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ABSTRACT

Explosive volcanic activity is recorded in the Upper Jurassic of the Paris Basin
and the Subalpine Basin of France by the identification of five bentonite
horizons. These layers occur in Lower Oxfordian (cordatum ammonite zone) to
Middle Oxfordian (plicatilis zone) clays and silty clays deposited in outer
platform environments. In the Paris Basin, a thick bentonite (10-15 cm),
identified in boreholes and in outcrop, is dominated by dioctahedral smectite
(95%) with trace amounts of kaolinite, illite and chlorite. In contrast, five
bentonites identified in the Subalpine Basin, where burial diagenesis and fluid
circulation were more important, are composed of a mixture of kaolinite and
regular or random illite/smectite mixed-layer clays in variable proportions,
indicating a K-bentonite. In the Subalpine Basin, a 2—15 cm thick bentonite
underlain by a layer affected by sulphate—carbonate mineralization can be
correlated over 2000 km?. Euhedral zircon, apatite and biotite crystals have
been identified in all the bentonites. The geochemical composition of the
bentonites in both basins is characterized by high concentrations of Hf, Nb, Pb,
Ta, Th, Ti, U, Y, Zr and low concentrations of Cr, Cs and Rb. Biostratigraphical
and geochemical data suggest that the thick bentonite in the Paris Basin
correlates with the thickest bentonite in the Subalpine Basin, located 400 km
to the south. These horizons indicate that significant explosive volcanic events
occurred during the Middle Oxfordian and provide potential long-distance
isochronous marker beds. Immobile element discrimination diagrams and rare-
earth element characteristics indicate that the original ash compositions of the
thickest bentonites correspond to a trachyandesitic source from a within-plate
alkaline series that was probably related to North Atlantic rifting.

Keywords Bentonites, clay minerals, correlations, Oxfordian, palaeovolcan-
ism, Paris Basin, Subalpine Basin of France.

INTRODUCTION

Callovian and Oxfordian clay deposits from the
eastern part of the Paris Basin have been chosen by
the French government as a future host formation
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fornuclear waste disposal and will initially host an
underground research laboratory (ANDRA, 2000).
The 130 m thick clay deposits were continuously
cored and recovered from ANDRA borehole HTM
102 (Fig. 1A). High-resolution studies (Pellenard
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Fig. 1. Simplified geological maps and location of the studied outcrops and boreholes. (

Basin. (B) Subalpine Basin.

et al., 1999) conducted through the cored section
of the borehole (Fig. 2) have revealed:

1 amajor mineralogical change occurring in the
Lower Oxfordian (mariae ammonite zone, scar-
burgense ammonite subzone) characterized by a
sharp decrease upwards in illite and kaolinite
balanced by an increase in smectitic minerals;

2 the occurrence of at least one smectite-dom-
inated clay band located close to the Lower
Oxfordian/Middle Oxfordian boundary (corda-
tum/plicatilis zones).

The mineralogical evolution may reflect a
major palaeogeographic change (first connection
between the Atlantic Ocean and the Paris Basin,
or a change in detrital source areas) occurring in
the mariae zone related to a second-order maxi-
mum flooding event superimposed on a possible
climatic change from humid to arid conditions
(Dugué, 1991; Pellenard et al., 1999). Identifica-
tion of primary volcanic crystals such as zircon,
apatite and biotite indicates that the smectite-rich

) Eastern part of the Paris

band has a volcanic origin and is therefore a
bentonite (Pellenard et al., 1999). Several
questions arise from this interpretation. What is
the geographical extension of the layer? Are there
other bentonites intercalated in the succession? Is
it possible to establish long-distance correlations
in the Oxfordian using bentonites? What type of
volcanism provides the source of the bentonite,
and where were the volcanic active centres
located?

In order to answer these questions, new inves-
tigations of Oxfordian outcrops in the Paris and
Subalpine Basins were carried out. In the Paris
Basin, a bentonite layer was found in an outcrop
close to St Blin about 20 km to the south of
ANDRA borehole HTM 102 (Fig. 1A). In the
Subalpine Basin, 400 km to the south, coeval
clay deposits correspond to the ‘Terres Noires’
Formation. Several representative sections have
been studied throughout the basin in the search
for bentonite layers (Fig. 1B). As shown below,
volcanic clays were found in 10 sections. The
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bentonites occur at similar stratigraphic levels in
both basins, so it is important to characterize and
attempt to correlate these volcanic deposits in
order to test their potential as long-distance
isochronous markers. Thus, the objectives of this
study were to characterize each bentonite layer
through mineralogical and geochemical investi-
gations and to establish correlations between the
Paris Basin and the Subalpine Basin. In addition,
geodynamic implications of the study will be
examined.

METHODS

Detailed sedimentological logs were obtained
throughout the Oxfordian silty clay formations
in the two study areas. Smear slides, polished

thin sections cut perpendicular to bedding, heavy
mineral studies following heavy liquid separation
and X-ray diffraction (XRD) analysis were used to
characterize the mineral phases in the bentonite
layers. Clay mineral associations were studied
using XRD on oriented mounts. Deflocculation of
clays was done by successive washing with
distilled water after decarbonation of the crushed
rock with 0-2 M HCI. The <2 um clay fraction was
separated by sedimentation and centrifugation.
X-ray diffractograms were obtained using a
Philips PW 1730 diffractometer with CuKa« radia-
tion and Ni filter. A tube voltage of 40 kV and a
tube current of 25 mA were used. Three X-ray
scans were performed, after air drying, ethylene
glycol solvation and heating at 490 °C for 2 h. The
goniometer was scanned from 2-5° to 28-5° 26 for
air-dried and glycol-solvated samples, and from
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2-5° to 14-5° 20 for heated samples. The identifica-
tion of clay minerals was made according to the
position of the (001) series of basal reflections on
the three X-ray diffractograms and followed
international nomenclature (Brown & Brindley,
1980; Reynolds, 1980; Moore & Reynolds, 1997).
Semi-quantitative analyses were obtained from
the area of the (001) series of mineral basal
reflections on the ethylene glycol solvation trace
using MACDIFF 4.1.2 software written by Petschick
(2000). Differential thermal analyses of the clay
fraction were obtained using a SETARAM Tag 24
simultaneous symmetrical thermoanalyser. Geo-
chemical data were obtained using the induct-
ively coupled plasma (ICP) techniques after
LiBO, and HNO; digestion (Nancy CRPG Labor-
atory). Major elements were analysed by ICP-AES
and trace elements by ICP-MS. Ten major and 43
trace elements were determined in whole-rock
samples of both bentonites and associated shales.

IDENTIFICATION OF BENTONITES

Field and borehole identification

Eastern Paris Basin

Oxfordian sediments from the Paris Basin have
been studied for many years (Debrand-Passard
et al., 1980; Dugué, 1991; Lefrancois et al., 1996),
but volcanogenic deposits have not been recog-
nized previously. This probably reflects the dif-
ficulty in identifying individual millimetre-thick
to centimetre-thick clay bands intercalated in a
thick homogeneous clay-rich formation. In the
eastern part of the Paris Basin, the Callovian—
Oxfordian deposits, including the Argiles de la
Woévre, Argiles a Chailles and Marnes des Epar-
ges Formations, consist of 130 m of clays and silty
clays with occasional carbonate beds that occur
mainly in the topmost part (Fig. 2). The first
identification of a bentonite was in ANDRA
borehole HTM 102: XRD analyses of the clay
fraction in closely spaced samples (one sample
every 50 cm) revealed the occurrence of a single
smectite-dominated horizon (bentonite Htm, sam-
ple Htm102) within illite—smectite-rich (I/S)
enclosing clays and marls (Fig. 2; Table 1). In
the core, this clay band, located at 35142 m
depth, is visually almost indistinguishable from
the enclosing shales (Fig. 3A). Only rare ammon-
ites were found near the bentonite, which prob-
ably occurs close to the boundary between Lower
and Middle Oxfordian (Pellenard et al., 1999).
The same layer Htm was identified in two other

boreholes, ANDRA EST 103 (sample Est103) and
ANDRA EST 104 (sample Est104), located 3 km to
the north (Fig. 1, Table 1), and these were corre-
lated with borehole HTM 102 using well logs
together with biostratigraphic evidence (ANDRA,
2000; Fig. 2). Only poor outcrops are available in
this area, the above-mentioned formations being
largely covered by vegetation. However, near
St Blin, 20 km to the south, a succession of
Lower/Middle Oxfordian mudrocks also contains
a greyish band (Fig. 3B and C) with a smectite-
dominated clay fraction suggesting a volcanic
origin and a possible correlation with the ben-
tonite of boreholes HTM 102, EST 103 and EST
104. In the field, the bentonite horizon is distin-
guished by its lighter colour and, as water is
preferentially absorbed by smectite, the bentonite
is typically wetter and more plastic than the
enclosing clays.

Subalpine Basin

The Callovian—Oxfordian deposits of the Subalp-
ine Basin correspond to the Terres Noires Forma-
tion (Artru, 1972) and consist of several hundred
metres of clays, silty clays and marls with com-
mon nodular rusty or buff-coloured carbonate
beds (Fig. 4), which accumulated from the Bath-
onian to the Oxfordian in a rapidly subsiding
basin (Debrand-Passard et al., 1984). This basin
was surrounded by carbonate platforms and by
extensional or strike-slip fault systems, inherited
from Tethyan rifting (Lemoine & de Graciansky,
1988; de Graciansky et al., 1999). A dominance of
distal offshore depositional environments and
high sedimentation rates (100 m Myr~' on aver-
age) make the Terres Noires Formation partic-
ularly suitable for the preservation of volcanic ash
falls.

Detailed sedimentological logs were construc-
ted for the Lower/Middle Oxfordian interval
(Fig. 4). Several clay layers, 1-10 cm in thickness
and laterally continuous (Fig. 5A) were consid-
ered as probable bentonites because of their pale
colour (pale grey, ochre to orange; Fig. 5B—D) and
because they are softer and more plastic than the
enclosing marls, as observed for most bentonite
deposits elsewhere (Teale & Spears, 1986; Merri-
man & Roberts, 1990; Kolata et al., 1996; Spears
et al., 1999; Jeans et al., 2000). In addition, these
clay layers are picked out by vegetation because
the smectite sheets absorb more water than other
clay minerals and provide an environment that
encourages more abundant plant growth
(Fig. 5D). Five horizons were positively identified
as bentonites in the Terres Noires Formation.
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Fig. 3. Bentonite layers sampled from the Paris Basin. (A

L et

Bentonite Htm (12 cm) occurring in the ANDRA borehole

HTM 102. (B and C) St Blin outcrop showing a 12 cm thick bentonite layer (Sb16). The hammer shaft is 30 cm long.

Four of them correspond to millimetre-thick
clayey horizons (B1, B2, B3, B5 Oze), while the
fifth corresponds to a thicker bed, commonly
associated with sulphate/carbonate mineraliza-
tion, named here ‘the mineralized bentonite of
Oze’ (Mbo; Fig. 5C and D; Table 1). This distinc-
tive bentonite was identified in 10 sections, and
constitutes an excellent marker bed throughout
the Subalpine Basin where it can easily be
correlated from section to section (Fig. 4). These
layers are well-constrained biostratigraphically
based on ammonites (Fortwengler, 1989; Marc-
hand et al., 1990; de Graciansky et al., 1999). The
stratigraphic positions are as follows (Fig. 4;
Table 1): B1, top of cordatum zone (Lower Oxfor-
dian); B2, cordatum/plicatilis boundary (Lower
Oxfordian/Middle Oxfordian boundary); B3, base
of vertebrale subzone of the plicatilis zone (Mid-
dle Oxfordian); Mbo, vertebrale subzone of the
plicatilis zone; B5, antecedens subzone of the
plicatilis zone.

Mineralization associated with bentonite
deposits

Descriptions of secondary mineralization associ-
ated with bentonite deposits are scarce. Some
bentonites show calcareous concretions, veins of
silica subparallel to the bedding or layers of chert
underlying thicker beds (Merriman & Roberts,
1990; Kolata et al., 1996). In some places, miner-
alization occurs at the base of the bentonite. Of
the 10 studied sections, six of them show the
bentonite systematically associated with a miner-
alized zone of variable composition and thickness
(Table 1). This zone is typically composed of
sulphate/carbonate concretions or thin discon-
tinuous veins. Minerals identified by optical
microscopy and XRD include fibrous crystals of
calcite, celestite and barite, growing perpen-

dicular to bedding. Associated deformation (com-
paction) in microstructures suggests an early
formation but, in places, neoformed authigenic
crystals of barite indicate secondary recrystalli-
zation.

Bentonite petrography

Bentonites from the Paris Basin contain uncom-
mon glass shards that are recognizable in thin
sections, under the binocular microscope or
under a scanning electron microscope (SEM),
but most of these shards are thought to have been
replaced by clay minerals. Potassium feldspars
including sanidine and microcline have been
identified by SEM and petrographic microscope.
Euhedral crystals of zircon, apatite and biotite are
identified in smear slides and thin sections
(Fig. 6), but these correspond to only a minor
component of the bulk rock which is dominantly
composed of clay minerals. Other minerals
include quartz, calcite, dolomite and phosphate
grains, with minor muscovite, pyrite and acces-
sory abraded =zircon. Authigenic kaolinite or
leverrierite crystals with a vermiform habit have
been identified in the fraction coarser than 10 um.
Rare bioclasts (bivalve, echinoderm or brachio-
pod) are also preserved in these deposits. Thin-
section and SEM observations reveal a matrix
composed dominantly of folded lamellar smectite

Fig. 4. Detailed logs and correlation of some measured
sections from the Subalpine Basin showing the thick
bentonite Mbo and the millimetre- to centimetre-thick
bentonites B1, B2, B3 and B5. Correlations are based on
key marker beds, lithological units, bentonites and
biostratigraphic data. T, transversarium zone; Buk.,
bukowski subzone; Prae., praecordatum subzone.
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Fig. 5. Field photographs of bentonites occurring in the Terres Noires Formation of the Subalpine Basin. (A) Ben-
tonite B1 at Oze. (B) Bentonite B3 at Oze showing a typical ochre alteration; pen is 15 cm long. (C) Bentonite Mbo at
Oze with associated sulphate mineralization. (D) Bentonite Mbo at Beauvoisin; hammer shaft is 30 cm long.

aggregates, showing a flexural texture (Fig. 6D).
X-ray powder diffraction analyses carried out on
both bulk rock and the <2 ym fraction reveal
lower quartz (Fig. 7) and calcium carbonate con-
tents than in the enclosing claystones (confirmed
by lower SiO,/Al,0; ratio and CaO content;
Table 3) and more alkali feldspar. Detrital grains
of quartz, potassium feldspar (orthoclase, micro-
cline), muscovite and abraded zircon are common
in the enclosing shales. These minerals are also
identified in the bentonite deposits, suggesting
possible detrital contamination during or after
ash deposition. Calcite, ferroan dolomite and
framboidal pyrite are common diagenetic miner-
als, and typically form by precipitation during

early and late diagenesis. Bentonites of the Sub-
alpine Basin occasionally contain abundant sul-
phates (barite, celestite) derived from the
underlying mineralization. Jarosite and pyrite
are occasionally identified in some samples by
microscopy or XRD (Table 2).

Mineralogy of the clay fraction

Paris Basin bentonites

Samples of bentonite from the ANDRA boreholes
and from the St Blin section are composed
dominantly (95%) of a random illite—smectite
mixed layer (I/S RO; Table 2, Fig. 7A). Using the
saddle/001 ratio method (Inoue et al., 1989) to

© 2003 International Association of Sedimentologists, Sedimentology, 50, 1035—-1060
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Fig. 6. Smear slide photomicro-
graphs and SEM photographs of:
(A—C) euhedral and subeuhedral
zircons, (D) folded lamellar smectite
aggregates from bentonite Htm,

(E and F) apatite crystals, (G) biotite,
(H) amphibole.

so00 ] 1<169 Paris Basin 20004 ‘< 72 Subalpine Basin
g l son- | (3) Him 351,42 bentonite Him : : K001 | (@) MooMs: bentonite
8 ‘:l C (2) Him 35548 shale 1 ! (D Mis64: shake
8 a0004 | . 18007 1 123 i
5 o : @ Hima241: shake ' ordered ' {'( 3.58
g o : ; | s
@ 1| ' 72 ' 1 1600 1 0
€ 30004 /! : '\ 358 \ .
3 SRo K001 " K002 '
g | ' y I V 1 [ {
| \ ® 12007 , | |
£ 2000 ! ! ' ! '
2 ! A <10.0 1001 ! ! @ N -
,I-g IS S . : 8007 '
Z 1000 {£17C00Y  i<ko01 e I
a Y +C002 100 4001
x AN |
AN L VAND oL
2015 10 8 6 5 4 3 28 2015 10 8 6 5 4 28
A DEGREES TWO THETA d(A) B DEGREES TWO THETA d(A)

Fig. 7. (A) Comparison between X-ray diffraction (XRD) traces (clay fraction <2 ym) of bentonite Htm and detrital
shales from ANDRA borehole HTM 102. (1) Illite- and kaolinite-dominated clay assemblage from the lower part of the
borehole (scarburgense subzone), (2) illite—smectite mixed layer and illite-dominated clay assemblage from the upper
part of the borehole (plicatilis zone), (3) smectite-dominated clay assemblage from bentonite Htm. (B) Comparison
between XRD traces (clay fraction <2 pm) of bentonite Mbo and detrital shales from Montréal-les-Sources (Subalpine
Basin). (1) Typical detrital assemblage including illite, kaolinite, chlorite and random I/S mixed layer R1, (2) mixture
of ordered illite—smectite mixed layer and authigenic kaolinite from bentonite Mbo. C, chlorite; I, illite; I/S, illite—
smectite mixed layer; K, kaolinite; Q, quartz; S, smectite.

estimate the percentage of smectite layers in I/S,
the composition ranges from 75% to 95% of the
smectite layer. These illite/smectite minerals
show a (001) peak between 16:9 and 17-2 A and
a (060) reflection at 1-500 A, indicating a diocta-
hedral character. Only minor phyllosilicates

including kaolinite, chlorite, mica and probably
other illite/smectite mixed-layer phases (R1)
occur. In contrast, the clay fraction from the
enclosing silty clays is very different (Fig. 7A).
On average, this includes 30% illite, 70% mixed-
layer I/S RO containing 50-75% of smectite

© 2003 International Association of Sedimentologists, Sedimentology, 50, 1035—-1060
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Table 2. Mineralogy of bentonites from the Paris and Subalpine Basins.

Kaolinite 1/S Chlorite Illite I/S IS SinI/S
Location Sample (%) (%) (%) (%) d(A) type (%) Feldspar Quartz Pyrite Jarosite
Paris Basin Htm 2 95 1 2 16:96 RO 75-95 + ++ BD BD
Sb16 2 95 1 2 1722 RO 80-97 + ++ BD BD
Subalpine Mbo Bar 40 46 14 BD 1330 reg. R1 ND + + BD BD
Basin Mbo Bar2 55 27 15 3 1341 reg. R1 ND + + BD BD
Mbo Bea 54 37 9 BD 1361 ran. R1 ND ++ + ++ +
Mbo Bui 43 37 10 10 1345 reg. R1 ND ++ + BD BD
Mbo Mls 48 35 10 8 12-33 reg. R1 ND + ++ + BD
Mbo Oze 48 39 11 1 1345 reg. R1 ND BD + BD BD
Mbo Oze2 32 57 9 2 1345 reg. R1 ND + ++ BD BD
Mbo Rib 79 9 12 BD 1298 ran. R1 ND ++ + BD BD
Mbo Rib2 40 52 8 1 16:76 reg. RO 65-85 ++ + BD BD
Mbo Sia 56 23 19 2 1378 reg. R1 ND ++ ++ BD BD

1/S, illite—smectite mixed layer; I/S d(A), mixed-layer main reflection; reg. R1, regular Ri-type I/S mixed layer; ran.
R1, random R1-type I/S mixed layer; Feld., feldspar; +, occurrence; ++, abundant; BD, below detection; ND, not

determined.

layers, and 5% chlorite. These clay mineral
assemblages, which are common in most Upper
Jurassic shales from the Paris Basin, are probably
of detrital origin. They originated from the ero-
sion of emerged land areas such as the London—
Brabant Massif, Armorican Massif, perhaps the
French Central Massif and from the North Atlan-
tic Ocean margins (Dugué, 1991; Debrabant et al.,
1992; Pellenard et al., 1999).

Differential thermal analysis (DTA) was carried
out on most samples of bentonites. The curves
show two characteristic endotherms at 500 °C
and 650 °C (Fig. 8), suggesting a mixture of two
distinct types of smectitic minerals (Deconinck &
Chamley, 1995), including Cheto-type smectite
formed by submarine weathering of volcanic glass
shards and common detrital I/S mixed layers.
Bioturbation (evidenced by the occurrence of
burrows and a relatively low rate of deposition
of the ash) or current effects may be responsible
for this mixture, and may explain the presence of
small amounts of detrital clays such as illite or
chlorite as well as detrital quartz and feldspar
grains. Kaolinite also occurs in the bentonite
deposits. This mineral is commonly associated
with smectite minerals in altered ash beds,
mainly in continental settings; however, some
authors have described kaolinite associated with
smectite in ash layers deposited in marine envi-
ronments (Teale & Spears, 1986; Spears et al.,
1999; Deconinck et al., 2000).

Subalpine Basin bentonites

In the Subalpine Basin, the enclosing silty clay
consists of a mixture of illite (45%), chlorite
(20%), kaolinite (5%), R1-type mixed-layer 1/S

(30%) and abundant quartz (Fig. 7B). The clay
assemblages of beds B1, B2, B3, B5 and Mbo show
high proportions of smectitic minerals and kao-
linite and differ significantly from the clay frac-
tion of the enclosing silty clay (Fig. 7B). Ten
samples of the thick bentonite (Mbo) originating
from seven sections were studied (Table 2): Bar-
sac (Mbo Bar, Mbo Bar2); Beauvoisin (Mbo Bea);
Buis-les-Baronnies (Mbo Bui); Montréal-les-
Sources (Mbo Mls); Oze (Mbo Oze, Mbo Oze2);
Ribiers (Mbo Rib, Mbo Rib2); Les Sias (Mbo Sia;
Fig. 1B). X-ray diffraction analysis performed on
the <2 ym fraction of the bentonite bed reveals
some clay mineralogical variability at both out-
crop and basin scale (Table 2; Fig. 9). Kaolinite
and mixed-layer illite/smectite regular or random
R1 and RO type are the dominant clay minerals
with traces of chlorite and mica (Table 2, Fig. 7B).
Average abundances calculated after estimation
of diffraction peak heights and areas indicate 50%
kaolinite, 35% I/S mixed layer, 10% chlorite and
5% mica.

One sample (Mbo Rib) is particularly rich in
kaolinite (80%), and three samples show more I/S
mixed layer than kaolinite. Kaolinite-dominated
volcanic clay deposits are generally called ton-
steins (Bohor & Triplehorn, 1993), but this
typically refers to thin claystone beds in Carbo-
niferous Coal Measures with a volcanic origin, so
here the term of ‘kaolinite-bentonite’ is preferred,
as proposed by Fisher & Schmincke (1984). Both
regular and random mixed-layer I/S R1 type with
a basal reflection around 13 A were observed
(Table 2). Mbo Rib2 presents an exception with a
basal reflection at 167 A; the saddle/001 ratio
method indicates 65-85% of smectitic layer for
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Table 3. Major, trace element and REE analyses of the studied samples.

Bentonites and associated shales Bentonites and associated shales

from the Paris Basin from the Subalpine Basin

Htm Est Est Sb Sh. Sh. B1 B2 B3 B5 Mbo Mbo Mbo Sh. Sh.

102 103 104 16 Sb11 Sb21 Oze Oze Oze Oze Oze Mls Bea Oze 97A Oze 141
Major elements (wt %)
Sio, 46-91 47-83 4960 4965 5613 4199 6165 2049 4050 5660 3699 47-96 4048 4375 4319
Al,O; 1016 11-72 1267 1606 657 7:72 1340 986 1193 1250 24-87 29-01 25-93 10-10 803
Fe, O3 298 253 228 291 243 301 677 643 555 517 236 4-52 568 4-29 3:33
MnO <003 <003 <003 <003 <003 <003 009 017 011 002 005 <003 <0:03 0-02 0-:01
MgO 259 260 267 164 084 118 137 136 129 138 113 043 040 1-33 1-21
CaO 14-81 1159 971 765 1510 2157 363 3037 1676 790 6:32 061 386 1870 21-45
Na,O 026 031 033 008 005 005 043 021 028 046 021 078 097 035 0-31
K,O 2:58 251 253 256 214 184 222 134 194 211 135 121 089 167 1-36
TiO, 0-87 108 121 143 046 046 072 202 065 068 212 2:84 251 056 0-45
P,05 018 024 023 021 <005 <005 008 172 006 016 050 0-25 042 006 0-08
SiO,/ 461 408 391 309 854 543 460 207 339 453 148 165 156 4-33 5-37

Al,O4

Trace elements (p.p.m.)
As 9-9 108 83 6-2 85 1000 85 395 77 89 9:0 292 252 52 96
Ba 142 156 172 185 121 122 3410 1650 204 5650 7980 1090 1160 103 208
Be 047 123 <1 1-4 <1 143 139 122 198 149 <1 1-34 <1 173 0-89
Bi 0-08 010 011 010 010 014 018 005 015 018 011 0-23 016 015 011
Cd 062 <03 <03 031 <03 <03 007 042 033 015 200 <03 <03 014 0-22
Co 8-2 86 86 67 39 85 217 166 145 141 118 59 145 96 8-8
Cr 541 500 467 491 773 707 936 233 950 994 337 500 401 733 677
Cs 19 2-8 2'6 29 4-7 6-5 131 29 15-3 153 58 4-9 52 6-9 6-6
Cu 12-7 127 131 127 79 10-8 381 497 304 266 197 387 188 238 200
Ga 110 115 121 166 87 102 163 110 172 169 145 135 91 12-3 114
Ge 126 138 131 126 144 1-42 2:05 129 243 486 198 2:39 154 114 113
Hf 4-7 6-4 6-9 7-4 4-7 35 4-3 31 39 3-8 76 9-8 7-6 3-3 2-8
In 0-:02 <001 <001 <001 <001 <001 006 008 005 006 <001 <001 <001 003 0-04
Mo 058 055 054 094 129 072 069 858 087 057 400 329 669 043 0-32
Nb 66:0 865 974 130 141 154 171 276 189 183 211 254 222 12-3 126
Ni 386 314 284 204 200 160 864 246 70-8 669 327 477 449 507 477
Pb 16:3 144 155 207 93 79 167 855 161 139 225 103 54-3 12-3 9-9
Rb 562 546 502 495 623 808 107 509 106 109 454 435 294 764 669
Sb 040 039 039 032 031 038 060 274 063 061 043 113 2:08 0-37 0-37
Sn 121 132 152 178 117 163 197 102 181 186 2:27 325 2:36 1-33 126
Sr 500 474 458 151 183 251 626 1230 576 479 31500 2730 1710 343 423
Ta 447 671 772 951 110 104 128 159 131 132 147 202 176 095 0-89
Th 1008 139 148 163 70 65 115 233 115 108 245 32:3 249 87 75
U 178 330 394 324 144 181 2:03 751 172 184 464 6:95 790 147 1-21
\Y% 83 92 92 117 66 88 116 333 118 134 148 169 157 80 93
\ 102 134 133 163 105 124 1-80 287 157 162 164 2:89 276 121 1-02
Y 204 208 191 287 169 190 242 791 257 272 519 371 244 171 198
Zn 212 30 23 115 27 56 102 395 122 96 231 378 206 62 80
Zr 212 239 263 325 173 121 153 191 147 140 328 365 247 110 116
Rare earth elements (p.p.m.)
La 328 340 330 693 234 266 315 222 335 327 124 145 107 250 24-4
Ce 656 686 657 138 353 41-3 644 420 641 577 271 319 232 41-4 415
Pr 840 860 850 157 480 520 665 415 710 675 296 3000 212 490 5-10
Nd 31-1 339 327 544 167 210 264 152 271 257 107 957 671 181 18:2
Sm 518 584 589 893 328 379 577 282 526 558 190 13-0 872 356 3-44
Eu 125 148 141 236 074 081 187 713 114 198 375 2:85 2:03 069 0-76
Gd 377 462 470 66 2:84 316 481 249 436 469 140 764 536 291 3:03
Tb 0-56 066 062 098 042 047 071 293 061 068 191 120 079 046 0-41
Dy 298 341 330 537 249 274 407 145 360 394 959 6:77 450 254 2-60
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Table 3. Continued.

Bentonites and associated shales
from the Paris Basin

Bentonites and associated shales
from the Subalpine Basin

Htm Est Est Sb Sh. Sh. B1 B2 B3 B5 Mbo Mbo Mbo Sh. Sh.
102 103 104 16 Sb11 Sb21 Oze Oze Oze Oze Oze Mls Bea Oze97A Oze 141
Ho 060 068 063 093 049 058 080 229 069 075 464 120 084 053 0-53
Er 153 164 157 256 149 148 2:03 524 195 207 448 358 253 145 1-41
Tm 020 021 023 033 021 025 035 072 031 031 052 044 034 021 0-23
Yb 133 149 156 223 143 154 220 374 191 201 333 293 200 153 1-37
Lu 022 024 023 035 024 022 031 054 030 031 047 040 029 024 0-23
Sum 1555 165-3 160 308:0 938 1091 151-8 925-7 1519 1452 5936 6297 4547 1035 103-2
REE
, Sample Htm 351,42 - bentonite Hm (Table 3). In the Subalpine Basin, this ratio is
"o _ Differential thermal curve about 1-5-4-6 in the bentonite samples compared
aly Dehydroxylation with 50 on average for the shales. These differ-
3 ences between the bentonites and the enclosing
£ clays result from the occurrence of more detrital
z quartz grains in the shales than in the bentonites
2'15 i | o and the argillation of volcanic glass. Si0,/Al,04
3 | ) ratios are generally lower in the Subalpine bent-
u l | onites than in samples from the Paris Basin,
| probably because kaolinite is more abundant in
L . . I L bentonites from the Subalpine Basin than in

| 1 1
500 700 1100

TEMPERATURE (°C)
Fig. 8. Differential thermal curve (DTA) and thermo-
gravimetric curve from bentonite Htm of the Paris
Basin. The DTA curve shows two endotherms corres-
ponding to dehydroxylation, indicating a mixture of
two types of smectite.

1
300

900

this sample. The clay mineralogy of thin bento-
nites, B1, B2, B3 and B5, from Oze differs less
from the enclosing shales. Kaolinite and 1/S
mixed layers are more abundant than in detrital
deposits, but illite and chlorite occur in higher
quantities than in the Mbo bentonite.

Geochemical data

Major element geochemistry

Early and late diagenetic processes may strongly
modify the composition of bentonite layers
(Fisher & Schmincke, 1984). Mobile elements
are largely remobilized by the hydration respon-
sible for the replacement of siliceous glass by clay
minerals. Release of silica and the formation of
clay minerals are commonly marked by lower
values of SiO, and higher proportions of Al,O;
than in the enclosing claystones. The SiO,/Al,03
ratio reaches 3'5 in the bentonite samples from
the Paris Basin and 5'5-8 in the enclosing rocks

bentonites from the Paris Basin.

Calcium values are generally lower in bentonite
samples than in the associated mudrocks; Ba or Sr
enrichment, which affects most bentonite sam-
ples from the Subalpine Basin, is probably related
to fluid migration, which is known to have
occurred in this basin (Gaidon, 1988; Guil-
haumou et al., 1996). Barium-, Sr- or Ca-rich
fluids are preferentially trapped below bentonite
horizons, which constitute a permeability barrier.
This mechanism may be responsible for the
mineralization occurring at the base of thick
bentonite Mbo.

Surprisingly, K,O contents are higher in the
smectite-dominated bentonite samples from the
Paris Basin than in those from the Subalpine
Basin, which are characterized by the occurrence
of I/S. This relationship may be explained by the
more frequent K-feldspar grains occurring in the
Paris Basin. The immobile oxide TiO, is generally
more abundant in the bentonites, because of the
occurrence of minerals such as rutile, and is a
useful parameter in conjunction with the SiO,/
Al,O3 ratio for discriminating between volcanic
vs. detrital influences (Fig. 10). High P,0O5 con-
tents in the bentonite samples compared with the
enclosing shales probably reflects the occurrence
of volcanogenic apatite crystals observed in SEM
(Fig. 6E and F).
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Fig. 9. Isopach map and clay min-
eralogy of bentonite layer Mbo in the
Subalpine Basin.
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Fig. 10. TiO,/Al,O; vs. SiO,/Al,0; plot showing a
discrimination between bentonite samples and detrital
shales.

Trace element geochemistry

A comparison of the trace element profiles of
five samples of shales from both basins
(Table 1) shows a similar geochemical pattern

Upper Jurassic bentonites of France 1047

O % kaolinite
% 1S

Il % chlorite

Average
mineralogy of
enclosing shales

[ % micas

Montréal
-les-source:

(Fig. 11), whereas bentonite samples from both
basins show positive and negative anomalies.
Zirconium, Zn, Th, Y, Hf, U, Pb and, partic-
ularly, Nb and Ta are systematically and signi-
ficantly enriched in the bentonite deposits
compared with associated shales, whereas Cr,
Rb and Cs are depleted (Table 3, Fig. 11). These
geochemical features are frequently observed in
bentonite samples and used for their discrimin-
ating power between detrital shales and vol-
canic products (Fisher & Schmincke, 1984;
Pacey, 1984; Merriman & Roberts, 1990; Roberts
& Merriman, 1990; Clayton etal, 1996;
Batchelor & Jeppsson, 1999; Spears et al.,
1999). This enrichment results partly from the
original chemistry of the magma and from high
concentrations in heavy minerals such as zircon
7Zr[Si0,], monazite (Ce, La, Th)PO,, anatase
TiO, and rutile TiO,, as observed in smear
slides or SEM. Some elements, including Ba, Sr,
V, Ar, Co, Sb and Mo, are occasionally enriched
in bentonite samples, notably those from the
Subalpine Basin.

REE distribution

Chondrite-normalized rare earth elements (REE)
or Cody shale-normalized REE (REE/SCo-1) pat-
terns show that REE contents are higher in the
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Fig. 11. Trace element concentrations (p.p.m.) of bentonites and associated shales from the Paris and the Subalpine
basins.
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Fig. 12. Chondrite and Cody-shale-normalized REE plots of bentonites and associated shales from the Paris and
Subalpine Basins. Chondrite values used for normalization from Evensen et al. (1978); SCo-1-values from Jarvis &
Jarvis (1985).

generally observed for chondrite-normalized REE
values of the Paris Basin and Subalpine bentonite
samples, whereas shale samples are characterized

bentonite samples than in the associated shales
(Table 3), particularly for the light REE (LREE;
Fig. 12). Slightly negative anomalies in Eu are
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by more pronounced negative anomalies in Eu
and Ce. Bentonites of the Paris Basin have a
similar REE profile.

DISCUSSION

Correlation of bentonites
from the Paris Basin

In the ANDRA boreholes and in the St Blin
section, a bentonite layer occurs close to the
Lower Oxfordian/Middle Oxfordian boundary
(between the cordatum and plicatilis zones). In
ANDRA borehole HTM 102, the bentonite layer
Htm occurs at 35142 m depth, while the occur-
rence of Arisphinctes sp. indicates the plicatilis
zone (Middle Oxfordian) at 351-01 m depth,
which is 40 cm above the bentonite. The deter-
mination of a Campylites or Neoprionoceras at
381:35 m indicates the cordatum subzone (Lower
Oxfordian), but no biostratigraphical data are
available between 351-01 and 381-35 m. Thus,
bentonite Htm probably occurs in the plicatilis

Upper Jurassic bentonites of France 1049

zone, but additional biostratigraphical data are
needed to resolve this uncertainty (Fig. 2). This
bentonite layer occurs at 42940 m depth in
ANDRA borehole EST103 and at 429-:05 m depth
in borehole EST104, but no additional biostrati-
graphical data are available for these. At St Blin, a
bentonite (Sb16) is recorded in a 3 m thick
interval without any ammonites, but this interval
is between the cordatum subzone, the last sub-
zone of the cordatum zone, and the vertebrale
subzone, the first subzone of the plicatilis zone
(Collin & Courville, 2000). Therefore, correlation
of the bentonite layers in the three boreholes and
Sb16 is consistent with the available biostrati-
graphic data.

The Paris Basin bentonites show common
mineralogical features and similar geochemical
fingerprints (Figs 11-13). Trace elements (Fig. 11)
show similar patterns with small differences in
Sr, Zn, U, Be and Cd, which may have been
affected by early and late diagenetic processes.
The bentonite from St Blin is characterized by an
increase in total REE and some enrichment in the
LREE. If this bentonite layer corresponds to the
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Fig. 13. Comparison of chemical fingerprints of bentonite samples from both basins.
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same event as the bentonite in the boreholes, it
may be less mixed with enclosing marls by
bioturbation, and this may explain the increased
REE content.

The common mineralogical features of the
bentonite layers are not by themselves discrimi-
nant criteria that can be used reliably to correlate
the different horizons, because bentonite layers
commonly show a similar composition for their
clay fraction (Wray, 1995, 1999). Therefore, a
statistical analysis (see below), based on the
chemical fingerprint of each layer, was conducted
to evaluate the potential correlation between the
ANDRA boreholes and the St Blin section.

Correlation of bentonites
from the Subalpine Basin

In the Subalpine Basin, five distinct bentonites
have been recognized. One bed, the Oze mineral-
ized bentonite (Mbo), varies in thickness from 2 to
15 cm, and has been correlated between 10 sec-
tions covering 2000 km? (Fig. 9). Nevertheless, no
evidence for any particular source direction is
indicated by the isopach map (Fig. 9). Layer Mbo
occurs in the vertebrale subzone (plicatilis zone,
Middle Oxfordian) 34 m above the boundary
between the Lower and Middle Oxfordian. This
bentonite is much easier to correlate than those in
the Paris Basin, because of the presence of a
distinctive succession of purple variably nodular
calcareous marker beds occurring above and below
the bentonite (Fig. 4), and the occurrence of an
abundant ammonite fauna. Correlation of bento-
nites B1, B2, B3 and B5 is more difficult as a result
of their thin nature. An attempt was made to
correlate these beds between Oze and the Mont-
réal-les-Sources section, 40 km to the west (Fig. 4).
Three millimetre thick beds were correlated (B2,
B3, B5) based on to their positions relative to key
lithostratigraphic marker beds, constrained by the
available biostratigraphical data.

Clay mineral variation of the Mbo bentonite

Bentonites from the Subalpine Basin show abun-
dant either random or regular R1 I/S and kaolin-
ite, whereas the bentonites from the Paris Basin
are dominantly composed of smectites (Table 2).
Clay mineralogical analysis of the Mbo bentonite
throughout the Subalpine Basin indicates great
variability at both outcrop and basin scales.
Samples Mbo Rib and Mbo Rib2 from the same
outcrop (Ribiers) are characterized by the domin-
ance of either kaolinite (80%) or I/S mixed layer
(50%; Fig. 9, Table 1). At a basin scale, R1 I/S

appears to be more regular (better crystallinity) in
the north-east of the Subalpine Basin (Oze and
Barsac sections), suggesting an increasing dia-
genetic influence towards the north-east. This is
in agreement with diagenetic gradients in the
basin indicated by clay mineral compositions and
organic matter maturity (Deconinck & Debrabant,
1985; Deconinck, 1987; Levert et al., 1988). R1 I/S
probably originated by burial diagenetic replace-
ment of smectites previously formed by syndepo-
sitional weathering of volcanic glass.

Bentonites from the Subalpine Basin are also
characterized by the occurrence of abundant well-
crystallized kaolinite. The distribution of the
kaolinite within the bentonite layer is independ-
ent of the geographical location and seems also to
be independent of the increasing burial diagen-
esis occurring towards the north-east of the basin
(Fig. 9). Kaolinite-bentonites or tonsteins are
usually characteristic of continental environ-
ments, but kaolinite-rich bentonites occur occa-
sionally in open-marine sediments (Teale &
Spears, 1986; Spears et al., 1999; Deconinck
et al., 2000). However, it is difficult to explain
the syndepositional replacement of volcanic
glassy particles by kaolinite in marine waters
(Spears et al., 1999). The formation of kaolinite is
favoured in acid, {freshwater environments
(Spears, 1970; Fisher & Schmincke, 1984; Spears
et al., 1999). According to fauna and microfauna
and a boron content ranging from 295 to
490 ug g~' (Tribovillard, 1989), the Terres Noires
Formation was deposited in open-marine normal
or slightly hypersaline environments. Therefore,
if we rule out the possibility of a period of low
salinity in the basin, the origin of kaolinite could
result either from the transformation of volcanic
glass in acid microenvironments or the later fluid
circulation that was probably responsible for the
widespread mineralization at the base of the
bentonite layer.

Chemical variation of the Mbo bentonite

Geochemical profiles for Mbo bentonite samples
show minor differences mainly for SiO,, Fe,Os,
CaO, Ba, Sr, Co, Pb, Sb, As and REE, especially
the middle REE (Figs 11 and 12; Table 3). Positive
anomalies in Sr and Ba are easily explained by
contamination from crystals of barite and celestite
originating from the underlying mineralization.
Variations in other elements may also result from
sulphate precipitation in relation to fluid circu-
lation, which occurred at different periods (Guil-
haumou et al., 1996). Samples Mbo Oze and Mbo
Mls have higher REE concentrations than sample
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Mbo Bea, but a similar REE pattern is observed
with a constant ratio of LREE/HREE (Fig. 12), as
indicated by similar Layn/Yby ratios. These dif-
ferences might be produced by variable mixing
with the enclosing sediment after deposition or
variable conditions of argillization during early
and late diagenesis, but the presence of signifi-
cant sulphates in the analysed material may also
contribute to the overall depletion of REEs in
some samples.

Interbasin correlation of bentonites

Long-distance correlations of bentonites from the
Paris to the Subalpine Basin are more speculative.
Five bentonites have been identified in the Sub-
alpine Basin while only one occurs in the Paris
Basin. The mineralogy of the clay fractions of the
bentonites from the two basins shows significant
differences because of the diagenetic changes
related to greater burial depth and fluid migration
in the Subalpine Basin, so clay mineralogy cannot
be used to correlate bentonite layers between the
two areas. However, a comparison of the chemical
fingerprints should help to correlate the Paris
Basin bentonite with one of the Subalpine Basin
bentonites (cf. Huff, 1983; Cullen-Lollis & Huff,
1986; Kolata et al., 1987; Huff & Kolata, 1990).
The geochemical data for each bentonite show
common anomalies, but differences are apparent
for elements with a high discriminator power
such as Ti, Cr, Co, Ga, As, Zr, Sb, Cs, Ce, Sm, Eu,
Tb, Dy, Yb, Lu, Hf, Ta, Th and U, as used
previously by Cullen-Lollis & Huff (1986) and
Kolata et al. (1987), or V, Ni, Y, Nb, Pb and Gd,
which also show variations. These elements were
used to compare the chemical fingerprints of the
bentonite at St Blin with those in the ANDRA
boreholes and in the Subalpine Basin. In the
search for distinguishing chemical characteristics
in the bentonites, it was assumed that the
concentrations of those elements that are unique
to each bed were similarly different in the
separate ash falls. It has been shown in studies
of Cenozoic tephras (Borchardt et al., 1971; Ran-
dle et al., 1971; Westgate et al., 1977) that the
immobile elements are useful in distinguishing
between different ash beds. It was additionally
assumed that the immobile element concentra-
tions have been preserved or have been altered
consistently in the transformation of volcanic ash
to bentonite and, further, that the chemical
composition of the original ash was constant over
the region or varied systematically along a line
from the source to the point of deposition.
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Among the bentonites identified in the Subalp-
ine Basin, B2 shows a chemical profile that is
quite different from the Paris Basin bentonite
(Fig. 13): Pb, Ni, Co, As and more immobile
elements such as Nb, V, Y, U, Sb and REE are
enriched, while Zr, Cr, Ga and Hf are depleted,
suggesting that this deposit corresponds to a
different volcanic event. Bentonites B1, B3 and
B5 show similar chemical profiles. These beds are
enriched in Ni, Co and Cs and depleted in Nb, Ce
and Ta (Fig. 13) compared with Paris Basin
bentonite Sb16, suggesting different events. In
addition, according to the biostratigraphical data,
B1 belongs to the cordatum ammonite subzone,
and B5 belongs to the antecedens subzone, indi-
cating that beds are older and younger, respect-
ively, than the Paris Basin bentonite. Bentonites
Mbo and Sb16 show very similar chemical pro-
files (Fig. 13), with minor variations. Therefore,
based on both chemical and biostratigraphical
data, the most likely correlation is between the
Paris Basin bentonite (Htm, Sb16) and Subalpine
Basin bentonite Mbo. To confirm this correlation,
a statistical discriminant method was used (Huff,
1983; Cullen-Lollis & Huff, 1986).

Discriminant function analysis

A multivariate statistical method, discriminant
function analysis, was used to analyse 26 vari-
ables (chemical elements) and four groups (ben-
tonite beds). The discriminant analysis method
was selected because it seeks to distinguish
statistically between two or more groups of
samples using a set of variables that are thought
to differ between groups (Klecka, 1981). The
mathematical objective is to weight and linearly
combine the discriminating variables so that the
groups are forced to be as statistically distinct as
possible. Discriminant function analysis was
carried out on the chemical data from 31 Oxfor-
dian bentonite samples. The number of discri-
minant functions calculated is equivalent to the
number of variables entered, or to one less than
the number of groups (i.e. bentonite beds),
whichever is smaller. Tables 4, 5 and 6 sum-
marize the results and list the three functions,
their eigenvalues and a corresponding canonical
correlation coefficient. The latter is a measure of
the function ability to discriminate among the
groups. Values of the functions as calculated at
the group means are also given. They may be
thought of as defining point coordinates within a
three-dimensional orthogonal grid. The eigen-
values, a measure of the relative amount of

© 2003 International Association of Sedimentologists, Sedimentology, 50, 1035—-1060



1052 P. Pellenard et al.

Table 4. Summary of canonical discriminant func-
tions: variables in the analysis.

Table 6. Standardized canonical discriminant func-
tion coefficients.

Fto Wilks’
Step Tolerance remove lambda
1 Cr 1-000 11-713
2 Cr 0-556 16-901 0618
Ge 0-556 9-306 0-435
3 Cr 0-549 13-688 0-337
Ge 0-531 8-892 0-264
Hf 0-853 5:357 0-210
4 Cr 0-385 21031 0-186
Ge 0-503 6-:506 0-093
Hf 0-423 16-590 0-157
Lu 0-430 11-957 0-128

variance among the group of elements accounted
for by each function, indicate that the third
function is relatively small compared with the
first two and contributes relatively little to the
discriminant analysis. The first two functions
include 95-9% of the variance accounted for by
the model. Moreover, the canonical correlation
coefficients associated with the functions show
that the first two discriminant functions are each
very highly correlated with the groups and the
third is somewhat less correlated.

The correlations show that the functions, espe-
cially the first two, effectively separate the four
beds; different elements are important in each of
the three functions. The order of importance of
the elements to the discriminant model is Cr, Ge,
Hf and Lu. The 31 samples were back-classified
using the discriminant functions. All classified
correctly in their respective groups, indicating
that the discriminant functions are successful in
achieving group (bed) separation. Thus, it is
possible to identify a unique chemical fingerprint
for each of the bentonite beds within the con-
trol group area; Fig. 14 shows the cross-plot
constructed using the first two canonical
discriminant functions and the positions of the
samples analysed. The location of the integer for
each group marks the group centroid position.
Paris Basin bentonite Sb16 (4) correlates highly

Function

1 2 3
Cr 1-300 -0-838 0-327
Ge -0-304 1174 -0-584
Hf -1-322 -0-326 0-398
Lu 1-202 0-404 0-744

with the remainder of the Htm group (3) and thus
is confirmed to be equivalent.

Although the biostratigraphic data and compar-
ison of geochemical patterns (Fig. 13) suggest a
possible correlation between the Mbo bentonite of
the Subalpine Basin and the Paris Basin benton-
ite, the statistical analysis does not confirm their
equivalence. However, alteration of the geochem-
ical signal in the Mbo bentonite as a result of
burial diagenesis in the Subalpine Basin may
explain this apparent anomaly.

Magmatic affinities and geodynamic
implications

Magmatic affinities and volcanotectonic setting
Elements that are relatively immobile during
alteration of ashfall (e.g. Ti, Zr, Y and Nb) are
usually used to determine the original volcanic
ash composition and associated magma type. The
discrimination diagram of Winchester & Floyd
(1977), based on Zr/TiO, for the index of alkalin-
ity, and Nb/Y for the differentiation index ratios,
is routinely applied to bentonites (Merriman &
Roberts, 1990; Huff et al., 1993; Spears et al.,
1999), and permits the classification of the
differentiation products of subalkaline and alka-
line magma series. However, Clayton et al. (1996)
and Spears et al. (1999) have shown that such
discrimination diagrams must be used with cau-
tion, especially when elemental concentrations
are low. Ratios of Zr/TiO, and Nb/Y are highly
dependent on the abundance of heavy minerals
(zircon, anatase, rutile, ilmenite, monazite).

Table 5. Eigenvalues of discrimi-

. . Per'centage Cumulative Canomgal nant function analysis.
Function Eigenvalue variance percentage correlation
1 6:767* 82-8 82-8 0933
2 1-329* 16-3 990 0755
3 0-081* 1-0 1000 0274

*First three canonical discriminant functions were used in the analysis.
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Fig. 14. Discriminant functions plot showing the
separation of samples from (1) millimetric bentonites,
(2) bentonite Mbo, (3) bentonite Htm, and the corres-
pondence between (4) bentonite Sb16 and the Htm

group.

These minerals can be concentrated in bentonite
deposits either because of fractionation during
aeolian transport or water settling, or because of
mixing with enclosing detrital shales containing
zircon and other heavy minerals inherited from a
protolith.

The analyses plotted on such a Winchester &
Floyd diagram overlap three magmatic fields:
andesite, trachyandesite and basanite/nephelinite
(Fig. 15A). One group that is closely clustered
corresponds to bentonites B1, B3 and B5 Oze and
plots close to the andesite/trachyandesite bound-
ary, whereas another group, corresponding to
bentonites Htm, Sb16 and Mbo, plots close to the
trachyandesite/basanite-nephelinite boundary.
These groupings help to confirm that bentonites
Htm, Sb16 and Mbo may correspond to the same
volcanic event. Bentonite B2 exhibits a more
basic character (basanite/nephelinite).

Mineralogical and geochemical data indicate
that the thin bentonites B1, B2, B3 and B5 are
probably significantly contaminated by detrital
sediments. Paris Basin bentonites Sb16 and Htm
do not show a pronounced admixture and have
been less affected by diagenesis. Therefore, an
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original trachyandesitic volcanic ash composition
can be proposed for the Paris Basin bentonite but,
to confirm this, other discrimination diagrams
were investigated. Caution was exercised con-
cerning the volcanic ash composition of bento-
nites from the Subalpine Basin (B1, B2, B3, B5),
which contain detrital clay minerals including
illite and chlorite.

The diagram of Leat et al. (1986) based on TiO,
vs. Zr was used to provide information about
magmatic affinities and volcanotectonic fields
(Fig. 15B). Elemental values were normalized to
15% Al,O; (Spears et al., 1999) because concen-
trations are plotted rather than ratios. Al,Os
concentrations range between 10% and 30%. High
concentrations of Al,O; indicate a probable
enrichment in immobile elements during alter-
ation processes. For unaltered ashes, the concen-
tration of Al,O; depends on magmatic affinities,
but the average composition of ashfalls is typically
around 15% (Fisher & Schmincke, 1984). This
value was used as a first approximation (Spears
et al., 1999) and allows the influence of the
enrichment of immobile elements vs. mobile ele-
ments to be reduced. The result (Fig. 15B) seems to
be consistent with the Winchester & Floyd (1977)
diagram. The line A-B can be used to distinguish
between basalts and intermediate-to-acid volca-
nics. Bentonites Htm, Sb16 and Mbo correspond to
intermediate volcanic rocks and are grouped in the
‘within-plate lavas’ geodynamic field.

Other elements, including Tb, Th, Ta, Yb, Y, Nb
and Rb, are used to construct diagrams to distin-
guish tectonomagmatic fields (Wood, 1980;
Pearce et al.,, 1984; Cabanis & Thiéblemont,
1988). The ratios Ta/Tb and Th/Tb, like Nb/Y,
constitute good indicators of the degree of alka-
linity for the source magma, while the ratio Th/Ta
indicates the geodynamic context and allows
separation of orogenic volcanic rocks, tholeiitic
series or calc-alkaline series (Th/Ta >3-5) from
intraplate magma, tholeiitic, transitional or alka-
line series (Th/Ta <1:75). Bentonite trace element
data were plotted on the triangular (Th—-Hf/3-Ta)
diagram (Fig. 15C) proposed by Wood (1980) and
are grouped in two distinct closely clustered
domains. Bentonites Htm, Sb16 and Mbo plotted
within or close to the field of an alkaline series
characteristic of within-plate or rifting (continen-
tal or oceanic) magmatism. This was confirmed by
a Tb*3-Ta*2-Ta triangular diagram (Cabanis &
Thiéblemont, 1988). Millimetric bentonites plot
close to the field of orogenic volcanism (destruc-
tive plate margin) and suggest a different source,
but again caution is necessary because of the
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Fig. 15. Oxfordian bentonite samples (Paris and Subalpine Basins) plotted on selected magmatic or volcanotectonic
setting discrimination diagrams. (A) Winchester & Floyd (1977); (B) Leat et al. (1986), the bentonite analyses have
been normalized to 15% Al,O (see text); (C) Wood (1980).

potentially contaminated nature of these thin ash
layers.

Mid-ocean ridge basalt (MORB) normalization
spidergrams (modified from Pearce, 1982) pro-
vide an overall view of geochemical element
distribution (Fig. 16). They are constructed based
on the mobility and the incompatible nature of
elements. The large ion lithophile elements
(LILE), such as Sr, K, Rb and Ba, are the more
mobile and are likely to be unreliable for proven-
ance studies. In comparison with representative
lavas from different tectonomagmatic domains,
the Oxfordian bentonites show a similar pattern

to alkalic basalts from within-plate domains
(Fig. 16). High concentrations of LILE and high
field strength elements (HFSE) Ta and Nb are
common for most of the magmas derived from
alkaline series, with more or less pronounced
positive anomalies in Sm and Y. The concentra-
tion of Cr is depleted for alkalic basalts and
decreases with increasing magmatic differenti-
ation. The Cr contents of the Oxfordian bentonites
are particularly low. Moreover, this diagram
(Fig. 16) shows higher Th, Ta, Nb and Ce contents
than alkalic basalt, suggesting differentiated prod-
ucts, and this is consistent with an original
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Fig. 16. MORB-normalized spidergrams for studied
bentonites and comparison with volcanotectonic set-
ting spidergrams.

trachyandesitic composition derived from a with-
in-plate alkalic basalt. The sources cannot have
been volcanics derived from orogenic settings
because these are characterized by significant
negative anomalies in Ta and Nb (Pearce, 1982;
Cabanis & Thiéblemont, 1988). Continental tho-
leiites, which are marked by a strong negative
anomaly in Nb (Dupuy & Dostal, 1984), must also
be rejected.

REE distribution

The REE composition of volcanic ash may reflect
the composition of the parental magmatic source.
In bentonites, four types of processes may affect
the original signature (Wray, 1995; Clayton et al.,
1996): (1) sorting during aeolian transport respon-
sible for the near-vent concentration of heavy
minerals (Fisher & Schmincke, 1984); (2) mixing
with enclosing sediment after deposition; (3)
dissolution and recrystallization reactions occur-
ring during argillation, responsible for the re-
moval or incorporation of REE from sea water;
and (4) diagenetic processes such as oxidation—
reduction reactions and fluid circulation. The
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Cody Shale-normalized patterns of bentonites
from the Paris and Subalpine Basins (Fig. 12)
display an anomalous enrichment in REE, partic-
ularly LREE. This contrasts with the patterns of
shales from both basins, which are characterized
by slightly negative Ce and, sometimes, negative
Eu anomalies. The original chemical signature is
therefore partly preserved in the bentonites.

Negative Eu and Ce anomalies are common in
marine shales. A negative Ce anomaly commonly
reflects the precipitation of authigenic minerals in
equilibrium with sea water, whereas a negative
Eu anomaly may be a function of reducing
conditions in the basin (MacRae et al., 1992;
Wray, 1995). The absence of a negative Ce
anomaly in most bentonite layers suggests that
argillation of the original volcanic glass took
place in a partially closed system rather than on
the sea floor.

All the bentonites show high REE contents and
an enrichment in LREE (Fig. 12). REE are domi-
nantly concentrated in non-carbonate minerals,
including accessory heavy minerals such as zir-
con and apatite, and in clay minerals. These
minerals are more abundant in bentonite depos-
its, and this may explain their high REE contents.
However, occasionally, high values may reflect
the additional contribution of detrital heavy
minerals in bentonite deposits (Clayton et al.,
1996). This may be the case in the B2 bentonite
that has the highest REE content.

Enrichment of LREE from La to Sm, confirmed
by a high Layn/Yby ratio and a relatively low Lay/
Smy ratio, may indicate a low degree of partial
melting, which is consistent with an ash derived
from a parental alkaline magmatic source. REE
data normalized to Cody Shale display no negat-
ive Eu anomaly, only in some cases a weak
positive Eu anomaly. Wray (1995, 1999) demon-
strated a systematic pronounced negative Eu
anomaly in bentonites originating from rhyolitic
to dacitic volcanism. A negative Eu anomaly was
attributed to the removal of Eu by plagioclase
feldspar during fractionation of the melt and
constitutes a marker of highly evolved magmas.
However, Eu distribution is also controlled dur-
ing diagenesis by oxidation-reduction reactions
with a loss of Eu** under highly reducing condi-
tions and enrichment of Eu®" in an oxidizing
environment (MacRae et al.,, 1992). Oxfordian
shales from the Paris and Subalpine Basins
display weak negative Eu anomalies, which may
indicate a reducing environment consistent with
the abundance of pyrite. In that case, the excess
Eu in the bentonites may not result from
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oxidizing conditions, but suggests a moderately
evolved original magma.

Middle/Late Jurassic volcanism and sources
The volcanic sources of western European Jur-
assic bentonites are problematic because few
nearby active volcanic centres are known for this
period. Volcanoclastic deposits resulting from
direct fallout of subaerially transported volcanic
ash are also rarely recorded in Middle/Upper
Jurassic strata (Jeans et al., 2000). A submarine
alkali basalt lava flow of 50 km® has been
described in the Causses area, south of the
French Central Massif, interbedded in a calcar-
eous succession of Middle Jurassic, dated by
K/Ar at 155 + 6 Ma (Baubron et al., 1978; Roux &
Senaud, 1981). This submarine event is the only
evidence of Jurassic volcanism in the French
Central Massif and may be linked to a subaerial
or submarine centre in that area. It constitutes a
potential source, given the alkaline nature of this
volcanism and the possibility of associated
differentiated products. However, as the material
of the bentonite deposits is very fine grained, the
source area might be located at a greater
distance.

In the Ligurian Alps, acidic submarine lavas
associated with pyroclastic deposits of probable
rhyodacitic composition occur in the Middle
Jurassic (Cortesogno et al., 1981). In the Oxfordi-
an of the Northern Calcareous Alps, Diersche
(1980) recorded more or less acidic tuffs, whereas
in the Southern Alps, Bars (1965) and Sturani
(1969) have described tuffites of Late Middle
Jurassic age. In the same area (Altopiano di
Asiago, Trento Plateau), thin intercalations of
bentonites of probable trachytic to rhyolitic
composition occur in the Upper Jurassic Rosso
Ammonitico Superiore (Bernoulli & Peters, 1970,
1974). These layers belong to the Middle Oxfor-
dian, transversarium zone (Martire, 1989; Baum-
gartner et al., 1995). This acidic calc-alkaline
volcanic material from the northern and southern
Alps can be traced as far as Hungary and may be
linked to the late Jurassic subduction zone of the
Vardar in the Hellenids (Lemoine, 1978; Celet
et al., 1980). The geochemical characteristics of
the Paris and Subalpine Basin bentonites (and
particularly Mbo, Sb16 and Htm), however,
clearly indicate an original alkaline magma, so it
is unlikely that they originated from an Alpine
source.

In more distant areas, volcanic activity is also
recorded from the Middle and Late Jurassic.
Several igneous events are identified in the

Levant area of the eastern Mediterranean with
basalts and more differentiated rocks ranging in
composition from weakly subalkaline to alkaline
compositions (Segev, 2000). All are enriched in
incompatible elements (particularly LREE) and
are related to rifting and hot spots or mantle
plumes (Wilson et al., 1998; Segev, 2000). The
Jurassic volcanism in the Levant (205—-161 Ma) is
probably part of a large ‘Western Tethyan Prov-
ince’ at the north of Gondwana associated with
the opening of the Neotethys, now subducted. In
this geodynamic context, submarine or subaerial
volcanic activity is known in several areas: in
western Sicily (Jenkyns, 1970), in northern
Tunisia (Ziegler, 1988; Wilson et al., 1998) and
in the external Betic Cordillera (Ziegler, 1988).
Intraplate domains of Gondwana are marked by
anorogenic alkaline igneous complexes in Sudan:
northern Korfodan (163 Ma) and the Bayuda
desert (159 Ma). Additionally, tholeiitic and alka-
line magmatism accompanied the various phases
of opening of the central and equatorial Atlantic
ocean (Manspeizer, 1988; Wilson et al., 1998).
However, these sources are probably too distant
to explain the occurrence of the bentonites
discussed here. Palaeogeographic reconstructions
place the two areas more than 2000 km apart and,
even for the most powerful known plinian or
ultra-plinian eruptions, 10 cm thick ashfall
deposits generally accumulate less than 2000—
3000 km from the vent (Walker, 1980; Rose &
Chesner, 1990; Huff et al., 1996).

In the North Atlantic domain, the most intense
phase of rifting occurred in latest Middle to Late
Jurassic times, generating several Jurassic rift
basins: East Greenland Rift; Viking Graben; Fae-
roe—Shetland Basin; Celtic Sea; Porcupine Basin;
Jeanne d’Arc Basin; Lusitanian Basin; and prob-
ably the Rockall Trough (Ziegler, 1988; Cole &
Peachey, 1999; Doré et al., 1999; Roberts et al.,
1999). In this synrift geodynamic context, mag-
matic activity should be intensive and marked by
diverse alkaline magmatism, including under-
saturated to more acidic magmas and more highly
differentiated products. However, there is little
remaining evidence of this magmatism except for
the North Sea, which is characterized by an
important volcanic complex at the triple junction
between the Viking, Central and Moray Firth rifts
in the Middle Jurassic (Ziegler, 1988). From the
Late Jurassic to Early Cretaceous, minor alkaline
volcanic activity is recorded in onshore areas
from the Lusitanian Basin and a submarine chain
of volcanoes of the south-central part of the
Porcupine Trough (Ziegler, 1988). In the Hebrides
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Basin, Knox (1977) described three pure mont-
morillonite pale grey mudstone bands, inter-
preted as altered tuffs of basic to intermediate
composition. They were assigned to the Upper
Callovian/Lower Oxfordian (athleta, lower cor-
datum and upper cordatum zones) which may
suggest minor volcanic activity in this area. These
deposits are biostratigraphically and geochemi-
cally close to the bentonites described in the
present paper, suggesting the possibility of a
common origin. In the same area, Norris & Hallam
(1995) described a tuff layer interbedded in
Callovian clays (Staffin Shale Formation, athleta
zone).

In the North Sea realm, smectite-rich horizons
described as primary bentonites are supposed to
be intimately related to synchronous North Sea
volcanism. Bradshaw (1975) recorded the occur-
rence of bentonite deposits in the Bathonian
marginal marine and lagoonal facies of eastern
England, and Malm et al. (1979) have described a
thin tuff bed in the Middle Jurassic of the
Statfjord oilfield. Tuffs described in the Brent
Group of the North Sea have been dated as
Kimmeridgian (Howitt et al., 1975). Jeans et al.
(2000) have provisionally interpreted smectite-
rich clay mineral assemblages with pronounced
LREE enrichment as bentonites in the Purbeck
Formation (uppermost Jurassic/lowest Creta-
ceous) of Durlston Bay (Dorset). These authors
suggested that the source of most volcanic mater-
ial in the British Jurassic must have been to the
east of England in the North Sea or in adjacent
regions of western Europe. In the central North
Sea Jurassic volcanic centres, major activity
occurred during the mid-Jurassic, which may
have played an important role in the distribution
of volcanogenic clay (Woodhall & Knox, 1979;
Furnes et al., 1982; Latin et al., 1990; Smith &
Ritchie, 1993).

The Middle Jurassic lavas of the Egersund sub-
basin display a typical geochemical pattern of
strongly alkaline basalts formed by a small degree
of partial melting (Furnes et al., 1982), which is
compatible with the studied bentonites. However,
radiometric age and biostratigraphical data indi-
cate that these centres were buried by Oxfordian
time by paralic and marine sediments resulting
from a series of major transgressions (Smith &
Ritchie, 1993). This is also the reason why Knox
(1977) suggested that the source of Callovian and
Oxfordian bentonites on the Isle of Skye, NW
Scotland, may originate from a zone of potential
rifting to the west and north of Britain, rather than
to the Jurassic volcanic centres of North Sea.
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Finally, a Jurassic volcanic centre covered by
Lower Cretaceous sandstones has been found in
the Zuidwal Basin, NW Netherlands (Cottencon
et al., 1975), which constitutes, along with the
Forties—Piper area, the only volcanic centre
known to be associated with Jurassic rifting in
the North Atlantic domain. Pyroclastic breccias
associated with the Zuidwal volcanic centre give
an age of 152 + 3 Ma, which is coeval with the
Oxfordian bentonites. In addition, geochemical
characteristics of the pyroclastic rocks are con-
sistent with the chemical data of the bentonites
described in this paper (Lacharpagne, 1986).
Therefore, it is concluded that this volcanic
centre likely constitutes the source of ashes
deposited in the Paris and Subalpine Basins.

CONCLUSIONS

The occurrence of bentonites in Middle Oxfor-
dian deposits of the Paris and Subalpine Basins
indicates that significant volcanic activity
occurred during the Late Jurassic. Bentonites
may be identified on the basis of field character-
istics, bulk mineralogy (abundance of euhedral
crystals of zircon, amphibole, apatite and feld-
spar), clay mineralogy (pure smectite horizons or
mixtures of kaolinite and I/S mixed layer) and
geochemistry (enrichment in Hf, Nb, Pb, Ta, Th,
Ti, U, Y and Zr), that differ greatly from the
enclosing shales.

A single bentonite layer occurs in the eastern
part of the Paris Basin, and this can be correlated
from continuously cored boreholes to an outcrop
located 20 km to the south. This layer is com-
posed of dioctahedral smectite (95%) with minor
proportions of kaolinite, chlorite and illite, indi-
cating mixing with the host sediments, probably
caused by bioturbation.

In the Subalpine Basin, five bentonite horizons
have been identified. These are characterized by a
mixture of kaolinite and regular or random illite/
smectite mixed layers. In this basin, burial
diagenesis and fluid migration were probably
responsible for the observed mineralogy. Fluid
migration also caused sulphate—carbonate miner-
alization at the base of the thickest bentonite.
Four thin bentonites have mineralogical and
geochemical compositions that reveal significant
contamination by associated sediments, but the
thickest bentonite (Mbo) is little affected by
mixing with the enclosing shales. The thin bent-
onites can be partially correlated from section to
section. However, bentonite Mbo, occurring in
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the vertebrale subzone (Middle Oxfordian), has
been correlated between 10 sections, covering
2000 km? of the basin.

According to the biostratigraphic and geochem-
ical data, bentonite Mbo may be a lateral equiv-
alent of the bentonite layer identified in the Paris
Basin, although the correlation could not be
confirmed by statistical analysis of the geochem-
ical data. This layer may offer a long-distance
isochronous correlation line between both basins
and offers the possibility of radiometric dating.

Immobile trace element chemistry indicates a
trachyandesitic composition for the original ash
derived from an alkaline series in an intraplate
volcanotectonic setting. The Oxfordian bento-
nites probably derive from the weathering of
ashes originating from the Zuidwal (NW Nether-
lands) active volcanic centre.
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