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Abstract. Glauconite is an authigenic mineral reputed to form during long-lasting contact between
a nucleus (a pre-existing phyllosilicate) and seawater. This protracted contact makes it possible to
subtract the ions necessary for the construction of the neoformed phyllosilicate, here, glauconite
(a mineral very close to an illite, rich in K and Fe). As a result, glauconite is often associated with
sediments deposited in a transgressive context with a strong slowdown in the rate of sedimentation
and a relatively large water layer thickness. This is the case of the Cenomanian chalk of Boulonnais
(north of France). Being chemically and physically resistant, glauconite is a mineral that is often
reworked, like quartz grains. This is frequently the case of the Jurassic deposits of the Boulonnais,
where glauconite, almost ubiquitous, either in traces or in significant proportions of the sediments,
presents a grain size sorting attesting to its transport and reworking. However, these Jurassic deposits
are shallow (shoreface, upper offshore), which supports the idea that the “glauconite factory” was itself
in the shallow areas of the Boulonnais. The only identified Jurassic facies of the Boulonnais where
glauconite is both relatively abundant, large in size and unsorted (non reworked) are oyster reefs that
formed at the outlet of cold seeps linked to a late-Jurassic synsedimentary tectonic (Kimmeridgian,
Tithonian). Our work makes it possible to hypothesize that isolated oyster reefs were environments
combining the redox conditions and in contact with seawater favoring the authigenic formation of
glauconite. The weakly reducing conditions necessary for the formation of glauconite here are attested
by the contents of metallic trace elements sensitive to redox conditions (vanadium, germanium,
arsenic, in this case). Our work thus adds a new element to the understanding of the mechanisms
of formation of glauconite in shallow environments.
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1. Introduction

Glauconite and other green minerals (berthierine,
odinite, etc.) are authigenic sedimentary minerals
that form slowly at the sediment-water interface
or in its immediate vicinity, as is known, especially
since the work of Odin and Matter [1981]. The for-
mation and growth of these phyllosilicates require
protracted exchanges between a nucleus (usually a
pre-existing clay mineral) and seawater. Glauconite
is a mineral close to an illite, rich in potassium and
iron, present in both Fe?* and Fe3* forms simultane-
ously. Its formation therefore requires weakly reduc-
ing conditions allowing the co-existence of ferrous
ions and ferric ions. A case favoring the formation
of glauconite may meet the following conditions
[Chamley, 2001, Meunier and El Albani, 2007, Velde,
2014, Banerjee et al., 2016a,b, Bennett and Canfield,
2020]: (1) the presence of organic matter is crucial,
because its decomposition favors the development
of oxygen-poor conditions and, therefore, reducing
micro-milieus (fecal pellets, interior of foraminifera
tests). Simultaneously, organic decay allows the re-
lease of iron initially bound to organic matter. (2) The
oxidation of pre-existing pyrite also makes iron avail-
able, although this element is usually not abundant
in dissolved form in seawater. (3) Finally, a long pe-
riod of exchange with seawater allows the capture
and incorporation of K* ion into the crystal lattice
during neoformation (authigenic growth). This min-
eral is therefore able to undergo and record the pa-
leoenvironmental conditions that prevailed at the
sediment-water interface (or at shallow depth be-
neath it) during its authigenic growth. This character
of redox marker is central to the study proposed here.
This character has very rarely been studied on the
basis of the content of trace elements sensitive to
redox conditions [Tribovillard et al., 2021] because,
to the best of our knowledge, previous studies fo-
cused on the content of major elements [e.g., Balder-
mann et al., 2022, and reference therein]. This work
therefore represents an unprecedented approach to
understanding the formation of this mineral that is
relatively ubiquitous in time and space on the scale
of geological ages. This mineral has been extensively
studied but is not fully understood, although a lot is
known. Due to its mode of formation, glauconite is
reputed to originate mainly from offshore areas of
the continental shelf where sedimentation rates can

be (extremely) low. This makes it a tool for identi-
fying episodes of marine transgression in sequence
stratigraphy patterns [e.g. Amorosi and Centineo,
2000, Hesselbo and Huggett, 2001, Banerjee et al.,
2022]. Simultaneously, many studies have shown
that glauconite could also appear in proximal envi-
ronments, possibly estuarine or lagoonal-lacustrine
[El Albani et al., 2005].

In the Mesozoic of Boulonnais (Northernmost
France; Figure 1), glauconite is very often mentioned
in the Jurassic deposits as well as under the base of
the Chalk formation (glauconious sandstone of the
Aptian-Albian), and in the lower part of the Chalk of
Cenomanian age [Mansy et al., 2007]. If the Cenoma-
nian glauconite is interpreted as having formed con-
temporaneously with the chalk deposition [Amorosi
and Centineo, 2000], in connection with the great
transgression of the Upper Cretaceous and the con-
comitant decrease in sedimentation rates (synsedi-
mentary glauconite), the glauconites of the Aptian-
Albian sandstones and those of the Jurassic forma-
tions studied here show a grain size sorting attesting
to their reworking (unpublished results included in
this article). Thus, is it possible to consider that these
reworked glauconites were initially formed in shal-
low environments, perhaps estuarine ones? Finally,
the Jurassic deposits rich in reworked glauconite be-
ing also rich in small oyster shells (rnanogyra) put
in place during storms, the question arises as to
whether the sources of glauconite could be the oys-
ter reefs identified in the Kimmeridgian-Tithonian
Argiles de Chatillon Formation [Hatem et al., 2014].
Thus, the questions addressed here are: (1) Are oyster
reefs the glauconite factory fueling storm deposits?
(2) Given that the Upper Jurassic formations were
deposited under conditions that were more reduc-
ing and more favorable to the accumulation of or-
ganic matter than those that prevailed during the
deposit of the Cenomanian chalk, it is wondered
whether the glauconites—possible markers of the
conditions at the sediment-water interface—are en-
riched in redox-sensitive trace elements in Jurassic
deposits compared to what is observed in the chalk.

2. Geological background
2.1. Stratigraphic framework

From the much detailed explanatory note of the ge-
ological map of Marquise [Mansy et al., 2007], the
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Figure 1. (A) Location of the studied zone within the English Channel. (B) Detail of the coastline of the
Boulonnais with the sampling sites mentioned. (C) View of the glauconite-rich basal level of the Cenomanian
chalk, the so-called Tourtia level. (D) Stratigraphy of the Upper Jurassic-Cretaceous formations of the Boulonnais.
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Figure 2. (A) An oyster patch reef on the beach called “La Siréne” at Cap Gris-Nez. (B) Close up view of
the oyster reef. (C) The carbonate bed (arrow) separating the Gres de Chatillon Fm. (below) and the Argile
de Chatillon Fm. (above). The scale bar is 2 m long. This bed, called the “Boundary Bed”, is colonized by

sparse, small dimension, patch reefs (D).

stratigraphic framework of this study (Figure 1) can
be sketched as follows. The study area extends from
Cap de la Creche (south of the town of Wimereux)
to Cap Blanc Nez (Figure 1) and presents outcrops
ranging in age from the Tithonian to the Cenoma-
nian. The geological formations studied in this work
start with the upper part of the Gres de Chatillon
Formation (Fm.), deposited in a very shallow con-
text. These sandstones are overlain by dark marly
formations indicating a greater water depth: the

Argiles de Chétillon Fm. (Figure 2). The transition
from the Gres de Chatillon to the Argiles de Chatil-
lon is marked by a specific bed containing small oys-
ter path reefs [the so-called Boundary Bed of Hatem
et al., 2016; Figure 2]. The top of the Argiles de
Chatillon corresponds to the return to shallow-depth
conditions of deposition, with the presence of the
Gres de la Creche Fm. (Supplementary Figure S1).
Above, come two marly formations, the Argiles de
la Creche and the Argiles de Wimereux formations.
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These two formations are separated by a meter-
scale alternation of diagenetic limestone beds and
marly interbeds: the Bancs Jumeaux Fm. [Tribovil-
lard et al., 2012]. This formation is marked at its
base and top by two discontinuity surfaces rich in
phosphate debris and glauconite, the levels P1 and
P2, respectively (Supplementary Figure S2). The end
of the Jurassic marine-deposition episode is repre-
sented by an alternation of limestone beds and marly
interbeds, both facies being glauconious (the For-
mation des Argiles et Calcaires of the Tour de Croi,
a.k.a. Assises de Croi), which are overlain by shal-
low, detrital deposits showing conglomerates and
sandstones with storm structures (Conglomérat de
la Rochette and Gres de la Pointe aux Oies; Sup-
plementary Figure S3). The regression that charac-
terizes the transition from the Jurassic to the Creta-
ceous is echoed by freshwater carbonate stromato-
lites (Purbeckian facies) overlain by continental de-
posits (Wealdian facies). The Cretaceous transgres-
sion will be marked by the deposition of green sands
and sandstones from Aptian to Lower Albian age.
The middle and upper Albian is made of clay and
marl deposits, sometimes glauconious (the so-called
Argiles du Gault, a.k.a. the Saint-P6 and Lottinghen
formations). The Cenomanian witnessed the estab-
lishment of conditions conducive to the deposition
of chalk, which lasted until the end of the Creta-
ceous. The initial meters of chalk (the Strouanne Fm.)
are very rich in glauconite. The basal level of this
formation, called Tourtia, is very dark, and remark-
ably abundant with glauconite (Figure 1). This con-
spicuous level has a regional extension. The Ceno-
manian continues with the clayey chalk of the Pe-
tit Blanc Nez Fm.; glauconite is only present in
small quantities, restricted to certain horizons. This
brief presentation is illustrated in Supplementary
Figure S4.

2.2. Short presentation of glauconite

Glauconite is a hydrous phyllosilicate rich in iron
and potassium with the formula: (K, Na)(Fe**,Fe?*,
Al,Mg), 3I[Si3(Si,A)O10](OH),,4H,0) is a mineral
generally interpreted to be of diagenetic origin
[Odin and Matter, 1981, Amorosi, 1995, El Albani
et al., 2005, Banerjee et al., 2016a,b, Lopez-Quirds
et al., 2020]. Some conditions are commonly in-
voked to account for the formation of glauconite at,

or close to, the sediment-water interface: reduced
sedimentation rates allowing long-lasting availability
of dissolved cations, together with oxygen-depleted,
mildly reducing, conditions [Odin and Matter, 1981,
Meunier and El Albani, 2007, Choudhury et al., 2021,
Huggett, 2021]. Glauconite usually appears as lo-
bate grains (pellets), with frequent cracked surfaces
[Boyer et al., 1977, Bayliss and Syvitski, 1982]. Along
with its K, O concentration, the morphologic charac-
teristics of glauconite are used as criteria to estimate
the duration of the authigenic formation of this min-
eral [Velde, 2014]. Finally, glauconite is commonly
used as a tool for reconstructing sea-level variations
[e.g., Banerjee et al., 2008, 2016a,b, Amorosi and
Centineo, 2000, Hesselbo and Huggett, 2001, Huggett
etal., 2017].

3. Materials and methods

Table 1 summarizes the sampling conducted for this
study. We completed the chalk sampling [Tribovillard
et al.,, 2021] with samples from the Tourtia level, very
rich in glauconite, taken from two outcrops between
Strouanne and Cap Blanc Nez (Figure 1). To examine
transgressive episodes of the Upper Jurassic, in or-
der to compare them to the transgression of the base
of the Cenomanian chalk, we sampled the transition
from sandstone deposited in a very shallow environ-
ment to marls that are first sandy/silty and then pro-
gressively more clayey upward: the transition from
the Grés de Chatillon Fm. to the Argiles de Chatil-
lon Fm. (Figure 2) and the one from the Gres de la
Creche Fm. to the Argiles de la Creche Fm. (Supple-
mentary Figure S1). In the Argiles de Chatillon, we
studied in particular the oyster reefs at the base of
the formation (Figure 2), and the levels of tempestites
showing a lumachel (a.k.a. coquina bed) facies where
the rock is only made of compressed shells of small
oysters [dominantly nanogyra nana, accessorily n.
virgula, Firsich and Oschmann, 1986; Figure 3].
Several of these tempestites have been examined,
in particular the one accompanying the Kimmerid-
gian/Tithonian boundary that separates the forma-
tion of the Argiles de Chatillon in two parts, as well
as lenticular lumachels scattered in the claystone
level located immediately below the Kimmeridgian-
Tithonian boundary. We have also examined shell-
rich levels in which oyster shells are abundant but not
exclusive as they are in lumachels: levels P1 and P2
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Table 1. Recapitulation of the sampling site along the Boulonnais coastline

Age Geological formations

Sampled levels

Location (see Figure 1)

Cenomanian Chalk

Glauconious chalk at the lowermost

Beach between Strouanne

part of the formation and Cap Blanc Nez
Cretaceous Aptian-Albian Dark-colored sandstones visible at Strouanne beach
sandstones low tide
Assise de Croi Two shell-rich carbonate levels Pointe aux Oies
and one marly interbed (N Wimereux)
Bancs Jumeaux P1 and P2 levels and each of the Pointe aux Oies
marly interbeds (N Wimereux)
Argiles de la Creche Silty marls at the very base of the Rochers du Fort Croi
formation (S Wimereux)
Gres de la Creéche Two green-colored marly Rochers du Fort Croi
interbeds of the topmost part of (S Wimereux)
Jurassic the formation (Tithonian)
Argiles de Chatillon Coquina beds of the North of Audresselles
Kimmeridgian-Tithonian (Cran du Noirda)
boundary and immediately
below it
Argiles de Chatillon Silty marls at the base of the North of Audresselles
formation evolving to black shales (Cran du Noirda)
(Kimmeridgian)
Argiles de Chatillon Opyster patch reefs at the base North of Audresselles (Cran

of the formation (the
Boundary Bed, Kimmerdigian)

du Noirda) and Cap Gris
Nez (plage de la Siréne)

See Figure 1 for their location.

of the Bancs Jumeaux Fm. (Supplementary Figure S2)
and three levels of the Assises de Croi Fm.: two lime-
stone levels and a marly inter-bed (Supplementary
Figure S5).

The glauconite grains were isolated through the
following protocol. Samples were digested with HCI
to dissolve the carbonate phases before being rinsed.
Several rinses were carried out with the necessary
time for minerals heavier than clays to settle and
to be removed with the supernatant. This operation
was repeated at least 25 times, until the liquid kept
limpid. What remained in the beakers was grains of
glauconite and quartz (plus some accessory miner-
als and woody fragments). Glauconite was then sepa-
rated from quartz using a Frantz magnetic separator.
The grain size of the glauconite particles was stud-
ied using a laser beam-equipped analyzer Malvern
MasterSizer [protocol described in Trentesaux et al.,

2001]. The glauconite particles were imaged using a
scanning electron microscope (SEM) equipped with
a EDS-type analytical probe. The grains were also
analysed by X-ray diffraction (XRD) to determine
their mineralogy according to the standard protocol
described in Bout-Roumazeilles et al. [1999] and Tri-
bovillard et al. [2021]. XRD was carried out on both
oriented mounts and non-oriented mounts to fully
discriminate glauconite from illite. Lastly, the ele-
mental composition (major and trace elements) of
the glauconite grains was analysed at the CNRS ana-
lytical facility: the Rock and Mineral Analysis Service
(SARM), in Vandoeuvre-les-Nancy [see details of the
analytical protocol (ICP-OES and ICP-MS) in Carig-
nan et al., 2004]. Some bulk-rock, coquina bed sam-
ples were analysed with a Thermo CHNS elemen-
tal analyser to determine the abundance of sulfur
(pyrite) in this facies.
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Figure 3. (A,B) Examples of glauconite grains from the oyster reefs. (C,D) Examples of glauconite grains
contained in the coquina beds. Note their smaller dimensions and the marked corrosion. (E,F) Thin
section observation of a coquina bed showing the dense packing of the oyster shells locally cemented
with pyrite (E; white arrow) and containing glauconite grains (F; black arrows).
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4. Results

Mineralogical analyses show that the green grains
observed in this study are all glauconite. Tribovil-
lard et al. [2021] had made this observation for chalk
samples and it can be extended to all Jurassic and
Aptian-Albian samples studied here. This seems to be
a constant of the Mesozoic sedimentary deposits of
the Boulonnais. Glauconite is almost omnipresent in
our samples, but in very contrasting proportions. It
has only been detected in quantities allowing its ex-
traction and analysis in the chalk, the Aptian-Albian
sandstones, the oyster reefs, the P1 and P2 levels,
the Assises de Croi and the lumachels. In the later,
glauconite is present but in variable amounts accord-
ing to the samples, not always allowing grain size
analysis (Figure 4 and Supplementary Figures S6-
S8), even when rock samples of 500 g are studied.
These lumachels are sometimes very rich in pyrite,
seen in the form of cement (Figure 3) and not fram-
boids. Their sulfur content can reach 28 wt%, which
is considerable. Moreover, these rocks are very hard
under the hammer and are difficult to fragment. It
is observed that the richer the lumachels in pyritic
cement, the less abundant the glauconite; the glau-
conite grains seen are of very small size and appear
corroded when observed under the microscope (Fig-
ure 3).

In all the other samples studied, glauconite grains
are systematically present but in insignificant quan-
tities. The grain size analyzes of the samples rich in
glauconite make it possible to distinguish two cat-
egories of samples, those where the grains of glau-
conite are poorly sorted (all the samples from the
chalk and those from the oyster reefs) and those
where the grains of glauconite are well sorted (all oth-
ers; Figure 4 and Supplementary Figures S6-S8). The
poorly sorted glauconite grains are also larger in size
than the others. Regarding the samples from the As-
sises de Crofi, where the glauconite is well sorted, the
limestone levels show a mode at 78 um and 65.5 um,
respectively, while the marly inter-bed shows a mode
at 34 um (Supplementary Figure S7).

In the samples where glauconite is well sorted, the
grain size distribution of the quartz grains (isolated
through magnetic separation) shows an even better
sorting. See for instance the P1 and P2 samples or the
Atian-Albian samples (Figure 4). Glauconite being
usually a bit denser than quartz (2.40-2.95 g/cm?®

P-rich levels of the Bancs Jumeaux Fm.
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Figure 4. Illustrations of the grain size distribu-
tion patterns for glauconite and quartz grains
of the P1 and P2 levels of the Bancs Jumeaux
Fm., the Aptian-Albian sandstones and the
Cenomanian chalk. The arrow points to a clay-
sized fraction of glauconite probably released
during grain wear induced by the measuring
device.
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Table 2. Chemical composition of 16 samples from various formations

Samples As Co Cr Cu Ge Ni u v Zn Si02 AI203 Fe203 MnO MgO CaO Na20 K20 TiO2 P205 LOI Total
Mg/g | ug/g | ug/g | WO/g | MO/g | Mg/g | Mg/g | Wglg | KO/g % % % % % % % % % % % %
cengl'::l’;‘ia" 587 259 115 36 50 531 015 962 555 5082 7.81 201 <LD. 41 031 002 821 005 <LD. 7.61 9886
Tourtia 1
Challcbase | 555 253 110 <LD. 47 494 010 868 468 5252 7.54 1937 <LD. 382 030 002 7.85 006 <LD. 7.45 9892
Jourtia2 | 543 250 118 <LD. 50 467 0.3 90.5 516 5161 7.46 2015 <LD. 3.84 031 <LD. 83 005 <LD. 7.35 98.80
Chalk base : : 8 - . b d d g E A .D. 3. L .D. 8. I .D. | 7. y
ONMM 586 243 115 488 48 530 013 920 549 5303 766 1959 <LD. 398 038 003 819 006 <LD. 7.29 100.20
Cenom Chalk
ONM 1
Cenom Chalk | 68 | 333 109 288 48 646 009 924 500 5245 795 1946 <LD. 418 031 003 839 004 <LD. 739 100.20
ONM 1
Cenom Chalk | 582 292 113 342 53 688 010 945 582 5251 795 1943 <LD. 427 030 003 848 004 <LD. 7.8 100.29
ONM 1
Cenom Chalk | 69 | 254 125 54 51 526 015 958 543 5231 763 2028 <LD. 397 034 002 825 005 <LD. 743 100.28
Glauconious
Sandotoneq | 251 285 218 95 53 525 031 322 891 5106 1034 17.16 0.016 359 053 005 698 036 <LD. 899 99.07
Asgz’;de 268 99 139 44 81 180 023 132 725 4747 544 2747 <LD. 273 020 003 89 005 017 7.32 9896
Aszi::szde 252 89 138 38 81 188 033 126 727 4766 550 27.41 <LD. 273 020 003 812 005 017 7.26 99.13
Bancs
JumeauePq | 284 147302 131 81 228 085 150 749 4939 734 2297 0017 242 031 008 76 024 027 899 99.07
Bancs
Jumeauxp2 | 272 121280 116 86 177 046 138 718 56.14 658 1914 <LD. 210 042 006 630 022 0.12 816 99.25
°Ysr‘:;f"f‘°" 269 100 138 43 81 180 0413 131 720  47.74 545 27.74 <LD. 237 019 003 890 006 0.18 7.23 99.89
oysr‘:;f"zatc" 260 99 139 39 81 178 013 128 717 4755 542 2714 <LD. 279 020 002 821 004 016 7.62 99.15
°Ysr‘:;f'°3“‘°" 261295 267 230 53 602 068 327 990 50.89 1010 16.76 0.021 352 058 006 678 073 013 9.7 98.64
oys::;f":'ch 269 100 143 115 80 211 027 130 709 4762 548 2717 <LD. 274 019 003 814 005 0.16 7.91 99.50

Blue: the Jurassic samples; green: the Cretaceous ones, Aptian-Albian glauconious sandstones and

Cenomanian chalk.

versus 2.68 g/cm?), the mode of the size distribution
pattern expectedly shifts toward smaller particle sizes
for glauconite compared to quartz. This shift does
not preclude that glauconite and quartz have been
deposited simultaneously. Regarding the sandstone-
to-sandy claystone transition from the Gres de la
Créche to the overlying Argiles de la Creche, i.e.,
formations where glauconite is not significantly
present, a well-sorted distribution is observed for
the carbonate-free fractions of the sediments. In-
cidentally, the fallacious green color observed for
the marly interbeds of the Grés de la Creche must
be ascribed to the presence of green clays in the
absence of glauconite, as evidenced through XRD
analysis.

Finally, the particle size analysis of the poorly
sorted samples using the Malvern apparatus shows
the presence of particles of micrometer size whereas
the extraction protocol should have resulted in their

elimination (arrow on Figure 3 illustrating the grain
size distribution). After separation and analysis
(XRD) of this very fine fraction, it appears to be made
of glauconite. We believe that these very fine parti-
cles are released during the analysis itself, by wear of
the grains circulating into the pipes of the apparatus
(see discussion below, in Section 5.3). Badly sorted
glauconites are therefore more fragile than those that
are well sorted.

The elemental analyses (Table 2) show that the
major elements have a homogeneous distribution for
all the samples studied. In particular, the K,O and
iron contents are relatively high and indicate that the
glauconites can be qualified as mature (or evolved)
or very mature (highly evolved), according to the pi-
oneering work of Odin and Matter [1981]. With K,O
concentrations exceeding 8% of the glauconite com-
position in many samples, the mineral can be said
to be highly evolved, which implies that its evolution
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may have lasted between 100 ky and 1 My, according
to Odin and Matter [1981]. The other samples anal-
ysed have K,O content above 6.8% (evolved glau-
conite). Trace elements show more contrasting distri-
butions. The chalk samples contain more Co and Ni
than those of the Aptian-Albian sandstones and the
Jurassic samples. In contrast, the Jurassic and Aptian-
Albian samples are all enriched in As, Ge, V and Zn
compared to the chalk samples. Among the elements
sensitive to redox conditions, while vanadium is en-
riched, uranium is not and molybdenum is below the
detection limit in most samples. Finally, the distri-
bution of rare earth element (REE) shows that little
difference is observed in the REE patterns from one
sample to another (Supplementary Figure S9). An eu-
ropium anomaly can be observed on each REE pat-
tern. Thus, REE patterns are not a discriminating fac-
tor in the present study.

5. Interpretations
5.1. Synsedimentary versus reworked glauconite

We are faced with two contrasting logics, depending
on whether we consider the glauconites present in
the chalk of the Cenomanian or those present in the
sandstones of the Aptian-Albian or in the Jurassic de-
posits. Previous work [Amorosi and Centineo, 2000,
Tribovillard et al., 2021] showed that the glauconite of
the Boulonnais chalk responded to the typical logic
of formation: very slow sedimentation rate in the
“Chalk Sea” in connection with the great transgres-
sion of the Upper Cretaceous, prolonged exchanges
with seawater at the sediment-water interface, for-
mation of a synsedimentary glauconite rich in iron
and potassium, showing relatively large grains and
an absence of particle size sorting. The long dura-
tion of the exchanges between the seawater and the
sediment-water interface could have been caused by
the reduced flux of particles or by winnowing in-
duced by currents affecting the seabed [Giresse, 1985,
Giresse et al., 2021, see the works of and references
therein]. In contrast, the glauconite of the Aptian-
Albian sandstones and that of most of the Juras-
sic deposits studied here show smaller, well sorted
grains, which are therefore not synsedimentary but
reworked from their source zones. Glauconite be-
ing a relatively dense mineral (d = 2.40-2.95 g/cm?,
most often 2.68 g/ c¢m?), it cannot be assumed that the

grains were brought up from deeper or more distal
zones by ascending marine currents. More probably,
the glauconite grains must have been reworked from
more proximal source zones with an emplacement
linked to the hydrodynamics of the depositional en-
vironment [Huggett et al., 2017]. There is, however,
a Jurassic facies in which the glauconite grains are
not reworked: the oyster reefs observed at Cap Gris
Nez and Cran du Noirda at the base of the Argiles de
Chatillon Fm. Again, the grains are of relatively large
size and do not show particle size sorting (Figures 2
and 3). Many of them have the same morphology as
that of the grains observed within the chalk [Tribovil-
lard et al., 2021]. It makes sense to regard them as
syndeposit, based on the same reasoning as that used
for chalk glauconite.

5.2. Qpyster patch reefs, a glauconite factory?

In the Jurassic deposits, the base of the Argiles de
la Créche Fm. corresponds to a transgression, with
the transition from shoreface sandstones (Greés de la
Creche Fm.) to silty marl being gradually more clayey
upward (Argiles de la Créeche Fm.). Yet, unlike the
Cretaceous chalk transgression discussed above, the
transgressive Jurassic deposits show no glauconite
enrichment. Sparse grains of glauconite are present
but in very low abundance. The carbonate-free frac-
tion is made up of quartz and clay particles (Sup-
plementary Figure S8) with the exclusion of deter-
minable glauconite.

The same logic did not prevail for the chalk and
for the Jurassic deposits; the conditions necessary for
the formation of glauconite in significant quantities
were not met during the episodes of transgression
recorded by the lower part of the Argiles de la Creche.
The simplest hypothesis is that this detrital forma-
tion had a significantly higher sedimentation rate
than that of the Cenomanian chalk, which prevented
protracted exchanges between the sediment-water
interface and seawater. On the other hand, glau-
conite is present in very large abundance in Juras-
sic facies rich in bivalve shells: levels P1 and P2 of
the Bancs Jumeaux, some lumachels of the Argiles
de Chatillon, the beds rich in shells of the Assises
de Croi and finally, the oyster reefs at the base of the
Argiles de Chatillon. This level rich in oyster reefs (the
so-called Boundary bed) which marks the transition
between the shoreface sandstones of the Gres de
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Chatillon and the marly to shaly Argiles de Chatillon
was studied by Hatem et al. [2016]. It is strongly im-
pacted by the precipitation of diagenetic limestone.
If we disregard it, we can make the same observation
as that which was made herein above for the transi-
tion from the Gres de la Creche to the Argiles de la
Creéche: the transgression which caused the evolution
of the deposits of sand to silty/clayey/shale deposits
was not accompanied by syn-deposit glauconite
formation.

Our results show that the glauconite of the oyster
reefs at the base of the Argiles de Chétillon, whether
at Cap Gris-Nez or Cran du Noirda, is clearly synsedi-
mentary, whereas that of the other shell-rich facies is
always reworked. This finding suggests that the reefs
were the source of the glauconite. The glauconite
formed or accumulated in the oyster reefs, and would
have been mobilized at the same time as the shells
during storms (or very strong currents), and rede-
posited in the tempestites (coquina beds) and com-
parable facies (such as the P1 and P2 levels or the
shell-rich bed of the Assises de Croi). Associations
between glauconite and oyster or lumachel reefs are
mentioned in the literature [e.g., Cloud Jr., 1955, Cur-
tis Jr., 1955, Gardner, 1957, Glenn et al., 1994, Videt,
2003, Gréselle, 2007].

Glauconite can form in living oyster reefs because
the conditions conducive to its authigenic formation
are met there:

(1) The presence of abundant organic matter (de-
caying biomass, or necromass, and fecal pellets) pro-
motes the development of low oxygen conditions
[Southwell et al., 2017]. These authors report that
oysters can withstand conditions of low oxygenation
but that then, the development of the reef is limited
by a slowed larval recruitment. However, it is com-
monly observed that suboxic conditions develop lo-
cally in such reefs. Such weakly reducing conditions
favor the formation of glauconite in which iron is
present in the form of Fe?" and Fe®*. More strongly
reducing conditions would favor the Fe?* form and,
in the presence of sulfide ions generated by the activ-
ity of sulfate-reducing bacteria, the precipitation of
pyritewould be observed and not that of glauconite
[Meunier and El Albani, 2007].

(2) As oyster reefs develop in coastal or estuar-
ine environments, iron may be abundant enough not
to be a factor limiting the formation of iron min-
erals [e.g., Mayer, 1982, Jilbert et al., 2018, Herzog

et al., 2020]. In addition, today’s oysters are naturally
rich in iron [e.g., Le Gall, 1948]. If this were also
true for Jurassic oysters, then reefs would have been
an environment particularly favorable to the forma-
tion of glauconite. In addition, the upward growth of
the reefs helps to combat burial and facilitates pro-
tracted exchanges with seawater, allowing time for
glauconite to grow.

In lumachels, glauconite is present but in variable
proportions, always lower than in oyster reefs. On
the other hand, pyrite is very abundant there, not in
the form of framboids but in that of cement bind-
ing the shells. The presence of this pyrite suggests
that reducing conditions may have developed in the
coquina beds in response to the activity of sulfate-
reducing bacteria feeding on the necromass of the
oysters or their excreta. The presence of iron possi-
bly linked to oysters could have favored the forma-
tion of pyrite and the conditions must have been too
reducing for glauconite to form. The ex-situ forma-
tion of glauconite trapped in the coquina beds is at-
tested by the good grain size sorting of the green
grains and their very small size, which show that they
have been reworked (Figure 3). Additionally, recent
work by Toshchakov et al. [2018] report that bac-
teria are able to reduce glauconite in vitro. It in-
volves bacteria coupling hydrogenogenic CO oxida-
tion with the reduction of Fe3™ minerals to ensure
the production of metabolic energy [see also Shap-
kin et al., 2013, Zavarzina et al., 2016]. If this dis-
similatory reduction of structural Fe3* from glau-
conite can be observed on the time scale of labo-
ratory analyses, this suggests that on the time scale
of diagenetic phenomena, a partial destruction of
glauconite may occur. This could contribute to ex-
plain the low presence of glauconite in the facies
of Boulonnais which underwent the most reducing
conditions. This would also explain why the glau-
conite grains in the coquina beds appear unusually
small and corroded when viewed under a microscope
(Figure 3).

5.3. In vitro wear of glauconite grains

Particle size analysis showed that some populations
of glauconite grains released extremely fine fractions
(micrometer scale) during measurement in the in-
strument (probable wear of the grains by the rapid
current inside the measuring instrument). These are
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the glauconite grains from the facies where this min-
eral was formed authigenically (syndeposit: chalk,
oyster reefs). On the other hand, the grains from
reworked deposits (coquina beds, Assises de Crof,
Aptian-Albian sands) do not show this release of
micrometer-sized particles. This observation sug-
gests that the reworked grains are more mechanically
resistant than the other, as if the reworked grains had
already lost their more fragile cortex. However, there
are a few exceptions: some samples with well-sorted
glauconite show the presence of the clay-sized frac-
tion of glauconite (Figure 4 and Supplementary Fig-
ure S7).

5.4. Redox proxy enrichments

A difference is observed in the content of elements
sensitive to redox conditions between the chalk sam-
ples and those of the other deposits (sandstones of
the middle part of the Cretaceous, Jurassic deposits).
The Cenomanian Chalk samples show a relatively
high content of As and V, but not of U or Mo, as de-
tailed by Tribovillard et al. [2021]. The present study
confirms these results and shows that the samples
other than those of the chalk are even richer in As
and V while are not enriched U and Mo. The ab-
sence of enrichment in U and Mo in minerals that
however formed under slightly reducing conditions
is explained by the absence of mineralogical sup-
port from glauconite (for U and for Mo) and the
limitation of sulfide ions that restricts the capture
of Mo [Tribovillard et al., 2021]. On the other hand,
V [which is a well-studied redox tracer; e.g., Breit
and Wanty, 1991, Wanty and Goldhaber, 1992, Huang
et al., 2015, Bian et al., 2022] is known to be eas-
ily incorporated into phyllosilicates during diagene-
sis/authigenesis phases [e.g., Gustafsson, 2019, Ben-
nett and Canfield, 2020, and references therein], and
Asis known for its affinity for iron [Tribovillard, 2020].
However, as we know, glauconite is an iron-rich phyl-
losilicate. The presence of As and V is therefore ex-
pected, since glauconite forms under slightly reduc-
ing conditions. Moreover, these two elements can be
transferred from the water column to the sediment
in the form of organo-metallic complexes, the abun-
dance of organic matter therefore impacts the distri-
bution of these two elements in the sediments [Tri-
bovillard et al., 2006, Tribovillard, 2020, Gustafsson,
2019, Algeo and Liu, 2020, Bian et al., 2022]. If the

idea that the oyster reefs were the source zone of
the glauconite of the Jurassic deposits of the Boulon-
nais is adopted, then their enrichments in As and
V, significantly higher than those of the chalk sam-
ples, would reflect that the environmental conditions
were more reducing and/or richer in organic mat-
ter in the close environment of oyster reefs than at
the time of the chalk accumulation. This interpreta-
tion is reinforced by the distribution of germanium,
a trace element substituting for silicium in silicates,
and showing some redox-dependent behavior [Tri-
bovillard et al., 2011]. The comparatively higher Ge
enrichment in the Jurassic glauconite is consistent
with the interpretation derived above using V and As.

If this result seems logical, it nevertheless shows
that the elemental composition of glauconite can be
used to reconstruct the redox conditions accompa-
nying authigenesis/diagenesis. In this case, this rea-
soning can be applied to the glauconite present in
very large quantities in the sandstones of the Aptian-
Albian at the base of the chalk. This remarkably well-
sorted glauconite was emplaced at the same time as
the quartz grains of this detrital facies. These two
phases are therefore reworked from more proximal
zones on the occasion of the initiation of the great
transgression of the Upper Cretaceous. This great
transgression followed the emersion of the Boulon-
nais [and more broadly of the whole region; Mansy
et al., 2007] that started during the latest Jurassic
[leading to the accumulation of the Purbeckian fa-
cies; Mansy et al., 2007]. The resumption of marine
sedimentation (mid-Cretaceous) induced by the re-
turn of the sea was therefore accompanied by the re-
working of glauconite from more coastal zones, even
estuaries, where the depositional conditions were to
be confined. This confinement is attested by the high
values of As, V and Ge contents, these values be-
ing the highest among those reported in the present
study:.

5.5. Europium anomaly

According to Jarrar et al. [2000], the negative eu-
ropium (Eu) anomaly, commonly observed for glau-
conite, is presumably inherited from the source ma-
terial, that is, the substrate upon which the authi-
genic growth of glauconite took place. The Eu anom-
aly reflects the deficiency of this element in the
Earth’s upper crust, because Eu values low enough to
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induce europium reduction in sedimentary milieus is
seldom observed [Bau and Moller, 1991]. The REE of
glauconites are supplied by lithogenous, clastic ma-
terial, and the contribution of seawater can be con-
sidered to be minimum [Fleet et al., 1980].

6. Conclusion

This work illustrates the diversity of the places where
glauconite can form. In the Boulonnais, glauconite
is formed in relatively deep environments (the bot-
tom of the Cenomanian Chalk Sea), also formed (or
was accumulated) within sparse oyster patch reefs
of Jurassic age, and the Aptian-Albian sandstones,
linked to an incipient major transgression, collected
glauconite probably originating from shallow (estu-
arine?) environments.

In this work, the emphasis is set upon oyster patch
reefs as sites of production of glauconite. The break
up of such reefs during storms allowed glauconite to
be exported downdip basinward together with shells,
accumulating in noticeable proportions in coquina
beds or shell-rich beds.

Comparing glauconites formed in contrasting en-
vironments teaches us that their V, As and Ge con-
centrations are a tool for assessing the redox con-
ditions prevailing during authigenesis, in milieus
where these conditions were mildly reducing. As a
matter of fact, strongly reducing environments fa-
vor pyrite precipitation over, or at the expense of,
glauconite: in such environments, it may be put
forward that glauconite could be (partly) destroyed
post-deposition.
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