey, thick bedded, sharp to erosional based, | Hyper to
bioclastic homogeneous to normally graded, medium to coarse- | concentrated
grainstone grained with some sharp grain size increase; massive to | flow
plane-laminated bioclastic limestone with a grainstone | /
texture and preserved bed top in some case By-passing
flow
c
.g Massive to FAc2 Light-grey, heterogeneous, faint or deformed plane- | ?
@© normally laminated, strongly deformed by soft sediment deformation
8 graded bioclastic limestone with a packstone texture. Plane
N bioclastic laminations are marked by fine to medium grained bioclastic
& | packstone lamina.
w TrTTTTrTTrTT
Q0 C VF M VC Ph
3
= Bioclastic FAC3 Dark grey homogeneous, bioturbated (Planolites) and | ?
g lime- massive calcareous siltstone with a wackstone texture and
o] siliciclastic several bioclastic interval deformed by soft sediment
% wackstone deformation
o
3]
(&) Cl VF M vC Pbl
Mudstone FAc4 Massive and homogeneous micritic limestone with a | Pelagic
with mudstone texture with planktonic foraminifers. Several | fall-out
planktonic centimeter thick silicifieous nodules and compaction
foraminifera structures are present (stylolite).
Q
" Qv M VG Pol
Sandy matrix FAm1 Massive to normally graded, clast supported, sandy matrix | Grain flow
polygenic breccia. Clast are poorly sorted, angular, and polygenic.
breccia Clast size varies from medium pebbles to cobbles. In some
case, traction carpet are present as layer in disorganized
c breccia. Several decimeter to several meter thick bed
.g observe erosional basal contact as amalgamated basal
© surface or by-pass surfaces. G vF M vC PHl
o
8 Thick-bedded | FAmM2 Normally graded or massive very coarse to coarse grained | Hyperconcentr
9] granular to sandstone. Facies is organized as several decimeter to | ated flow
© coarse- meter thick bed with basal erosional by-passing surfaces
g grained and centimeter thick mudclast lag. Planar laminations are
‘O sandstone observed at top of beds and dewatering structures as
R dishes are present.
)
3
5 Thick-bedded | FAm3 Normally graded coarse to medium grained sandstone. | Concentrated
o coarse to Several decimeter to meter thick beds has sharp base | flow
» medium- contact or erosional base surface as amalgamation. Grain
g grained size is fining upward from medium / coarse to fine. Planar T
x sandstone lamination overlie by ripples forms top of bed and bed caps =
e are preserved. o I
Cl VF M vC Pbl
2
9] Interbedded FAm4 Normally graded several centimeter to decimeter thick | Turbidity
S | sandstone medium grained sandstone, interbedded with several | current
S, | and siltstone centimeter thick homogeneous and bioturbated siltstone.
Q. | (sandy Sandstone beds correspond to Bouma classical turbidites
8 heterolithics) sequence with top-missing sequence (id, te). Tabc Bouma
5 terms are present. Grain size is fining upward to muddy bed
- caps with bioturbations. Basal contact are sharp and flute or === S
o groove cast are also preserved. Cl vF M vC Pbl
=
8 Interbedded FAm5 Normally graded centimeter thick fine grained sandstone | Turbidity _
‘O | sandstone interbedded with several centimeter to decimeter thick | current - =
o and siltstone homogeneous and bioturbated siltstone (Fe6). Sandstone
D (muddy beds correspond to Bouma classical turbidites sequence v
- heterolithic) with base-missing sequence (ta). Tbcde terms are =
g preserved. Grain size is fining upward to muddy bed caps =
o) with bioturbations. Basal contacts are sharp. T T T T T T
@ Cl VF M vC Pbl
S
S Bioturbated FAm6 Massive and homogeneous siltstone highly bioturbated. | Hemipelagic
3] massive Nereites, Zoophycos and Phycosyphon represent majority | fall-out /v
O | siltstone / of bioturbations <1
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