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Abstract

Major, trace (Y, Zr, Pb, Th and U), rare earth element (REE) and Sm—Nd isotope analyses were carried out on microbialites and
detrital carbonate sediments collected in Upper Jurassic coral- and sponge-microbialite reef settings. Selected bioconstructions
developed in various palaecogeographic settings and depositional environments on northwestern Tethys and eastern Atlantic
margins: pure carbonate lagoon, carbonate-dominated deep shelf to epicontinental basin and mixed carbonate-siliciclastic shallow
ramp and lagoon. The proximity to terrigenous sources directly controlled REE patterns of carbonate samples. Lateral and intra-
reef sediments, and to a lesser degree stromatolitic microbial crusts, are more susceptible to contamination by terrigenous material
than are microbialites of thrombolitic fabric. In mixed carbonate-siliciclastic settings, microbialites display a flat shale-normalized
REE pattern. In pure carbonate lagoonal settings, microbialites have shale-normalized REE patterns similar to those of modern
seawaters with a negative Ce anomaly [(Ce/Ce*) up to 0.14], positive La and Gd anomalies, and light REE depletion relative to
heavy REE. These data imply that similar REE chemistry than modern seawater already occurred on the northwestern Tethys
margin at the Upper Jurassic. Strong negative Ce anomalies (<0.4) imply microbialite formation in well-oxygenated seawaters both
in coral reefs of pure carbonate lagoonal environments (Pagny-sur-Meuse) and sponge bioherms of deep-shelf settings
(Plettenberg). Absence of positive Ce anomalies rules out an influence of alkaline and high-pH seawaters. Thus, REE patterns and
Nd isotopic signatures, which are in perfect agreement with existing results for Tethysian seawater, confirm that microbialites can
be used as proxies of palacoenvironmental seawater chemical characteristics.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Trace and rare earth element (REE) concentrations
recorded in both carbonate and phosphate sediments
have been used to obtain information on marine
palacoenvironments (e.g. Wright et al., 1987; Liu et al.,
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suffer from a large variety of problems (e.g. vital effects
or diagenetic alteration) that obscure the original seawa-
ter signature (German and Elderfield, 1990; Holser,
1997). Recently, Webb and Kamber (2000) have dem-
onstrated that modern carbonate-type sediments of mi-
crobial origin, the microbialites, incorporate REE from
seawater with uniform and high partition coefficients,
and thus was a reliable proxy for ancient seawater REE
chemistry. Microbial carbonates were largely abundant
throughout Precambrian times and periodically wide-
spread during the Phanerozoic, before being marked by
a net decline after 150 My (Wood, 1999; Webb, 2001;
Arp et al., 2001; Riding, 2000, 2005). The abundance of
microbial carbonates has been interpreted as reflecting
changes in seawater chemistry (i.e. in the saturation state
with respect to CaCOs minerals) that determines the
extent of microbial calcification (Riding and Liang,
2005a). The decreased occurrence of microbial carbo-
nates after 150 My could be linked to the Cretaceous
radiation of coccolithophore algae and globigerine for-
aminifers, which changed the seawater chemistry by
depressing the saturation state (Riding and Liang,
2005b; Riding, 2005). Different studies of ancient sed-
imentary phosphates also suggest that pre-Cenozoic sea-
water had a different REE pattern from today, marked by
a depletion in the heavy REE (e.g. McArthur and Walsh,
1984; Grandjean et al., 1987, 1988; Grandjean-Lécuyer
et al., 1993; Ilyin, 1998; Picard et al., 2002; Lécuyer et

al., 2004). However, such a change in seawater REE
chemistry during the Cretaceous period is still matter
of debate (Shields and Webb, 2004).

The Upper Jurassic is marked by a peak in the
abundance of microbialites that developed in a wide
range of environments, from shallow proximal plat-
forms to deep epicontinental basins (Leinfelder et al.,
1993; Dromart et al., 1994; Leinfelder and Schmid,
2000). Upper Jurassic microbialites thus can constrain
the seawater REE chemistry before the radiation of the
Cretaceous plankton. On the other hand, the physico-
chemical parameters controlling the formation of Upper
Jurassic microbialites are still misunderstood. The
amount of nutrients present in the water column is gen-
erally proposed to be the dominant controlling factor;
however, oxygenation, pH level and alkalinity are also
invoked to favour their development (Reitner and Neu-
weiler, 1995; Leinfelder et al., 1996; Schmid, 1996;
Bertling and Insalaco, 1998; Dupraz and Strasser,
1999, 2002; Leinfelder and Schmid, 2000; Leinfelder,
2001; Webb, 2001).

Major, trace elements (Y, Zr, Pb, Th and U), REE
and Nd isotopes were analysed on microbialites from
various Upper Jurassic reef ecosystems located in dif-
ferent palacoenvironments on northwestern Tethys and
eastern Atlantic margins. Microbialites were sampled
in coral reefs from a pure carbonate lagoon, sponge
bioherms from a carbonate-dominated deep shelf to
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Fig. 1. Location of studied Oxfordian coral- and sponge-microbialite reefs (Pagny-sur-Meuse and Plettenberg, respectively) and Kimmeridgian
coral-microbialite reefs (Chay Peninsula) on a palacogeographic map during the Upper Jurassic (modified after Ziegler, 1990; Carpentier, 2004).
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Fig. 2. Schematic sketches showing the architecture of (a) coral- and (b) sponge-microbialite bioconstructions in which analysed microbialites were
collected. The microbialites formed on a previous skeletal framework mainly made of corals or sponges. The microbialite crust is composed of two
and three layers in coral reefs and sponge bioherms, respectively. Abbreviations: Ps, pseudostalactite microbialites; Mu, mammilated microbialites of
bioherm underside; Mf, mammilated microbialites of bioherm flanks. See text for more explanations.

epicontinental basin and coral reefs from mixed carbon-
ate-siliciclastic lagoon and shallow ramp. Analyses
were performed on different types of microbialites, as
well as lateral and intra-reef sediments. This work fo-
cuses on the use of microbialite-type carbonate to re-
construct the REE seawater signature and the factors
controlling microbialites formation.

2. Materials and methods
2.1. Samples and geological framework

Samples come from coral- and sponge-microbialite
reef environments of the Upper Jurassic (Oxfordian and
Kimmeridgian ages) located in different palacoenviron-
ments on northwestern Tethys and eastern Atlantic mar-
gins (Fig. 1). Among 17 analysed samples, 14 are
microbialites, i.e. “organosedimentary deposits that

Table 1

have accreted as a result of a benthic microbial commu-
nity trapping and binding detrital sediment and/or form-
ing the locus of mineral precipitation” (Burne and
Moore, 1987). In studied bioconstructions, microbia-
lites form centimeter-scale crusts at the surface of a
primary framework made up of sponges or corals (Fig.
2). Microbialite crusts are generally two-layered in coral
reefs and three-layered in sponge bioherms (Olivier,
2004). In order to enlarge our data set and compare it
to microbialites, three samples were collected from non-
bioconstructed lateral or intra-reef carbonate sediments.
Reef settings are described briefly below and their main
characteristics (age, lithology and depositional environ-
ments) are summarized in Table 1. For more detailed
information on sedimentological, palaeontological and
palacoenvironmental contexts, the reader can refer to
previous literature on the Chay Peninsula (Hantzpergue,
1991; Olivier et al., 2003), Pagny-sur-Meuse (Geister

Brief lithological descriptions of the lateral deposits of coral- and sponge-microbialite reefs and their depositional environments (after Olivier et al.,

2003, 2004a,b)

Locality Samples  Age Lithology of reef lateral deposits ~ Depositional environment
Chay Peninsula Cpl-4 Lower Kimmeridgian Cymodoce Zone  Wackestone—Packstone Mixed carbonate-siliciclastic
shallow ramp
Plettenberg Pt1-7 Upper Oxfordian Bimammatum Zone  Wackestone Carbonate-dominated deep shelf
Pagny-sur-Meuse ~ Pm6 Upper Oxfordian Bimammatum Zone  Packstone Mixed carbonate-siliciclastic
lagoon
Pml-5 Middle Oxfordian Transversarium Zone  Wackestone—Packstone Pure carbonate lagoon




Table 2
Major and trace element contents of 17 Upper Jurassic carbonates, including microbialites, lateral and intra-reef sediments
Location = Chay Peninsula Plettenberg Pagny-sur-Meuse Standard
Sample Cpl Cp2 Cp3 Cp4 Ptl Pt2 Pt3 Pt4 Pt5 Pto6 Pt7 Pml Pm2 Pm3 Pm5 Pmo6 BHVO
Type Microb. Microb. Microb. Microb. Microb. Microb. Microb. Microb. Microb. Int. Lat. Microb. Microb. Microb. Int. Microb.

Layer 2 Layer 2 Layer 2 Layer2 Layer 1 Layer2 Layer2 Layer3 Layer3 sed. sed. Layer 2 Layer 2 Layer 2 sed. Layer 2
Age Kim. Kim. Kim. Kim. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf. Oxf.
Majors *—whole rock
SiO, 3.78 4.87 3.98 3.91 3.53 5.50 3.32 8.68 3.16 0.20 0.09 0.16 0.13 7.10
Al,O4 1.14 1.54 1.56 1.28 1.07 1.70 1.10 3.18 1.21 0.04 0.05 0.05 0.04 1.68
Fe,03 0.73 0.75 0.45 0.57 0.45 0.61 0.59 0.93 0.59 0.04 0.04 0.04 0.04 0.80
MnO 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.05 0.02 - - - 0.00 0.05
MgO 1.19 1.22 1.18 1.23 1.29 1.44 1.46 1.54 1.31 0.89 0.89 0.83 0.83 1.53
CaO 92.84 91.23 92.48 92.72 9340 90.27 93.21 85.11 9342 98.75 98.84 98.83 98.89 88.28
Na,O 0.09 0.09 0.10 0.09 0.05 0.09 0.11 0.12 0.09 0.05 0.05 0.05 0.05 0.08
K,O 0.07 0.12 0.10 0.07 0.07 0.24 0.07 0.19 0.07 - - - 0.00 0.31
TiO, 0.07 0.09 0.07 0.07 0.05 0.07 0.05 0.12 0.05 0.02 0.02 0.02 0.02 0.12
P,05 0.05 0.05 0.03 0.03 0.05 0.05 0.05 0.08 0.09 0.02 0.02 0.02 0.02 0.05
L.O.I 42.46 42.08 42.39 4247  42.60 41.86 42.63 40.51 42.65 43.76 43.68 43.67 43.73 41.36
Total 100.59  100.67 100.82 100.53  99.98 99.83 99.02 99.91  99.15 99.93 99.84 100.27 99.47  100.45
Traces—whole rock
La 3.53 3.29 5.24 3.82 7.02 0.787 0.735 1.12 4.54 15.27
Ce 6.59 6.35 4.64 5.07 424 0.149 0.176 0.248 8.649  38.59
Pr 0.738 0.742 0.799 0.702 1.015  0.074 0.075 0.104 1.030 5.20
Nd 2.75 2.82 3.01 2.71 441 0.305 0.299 0.400 4.013 245
Sm 0.500 0.606 0.582 0.500 0.814  0.050 0.062 0.059 0.819 5.82
Eu 0.123 0.117 0.130 0.109 0.190  0.015 0.014 0.015 0.167 2.07
Gd 0.427 0.478 0.579 0.390 1.002  0.073 0.089 0.097 0.608 6.21
Tb 0.074 0.080 0.103 0.078 0.157  0.012 0.013 0.012 0.130 0.90
Dy 0.477 0.501 0.648 0.468 0.959  0.083 0.092 0.097 0.699 5.54
Y 1.68 1.83 3.06 1.99 5.16 1.29 1.01 1.19 1.56 0.97
Ho 0.096 0.087 0.148 0.098 0.234  0.027 0.021 0.026 0.150 2.40
Er 0.264 0.276 0.409 0.249 0.591  0.080 0.079 0.072 0.399 0.320
Tm 0.036 0.037 0.064 0.035 0.095  0.006 0.007 0.011 0.053 1.87
Yb 0.252 0.266 0.332 0.197 0.446  0.065 0.061 0.044 0.358 0.280
Lu 0.033 0.037 0.054 0.024 0.076  0.008 - - 0.048 2543
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Zr 5.25 5.07 3.00 2.96 2.41 0.338 0.099 0.143 7.235 1742

Hf 0.432 0.249 0.166 0.143 0.123  0.071 0.056 - 0.438 4.22
Nb 1.18 1.28 0.732 1.14 0.776  1.60 0.028 0.019 1.438

Ta 0.383 0.237 - 0.493 0.118  1.909 0.073 - 0.081 1.19
Pb 3.29 0.934 1.17 0.677 1.84 0.106 0.137 0.108 1.11 1.93
Th 0.800 0.629 0.721 0.580 0.570 - 0.023 0.010 1.25 1.21
8] 0.308 0.193 0.266 0.238 0.585  0.230 0.372 0.278 0.405 0.41

Traces *—carbonate dissolution

La 1.58 2.90 3.60 2.46 3.64 3.54 3.66 5.10 3.05 4.62 5.95 0.867 0.672 1.011 0.945 1.28 3.11
Ce 291 5.09 7.47 4.30 2.34 2.38 2.44 2.87 4.00 3.56 2.92 0.196 0.149 0.247 0.201 0.307 6.81
Pr 0.353 0.575 0.907 0.545 0.556 0.537 0.538 0.705 0.584 0.818 0.819  0.084 0.066 0.098 0.087 0.126 0.752
Nd 1.36 2.40 3.47 2.18 2.47 2.18 2.50 3.07 2.47 3.73 3.67 0.337 0.311 0.486 0.412 0.553 3.060
Sm 0.322 0.504 0.726 0426  0.481 0.452 0.470 0.544 0.505 0.818 0.708  0.078 0.051 0.073 0.070 0.096 0.605
Eu 0.064 0.115 0.173 0.096  0.125 0.121 0.117 0.145 0.126 0.237  0.191 0.017 0.015 0.021 0.018 0.028 0.138
Gd 0.275 0.510 0.633 0.385  0.658 0.410 0.548 0.752 0.425 1.277  1.113  0.117 0.080 0.146 0.111 0.182 0.434
Tb 0.051 0.070 0.096 0.064  0.100 0.092 0.091 0.106 0.099 0.169  0.160 0.023 0.013 0.016 0.014 0.027 0.106
Dy 0.338 0.425 0.562 0.332  0.643 0.498 0.607 0.773 0.426 1.096 1.056 0.169 0.115 0.140 0.134 0.198 0.625
Y 1.08 1.30 1.54 1.07 3.99 2.99 3.27 4.35 2.12 5.64 5.72 1.41 1.06 1.32 1.28 1.78 1.20
Ho 0.062 0.095 0.110 0.073  0.154 0.106 0.154 0.201 0.090 0.245 0.253  0.041 0.029 0.039 0.037 0.043 0.104
Er 0.159 0.270 0.284 0.197  0.464 0.381 0.439 0.528 0.346 0.704  0.709  0.132 0.107 0.126  0.107 0.146 0.254
Tm 0.016 0.034 0.040 0.030  0.058 0.043 0.059 0.084 0.049 0.088  0.091 0.013 0.013 0.015 0.014 0.018 0.047
Yb 0.120 0.223 0.289 0.192  0.402 0.298 0.350 0.488 0.220 0.504  0.553 0.128 0.099 0.095 0.088 0.093 0.245
Lu 0.017 0.034 0.037 0.024  0.059 0.045 0.050 0.078 0.040 0.073  0.077 0.016 0.014 0.016 0.012 0.016 0.033
Zr 0.111 0.109 0.125 0.097  0.145 0.120 0.129 0.123 0.105 - - 0.115 0.151 0.092 0.090 0.033 0.146
Hf - - - - - - - - - - - - - - - - -

Nb - - - - - - - - - - - - - - - - -

Ta - - - - - - - - - - - - - - - - -

Pb 1.93 3.05 1.13 0.804  0.606 0.545 0.426 0.983 0.701 0.890 0.895 0.139 0.175 0.199 0.245 0.162 0.648
Th 0.194 0.610 0.536 0.535  0.299 0.462 0.252 0.364 0.452 0.352 0230 - - - - - 0.661
U 0.188 0.314 0.142 0.168  0.177 0.168 0.237 0.228 0.206 0.326 0434 0317 0.582 0.577 0.655 0.316 0.294
(La/Sm)sn 0.90 1.05 0.91 1.06 1.38 1.43 1.43 1.72 1.10 1.03 1.54 2.02 2.41 2.54 246 2.44 0.94
(Pr/Yb)sn 1.03 0.90 1.10 0.99 0.48 0.63 0.54 0.50 0.93 0.57 0.52 0.23 0.23 0.36  0.35 0.47 1.07
(Dy/Yb)sn 1.81 1.22 1.25 1.11 1.03 1.07 1.11 1.02 1.24 1.40 1.23 0.85 0.74 095 097 1.36 1.64
(Ce*/Ce) 0.93 0.90 1.01 0.87 0.35 0.38 0.36 0.32 0.68 0.40 0.28 0.15 0.14 0.15 0.14 0.15 1.06
(Pr*/Pr) 0.99 0.91 0.99 0.99 1.18 1.24 1.12 1.21 1.02 1.15 1.23 1.47 1.31 1.23  1.30 1.37 0.92
3, REE 7.6 13.2 18.4 11.3 12.1 11.1 12.0 15.4 12.4 17.9 18.3 2.2 1.7 2.5 2.3 3.1 16.3

Major elements measured on whole rocks are expressed in wt.% oxide. Trace elements were measured on both whole rocks and carbonate fractions using two digestion methods. Concentrations are
expressed in parts per million (ppm). Abbreviations: Microb., microbialites; Int. sed., internal sediment; Lat. sed., lateral sediment; Kim., Kimmeridgian; Oxf., Oxfordian.

* All major elements are recalculated to 100% volatile free; totals represent the sum of oxides and LOI in the original analysis.

" Reported ratios consider measurements obtained with carbonate dissolution. The subscript SN indicates that shale-normalized values were used. Ce and Pr anomalies were calculated using (Ce/
Ce*)=Cegn/(LaZs x Ndi3) after Grandjean-Lécuyer et al. (1993) and (Pr/Pr¥)=Prsy/(0.5 % Cesx+0.5 x Ndsy), respectively.
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and Lathuiliére, 1991; Lathuiliére et al., 2003; Olivier et
al., 2004a) and Plettenberg locations (Olivier et al.,
2004b).

At the Chay Peninsula (Charente-Maritime, France),
four samples (Cpl—4) were collected from Lower Kim-
meridgian coral-microbialite reefs. These bioconstruc-
tions are situated on a mixed carbonate-siliciclastic and
low- to moderate-energy ramp, on the eastern Atlantic
Ocean margin (Fig. 1). Coral-microbialite bioherms
developed laterally to limestone deposits (Table 1). In
these bioconstructions, microbialites are two-layered
and form up to 70% of the reef volume. The first
microbialite layer displays a thrombolitic (or locally a
leioitic) fabric. This relatively thin (<1 cm) layer is
directly observed on the coral surface. The second
microbialite layer can reach 8 cm thick and generally
shows a thrombolitic fabric. Within the bioconstruction,
samples Cpl—-3 correspond to mammilated microbia-
lites of bioherm flanks or undersides (Fig. 2). Sample
Cp4 is a pseudostalactitic microbialite observed at the
roof of intra-reef cavities. All microbialites were col-
lected in the second centimeter-scale layer.

Coral-microbialite reefs of Pagny-sur-Meuse (Lor-
raine, France) are located on the eastern margin of the
Paris Basin (Fig. 1). During the Middle to Upper Oxfor-
dian interval, these bioconstructions developed on an
isolated platform on the northeastern margin of the
Tethys Ocean (Carpentier, 2004). Five samples (Pm1—
5) come from a coral-microbialite reef level located in a
pure carbonate lagoon. This reef level consists of wide
bioherms (about 100 m large and 15 m thick), which
contain a moderate amount of microbialites (up to 16%
of the reef volume). One sample (Pm6) was collected in
a reef level that developed in a mixed carbonate-silici-
clastic lagoon. These bioconstructions, made of a high
amount of microbialites (up to 50% of the reef volume),
developed laterally to limestone deposits (Table 1),
above and below marly levels. Similarly to the Chay
Peninsula, microbialites of Pagny-sur-Meuse are two-
layered and generally show a thrombolitic fabric. Sam-
ples Pm1-2 and Pm6 were collected from mammilated
microbialites of bioherm undersides, Pm3—4 from pseu-
dostalactitic microbialites and Pm5 from intra-reef sedi-
ments. All microbialite samples correspond to the
second microbialite layer (Fig. 2).

Samples from Plettenberg (Upper Oxfordian, south-
ern Germany) were collected from sponge-microbialite
bioherms of the Swabian Alb (Fig. 1). These biocon-
structions developed within carbonate-dominated deep
shelf to epicontinental basin settings on the northeastern
margin of the Tethys Ocean (Meyer and Schmidt-Kaler,
1990; Pittet and Strasser, 1998). In these sponge-micro-

bialite bioherms, microbialite crusts are situated on the
upper surface of tube- or dish-shaped sponges and form
up to 30% of the reef volume. Sponge-microbialite
bioherms show a centimeter-scale and well-discernable
multi-stage growth of microbialites made of three main
successive layers (Fig. 2). The first microbialite layer
(sample Ptl) is relatively thin (<2 cm) and shows a
leolitic or a thrombolitic fabric. The second microbialite
layer (samples Pt2 and Pt3) corresponds to thick (up to
10 cm high) thrombolitic columns. The last and third
microbialite layer (samples Pt4 and Pt5), characterised
by a stromatolitic fabric, is progressively buried beneath
carbonate-dominated detrital sediments. Sample Pt6
corresponds to intra-reef sediments and Pt7 was collect-
ed in a limestone bed laterally to a sponge-microbialite
bioherm.

2.2. Analytical methods

In coral- or sponge-microbialite bioconstructions,
centimeter-scale microbialites developed on a coral or
sponge support. These microbial crusts are recognizable
by their non-gravitational growth forms and by a darker
colour than sediments. Nevertheless, the sampling of
microbialites is made more difficult by the heterogene-
ity of the encrustation that also contains millimeter- to
centimeter-scale zones of sediments and diverse milli-
meter-scale organisms such as foraminifers, annelids,
bryozoans and calcareous sponges. In order to analyse
only microbialite portions, sampling was done from
polished slabs under binocular lens. The petrological
examination of thin sections showed that the detrital
carbonate- and siliciclastic-fine sediments were absent
in most of microbialite samples. Only the third stromat-
olitic layer observed in sponge bioherms contains rare
siliciclastic grains into micrometer- to millimeter-scale
horizons made of carbonate particles.

Each sample was crushed in an agate mortar to
obtain fine powders. Different geochemical analyses
(major elements, trace elements and Sm—Nd isotopes)
were performed on different aliquots. Major elements
were measured on whole rock by X-ray fluorescence
(XRF spectrometer Phillips PW1404) at the University
of Lyon. Analytical uncertainty ranges from 1% to 2%
for major elements. Trace elements were measured
using two different digestion methods. In the first one
called “whole rock”, bulk samples were dissolved on
hot plate (130 °C for 48 h) in a mixture of concentrated
HF-HNO; within sealed PFA Savillex beakers. In the
second one called “carbonate selective dissolution”,
only the pure carbonate fraction was dissolved by
acetic acid. With acetic acid, the carbonate selective
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dissolution is ensured, in contrast to methods using
nitric or chlorydric acids, since REE contained in sili-
ciclastic grains are partly dissolved. This method was
inspired from Boyle and Keigwin (1985) procedure
applied on foraminifers and modified by Pichat
(2001). The samples were rinsed three times using
distilled water, ethanol and distilled water successively.
Once the residual part dried, 1 M acetic acid was added
and the samples were heated for a minimum of 12 H at
130 °C. After cooling, the samples were centrifuged and
the supernatant solution (carbonate part) was conserved.
This procedure was repeated twice. Finally, in order to
reduce the amount of organic matter, the samples (i.e.
mixing of different carbonate fractions) were dissolved
three times with a solution of 7 M HCI-0.1% H,O,.
Each sample was dissolved in HNO; 0.5 M and spiked
with 10 ppb of In and Bi in order to measure trace
concentrations by ICPMS Plasma Quad (VG Elemen-
tal) at the Ecole Normale Supérieure of Lyon. Analyse
of pure elemental solution lead to monitor the oxide
levels and has been used to calculate precise interfer-
ence correction. In order to validate our measurements,
the standard BHVO-1 was dissolved (HF-NO3) and
measured in the same conditions. Determined concen-
trations are in perfect agreement with recommended
values for this standard published in Govindaraju
(1994, Table 2). Analytical uncertainty is about 10%
for trace elements. Elements not reported in Table 2
could not be measured due to concentrations under
detection limits. Isotope analyses (chemistry and mass
spectrometry) were realised at the Department of Ter-
restrial Magnetism (Carnegie Institution of Washing-
ton). Sm—Nd isotope chemistry has been applied for
12 samples coming from two locations, Plettenberg
and Pagny-sur-Meuse. The two samples Pm7 and Pm§
from Pagny-sur-Meuse have not been analysed for trace
elements, but are lithologically and stratigraphically
similar to Pm1 and Pm5 samples, respectively. Before
the dissolution procedure, a mixed '**Sm—"""Nd spike
solution was added to samples to determine concentra-
tions of these elements by isotope dilution. Sm and Nd
were separated using two ion-exchange columns. First
of all, REE was separated using the transuranic-element
specific resin (TRU.Spec) and a modified procedure
after Pin and Zalduegui (1997). Sm and Nd fractions
were finally separated in 0.2 M «a-hydroxyisobutyric
acid with a pH equal to 4.7. Total procedural blanks
measured were 13 and 60 pg for Sm and Nd, respec-
tively. Nd concentrations and isotopic compositions
were determined using the new generation thermal-ion-
ization mass spectrometer (Triton). Mass 147 was mon-
itoring to correct Sm isobaric interference on mass 144.

Table 3
Sm—Nd isotope data of Pagny-sur-Meuse and Plettenberg samples
Sample [Sm]®  [Nd]®,  'Sm/  '"Nd/"*Nd, End
ppm ppm 44Nd +£20/Vn" m°
Pml 0.0889 0.502 0.1072 0.512219+13 -6.4
Pm2 0.0684  0.381 0.1085 0.512213+3 -6.5
Pm3 0.0884  0.510 0.1049 0.512243+8 -59
Pm5 0.110 0.634 0.1045 0.512247+5 -5.8
Pm7 0.0956  0.545 0.1061 0.512243+6 -59
Pm8 0.0861 0.488 0.1066 0.512232+5 -6.1
Pm6 0.763 3.98 0.1159 0.512041+3 —10.0
Ptl 0.554 3.04 0.1101 0.512153+3 =7.7
Pt2 0.609 3.36 0.1095 0.512147+3 -79
Pt3 0.475 2.60 0.1103 0.512169+3 -74
Pt5 0.508 2.71 0.1133 0.512103+6 -8.8
Pt6 0.735 3.92 0.1134 0.512183+3 =72

* Sm and Nd concentrations were determined by isotope dilution.

® Uncertainties reported on Nd measured isotope ratios are in-run
20/Jn analytical errors in last decimal place, where 7 is the number of
measured isotopic ratios. "**Nd/"**Nd was normalized for mass
fractionation to "**Nd/"**Nd=0.7219.

¢ Initial eng values were calculated at age 7=156 Ma using
2147Sm=6.54x10""% a ! and the following modern CHUR values:
M3Nd/M**Nd=0.512638 and '7Sm/'"**Nd=0.1967. enqem=[(***Nd/
"IN sampte r/ (NI *Nd)cpur 1= 1) x 107

Isotopic ratios are corrected of mass fractionation using
146N d/"**Nd=0.7219. Internal errors (20 mean) are
reported in Table 3 and the external reproducibility
was obtained by repeated measurements of La Jolla
Nd standard (0.511846+3). Sm concentrations were
determined by multiple-collector inductively coupled
plasma mass spectrometer (VG Plasma 54).

3. Results and discussion
3.1. Microbialite and sediment chemistry

3.1.1. Major elements

All microbialites and sediments analysed are carbon-
ate rocks composed of 85% to 99% of CaO (Table 2).
Samples from Pagny-sur-Meuse (Pm1-5) are particu-
larly rich in CaO (>98%) with SiO, content lower than
0.2%. Pm6, collected in the same location, but in a
different reef level, has a higher amount of siliciclastic
material (Si0,=7% and CaO=_88%). Microbialite sam-
ples of other localities (Chay Peninsula and Plettenberg)
show relatively similar compositions: SiO, between 3%
and 5.5%, Al,O; in the range of 1% to 2% and MgO
lower than 1.5%. The intra-reef sediments of Pletten-
berg (Pt6) are particularly rich in SiO, (8.7%) and
AL,O3 (3.2%). Sediments collected in limestone levels
laterally to sponge- and coral-microbialite reefs (Pt7 and
Pmb5, respectively) have a composition close to those of
contemporaneous microbialites (Table 2).



112 N. Olivier, M. Boyet / Chemical Geology 230 (2006) 105—123

3.1.2. Trace elements

Trace element concentrations of microbialites and
associated sediments are relatively low and never ex-
ceed few micrograms per gram or parts per million
(ppm) for both digestion methods (Table 2). Analyses
realised on bulk samples show higher concentrations for
most of trace elements, notably for carbonate samples
enriched in siliciclastic material. Lithophile elements
characterised by short residence times in seawater,
such as Zr and Th, show higher concentrations for bulk
dissolution, whereas their abundances strongly decrease
for analyses on carbonate fractions. Highly incompatible
elements (i.e. concentrated in crustal material), such as
light rare earth elements (LREE), are clearly more abun-
dant when the siliciclastic part is dissolved. However,
the LREE budget is dominantly contained in the carbon-
ate fraction. For example, La content increases of a
factor lower than 1.5 for bulk sample measurements
relative to carbonate analysis. The influence of terrige-
nous material on the REE budget is illustrated in Fig. 3.
Si0, is strongly correlated to Al,O3 content (Fig. 3a)
and these oxides are directly related to the REE content,
expressed here by the sum of REE (Fig. 3b). This pos-
itive correlation is observed considering REE contents
measured on either bulk samples or carbonate fraction
only. Elements like Hf, Nb and Ta can be measured
using bulk rock dissolution but are below the ICPMS
detection limits for carbonate fractions.

Samples from different localities are represented
using shale-normalized (subscript SN) carbonate-
fraction REE patterns (Fig. 4), considering the mean
composition of North American, European and Russian
shales from Haskin and Haskin (1966), Piper (1974)
and Byrne and Sholkovitz (1996). Common elemental
ratios, used in this work to describe REE patterns, are
reported in Table 2. Samples from the Chay Peninsula
have relatively similar REE flat patterns [(Pr/
Yb)sn=0.9-1.1] with a slight depletion in heavy REE
(HREE) compared to the middle REE (MREE) [(Dy/
Yb)sn=1.1-1.8; Fig. 4a]. Ce anomalies, calculated
after Grandjean-Lécuyer et al. (1993) equation (Ce/
Ce*)=Cesn/(Lazn xNd§g), are very close to zero
(0.9-1.0). The REE patterns of Plettenberg samples
are depleted in LREE related to HREE [(Pr/
Yb)sn<0.9; Fig. 4b] and HREE are sensibly depleted
[(Dy/Yb)sn=1-1.4]. Ce anomalies are negative and
comprised between 0.3 and 0.6. Different types of
microbialites, intra-reef (Pt6) and lateral (Pt7) sedi-
ments show very comparable REE patterns. At
Pagny-sur-Meuse, microbialites and intra-reef sedi-
ments sampled in pure carbonate setting have the
lowest REE concentrations (=0.01 times the shale
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Fig. 3. Binary diagrams illustrating variations of trace concentrations
relative to the amount of siliciclastic material (SiO, and Al,O3). Major
elements expressed in wt.% oxide were measured on bulk samples,
whereas REE correspond to measurements on carbonate fractions. (a)
AlLO3 vs. SiO,, (b) ALO; vs. Y REE, (¢) (Dy/Yb)sn vs. Y REE.
Sediments are represented by open symbols. See text for more
explanations.

concentration; Fig. 4c). Microbialites are charac-
terised by significant HREE enrichments [(Pr/
Yb)sn<0.5] and very strong negative Ce anomalies
[(Ce/Ce*)=0.15]. The microbialite sample collected in
the mixed carbonate-siliciclastic environment (Pm6) has
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Fig. 4. Shale-normalized REE patterns for the Chay Peninsula (a),
Plettenberg (b) and Pagny-sur-Meuse (c) samples measured on car-
bonate fractions. The average of North American, European and
Russian shale composites (Haskin and Haskin, 1966; Piper, 1974;
Byme and Sholkovitz, 1996) is used for normalization. Lateral and
intra-reef sediments are represented by open symbols.

10 times higher REE concentrations and a more flat
pattern [(Pr/Yb)sy=1.1] with a depletion in HREE
[(Dy/Yb)sn=1.6]. Furthermore, Pm6 does not show a
Ce anomaly [(Ce/Ce*)=1.09]. The pattern of this spe-
cific sample is close to those of the Chay Peninsula
microbialites (Cpl—4). The presence of terrigenous ma-
terial and its effects on REE budget for samples from
these three locations is illustrated in Fig. 3b and c. Fig.
3c shows a positive correlation between the (Dy/Yb)gy
ratio with the sum of REE. The enrichment in HREE
relative to MREE is well marked for Pagny-sur-Meuse

samples (expect Pm6), whereas samples from other
locations, characterised by higher aluminium and silicon
contents, tend to have more flat shale-like REE patterns.

3.1.3. Neodymium isotopes

Isotopic ratios and Sm—Nd concentrations deter-
mined by isotopic dilution are presented in Table 3.
"Nd/"*Nd ratios were corrected for a microbial car-
bonate age formation of 156 Ma (i.e. approximate age
of microbialite samples according to the timescale after
Gradstein et al., 1994). Considering the initial isotopic
ratios, three groups of samples are differentiated. All
Pagny-sur-Meuse microbialites have similar &j43ng
(—6.1£0.6, 20). Slightly more negative values charac-
terise samples from Plettenberg (—7.8+1.2). This dis-
persion is strongly reduced (—7.7+0.4) by leaving out
the two extreme &143ng corresponding to sample Pt5,
collected in the third stromatolitic layer, and lateral
sediment (Pt6). Pm6 has the most negative &143ng
(=10.1). The ""Sm/"*Nd ratios fall in a remarkably
narrow range (0.1045—0.1159) with a mean value equal
to 0.1092+0.0072 (£20).

3.2. Microbialites and seawater REE chemistry

3.2.1. Microbialites as proxy in geochemical seawater
reconstructions

Several features argue for a record of the original
seawater REE chemistry in microbialites. These carbo-
nates result of a biologically induced precipitation with-
in biofilms or algal mats (Riding, 2000). Webb and
Kamber (2000) demonstrated that REE are incorporated
in high proportion and without biological fractionation
in modern microbialites. Works on carbon and oxygen
isotopes confirmed that ancient microbialites precipitate
at equilibrium with seawater (e.g. Keupp et al., 1993;
Schmid, 1996; Camoin et al., 1999). Moreover, REE
concentrations in carbonates tend to be relatively stable
through diagenesis (Banner et al., 1988), and no post-
depositional modifications in REE signature of Paleo-
zoic and Precambrian microbialites have been identified
(Kamber and Webb, 2001; Van Kranendonk et al.,
2003; Nothdurft et al., 2004).

Analysed microbialites encrusted a previous skeletal
framework made of sponges or corals, suggesting
growth well-above the sea floor (Fig. 2). Only micro-
bialites of stromatolitic fabric, collected in sponge bio-
herms of Plettenberg, grew in contact with sea-floor
sediments. The fixation and overgrowth of various
encrusters (e.g. calcareous sponges and bryozoans) on
microbialite surfaces indicate a rapid lithification (Dro-
mart et al., 1994). These observations argue for a record
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of microbialite REE signature before being covered by
sediments, reducing thus an eventual chemical modifi-
cation by porewaters. Petrographically, all studied
microbialites seem not affected by late diagenetic pro-
cesses, like intense sparitisation or recrystallization.
Microbialites are made of micritic calcite, which can
be dense, clotted or locally peloidal, with only minor
portions of spar cements. Among geochemical tracers,
trace elements and isotopes can aid in the detection of
diagenetic alteration. An influence of diagenetic fluids
derived from meteoritic sources lead to enhance the Mn
content (Brand and Veizer, 1980). Analysed microbia-
lites have relatively low Mn and U contents lower to
300 ppm and 0.5 ppm, respectively. The fact that '**Nd/
1%Nd ratios measured in these microbialites (&143Nd
between —5.9 and —8.8) are in the range of previous
determinations for the Tethys seawater at 150 Ma (e.g.
Stille et al., 1996) argues for a non-perturbation of REE
during post-depositional events. Only Pm6, with a Mn
content of 400 ppm and a &43ng of —10.0, differs from
other measurements. Such different chemical composi-
tion can reflect post-depositional modifications but also
can be linked to a higher terrigenous contamination.
Geochemical arguments in favor of the second scenario
will be discussed in detail in the next section. According
to this set of evidences, studied microbialites are con-
sidered to be not significantly diagenetically altered and
thus can be used to examine ancient seawater chemistry.

Lateral and intra-reef sediments have been analysed
for Pagny-sur-Meuse and Plettenberg localities. Sedi-
ments significantly differ from microbialites by an in-
crease of Y REE and (Dy/Yb)sy ratio (Fig. 3c).
Considering that detrital carbonate sediments are made
of auto- and allochthonous components, a higher het-
erogeneity in their chemical composition is expected.
For example, the limestone beds located laterally to the
sponge-microbialite bioherms of Plettenberg have a
large proportion of carbonate mud exported from shal-
low and proximal platform (Pittet and Strasser, 1998;
Pittet and Mattioli, 2002). With a formation in positions
nearer to siliciclastic sources, this exported carbonate
mud can provide to lateral and intra-reef sediments a
higher terrigenous contamination than microbialites.
Therefore, chemical composition of microbialites
alone will be considered in the following discussion to
reconstruct the Upper Jurassic seawater REE chemistry.

3.2.2. Upper Jurassic seawater REE chemistry

In the current representation of shale-normalized
patterns, the modern seawater is characterised by: La
enrichment relative to heavier neighbouring lantha-
nides, positive Gd anomaly, strong negative Ce anom-

aly and HREE enrichment relative to MREE and LREE
(e.g. Byrne and Sholkovitz, 1996). Two processes are
important for incorporating REE into sediments, the
adsorption from seawater and the inclusion of clastic
material (Murray et al., 1991). Siliciclastic material
present in carbonate or phosphate sediments plays an
important role in the REE budget and is able to mask
the seawater signature (Piper, 1974; Grandjean et al.,
1987; Murray et al., 1990). In proximal settings, the
incorporation of siliciclastic particles is the prevalent
process because terrigenous input can be relatively im-
portant and high accumulation rates reduce the time
during which the sediment is exposed to the surround-
ing water (Davies and Pickering, 1999). Since the stud-
ied carbonates were collected in proximal settings and
in different depositional environments (pure carbonate
to mixed carbonate-siliciclastic), the issue of terrige-
nous contamination need to be addressed.
Pagny-sur-Meuse microbialites (Pm1—4) are devoid
of terrigenous contamination (Si0,<0.2%) and their
shale-normalized REE patterns present all the chemical
characteristics of the modern seawater (Fig. 4c). These
samples are notably characterised by enrichment in
HREE relative to MREE and a net deficit in Ce. At
ambient oceanic condition, Ce is oxidized into insoluble
Ce*", which is quickly subtracted from the seawater by
preferential adsorption on particle surfaces (Elderfield,
1988). On the other hand, microbialites collected in
carbonate-dominated (Plettenberg) and mixed carbon-
ate-siliciclastic (Chay Peninsula and Pm6) settings are
not free from continental contamination. In order to
appreciate the terrigenous contamination part in REE
compositions of microbialites, a binary mixing model
has been done (Fig. 5a). The first end-member, assimi-
lated to the Upper Jurassic seawater composition, corre-
sponds to the average of Pagny-sur-Meuse microbialite
(Pm1-5) compositions. The second end-member is a
detrital pole of shale composition (Haskin and Haskin,
1966; Piper, 1974; Byrne and Sholkovitz, 1996). This
calculation shows that a very low amount of terrigenous
material in the mixing (>1% and equivalent to
Si0,>0.7%) is sufficient to mask the seawater REE
pattern in significantly reducing the negative Ce anom-
aly and the HREE enrichment relative to LREE. Micro-
bialites from mixed carbonate-siliciclastic settings
(Chay Peninsula and Pm6) are located very close to the
shale end-member. Although these microbialites present
very flat REE patterns [(Pr/Yb)sny=0.9—1.1], few sam-
ples (Cp1-2 and 4) have preserved a low negative Ce
anomalies [(Ce/Ce*)=0.87—0.93]. The Ce anomalies
reported in Table 2 were calculated using the two neigh-
bouring elements, La and Nd. However, considering Ce
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anomaly values may reflect anomalous La abundances
in modern seawater, Bau and Dulski (1996) evaluated
Ce anomalies with the (Pr/Pr*) ratio [Pren/(0.5Cegn
+0.5Ndgy)]. Because neither Prgy nor Ndgy anomalies
exist, (Pr/Pr*) ratios higher than 1 emphasize negative
Ce anomalies. Samples, with apparent negative Ce
anomalies but with a ratio (Pr/Pr*)~=1, have in fact
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positive La anomalies. The graph (Pr/Pr*) vs. (Ce/Ce¥)
shows that Ce content deficits calculated for the Chay
Peninsula microbialites (Cp1-2 and 4) reflect La enrich-
ments (Fig. 5b). Microbialites from carbonate-dominat-
ed environments (Plettenberg) show real negative Ce
anomalies in the range of modern seawater values. One
sample, Pt5, is slightly remote from other samples of
Plettenberg, with a flat REE pattern [(Pr/Yb)gn=0.9]
and no negative Ce anomaly (Fig. 5a and b). Pt5 has a
stromatolitic fabric made of an alternation of microbial
layers with detrital deposits. This stromatolitic crust
represents the final stage of microbialite development
on the upper face of siliceous sponges before being
definitively covered by sediments (Fig. 2). The REE
composition of Pt5 could have been modified by the
presence of Ce-rich porewaters (Sholkovitz et al.,
1996). However, since another stromatolitic sample
(Pt4) displays very close chemical characteristics than
other microbialites of Plettenberg, the influence of pore-
water is probably limited. This heterogeneity in the REE
composition of stromatolite samples is most likely due
to different amounts of terrigenous material and detrital
carbonate trapped within this type of microbialites.
Microbialites from carbonate-dominated (Pletten-
berg) and mixed carbonate-siliciclastic (Chay Peninsula
and Pmo6) environments recorded different REE patterns
for an equivalent range of terrigenous contamination
(Si0, 3-9% and Al,O3 1.1-1.7%; Figs. 3, 4 and 5).
The silica content measured on bulk rock is directly
dependent of the amount of particles accumulated dur-
ing the microbialite growth. The two prevalent mineral
phases, quartz and clay minerals, have very different
affinities for REE. Clay minerals have very high parti-
tion coefficients for these elements whereas quartz par-
ticles contain almost no REE. The carbonate selective
dissolution of microbialites with acetic acid solution can

Fig. 5. Series of diagrams focussing on Ce anomalies (Ce/Ce*) mea-
sured in microbialites collected in different paleoenvironments. (a)
(Ce/Ce*) vs. (Pr/Yb)sny showing the evolution of Ce anomaly in
relation to terrigenous content. The diminution of Ce anomaly corre-
lated to the increase of (Pr/Yb)gy ratio can be induced by a higher
terrigenous contribution. The mixing curve between a pure carbonate
end-member, average of Pagny-sur-Meuse microbialites (Pm1—4) and
a detrital end-member of shale composition is traced. A very low
contribution of detrital component (>1% of the mixing) is enough to
significantly mask the seawater signature. (b) Binary diagram (Ce/
Ce*) vs. (Pr/Pr*) allowing the discrimination between Ce and La
anomalies (after Bau and Dulski, 1996). (c) (Ce/Ce*) vs. &ng
corresponding to the initial 3SNd/"**Nd calculated for 156 My. The
strong negative correlation argues for a lost of Ce anomaly by adding
siliciclastic material. Microbialites with Ce anomalies comprised in
seawater range value (grey field) have also eng perfectly consistent
with values determined for the Tethys seawater around 150 My. See
text for more precise explanations.
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cause the release of metallic cations from the clays.
However, low REE contents and very similar shale-
normalized REE patterns, obtained from bulk or car-
bonate selective dissolutions argue against a significant
contribution of clay minerals on the REE budget for
analysed microbialites. An equivalent clay contribution
in microbialites from carbonate-dominated and mixed
carbonate-siliciclastic settings is also supported by sim-
ilar Al,O3 contents and a strong positive correlation
between Al,O; and SiO, (Fig. 3a). A more probable
explanation for similar SiO, contents and different REE
patterns is that siliciclastic particles trapped by micro-
bialites do not reflect the amount present in the water
column. In some modern shallow platform settings,
siliciclastic material can dominantly be in transit to-
wards more distal environments (e.g. Woolfe and Lar-
combe, 1998). Underestimation of the terrigenous
contamination in mixed carbonate-siliciclastic settings
(Chay Peninsula and Pm6) is effectively expected in the
binary mixing model (Fig. 5a). Mixing calculation sug-
gests a terrigenous contamination higher than 10%
(equivalent to SiO,>6%) for the Chay Peninsula and
Pagny-sur-Meuse (Pm6) microbialites, whereas mea-
sured SiO, are lower than 5%.

These results show that microbialites selected in a
pure carbonate setting (Pagny-sur-Meuse) clearly reflect
the original REE seawater signature. Although micro-
bialites from carbonate-dominated settings (Plettenberg)
display chemical characteristics close to modern seawa-
ter (e.g. negative Ce anomalies), their REE composition
is slightly affected by a continental contamination. Nd
isotopes are consistent with these conclusions since
microbialites from pure carbonate settings have very
uniform "*Nd/'**Nd ratios with initial &, 43n5am=—6=%
0.6 (20), which is similar to the Tethys seawater range
values obtained on same age (~ 150 Ma) marine phos-
phate (fish remains), fossil debris and Mn ores (Shaw
and Wasserburg, 1985; Grandjean et al., 1987; Stille et
al., 1989, 1996). The good correlation between the Ce
anomalies and &;43nq(m) confirms various degree of
terrigenous contamination for microbialites according
to the depositional setting (Fig. 5¢). Microbialites from
carbonate-dominated [Plettenberg; €j43ngmy (—7.5 to
—8.8)] and mixed carbonate-siliciclastic [Pm6; €43ng
m=—10£0.6 (20)] environments reflect a contamina-
tion by a crustal material characterised by a signature
that is particularly unradiogenic.

3.2.3. Composition of seawater over geological time
This study focuses on seawater chemistry recorded in

Upper Jurassic microbialites and presents the first REE

data recorded by this carbonate-type sediment during the

Mesozoic. Microbialites collected in Upper Jurassic
coral and sponge reefs developed before the progressive
radiation of the calcareous plankton during the Creta-
ceous times (Roth, 1986). Removal of CaCO5 by coc-
colithophore algae and globigerine foraminifers signi-
ficantly affected the seawater chemistry in reducing the
saturation state, and consequently was probably respon-
sible of the microbial carbonate decline after the Jurassic
(Riding and Liang, 2005a,b). Different works based
on phosphate sediments also suggest that ancient seawa-
ter REE chemistry was significantly different before
Upper Cretaceous times and was characterised by a net
HREE depletion (McArthur and Walsh, 1984; Grand-
jean et al., 1987, 1988; Grandjean-Lécuyer et al., 1993;
Ilyin, 1998; Picard et al., 2002; Lécuyer et al., 2004).
These authors evoke change of the planktonic biomass
may have affected the HREE fractionation in modifying
the scavenging mechanism of REE in the water column.
However, the identification of post-depositional modifi-
cations of phosphate REE signatures by diagenetic pro-
cesses questions the use of phosphate sediments for REE
seawater reconstructions (Reynard et al., 1999; Shields
and Stille, 2001; Shields and Webb, 2004). Upper Juras-
sic microbialites collected in pure carbonate and shallow
(<30 m) settings of Pagny-sur-Meuse show a net HREE
enrichment with (Dy/Yb)gy ratios comprised between
0.74 and 0.97 and a negative Ce anomaly (0.14-0.15)
similar to modern shallow seawater (Piepgras and Jacob-
sen, 1992; Zhang and Nozaki, 1996; Alibo and Nozaki,
1999). Very close microbialite REE patterns obtained in
deep shelf to epicontinental basin (70—150 m) settings
(Plettenberg) argue for homogeneous REE seawater
chemistry at the scale of the northwestern Tethys mar-
gin. Based on our data and those from the literature,
microbialites from the Archaean to the present time
present close shale-normalized patterns but are also
very similar to the modern seawater (Fig. 6). Consider-
ing that microbialites record REE seawater composition
through time, no major modifications of the REE sea-
water chemistry would have occurred, especially for
Phanerozoic times. With relatively similar REE patterns,
which may differ for example in La or Ce anomalies,
microbialites are thus robust proxies for ancient seawa-
ter chemistry reconstructions (see also Kamber and
Webb, 2001; Nothdurft et al.,, 2004; Kamber et al.,
2004; Shields and Webb, 2004).

3.3. Depositional environment of microbialites
The predominance of abundant quantities of micro-

bialites in Upper Jurassic reef ecosystems implies
ambient seawater favourable to carbonate non-
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enzymatic biomineralization. Although microbial in-
duction of carbonate precipitation results from various
and complex microbial heterotrophic and autotrophic
processes, the saturation state with respect to carbon-
ate minerals is frequently related to carbonate alkalin-
ity and/or pH increases (cf. Castanier et al., 1999;
Riding, 2000; Webb, 2001). Alkalinity is thus evoked
to favour the microbialite formation in cavities of
modern coral reef (Reitner, 1993) and in some lake
waters (Thompson et al., 1990; Arp et al., 1996;
Kempe et al., 1996). Past oceans, so-called “soda-
oceans”, also could be characterised by higher alka-
linity, explaining the large amount of microbial carbo-
nates in Precambrian times (Kempe and Degens,
1985; Arp et al., 2001). The strong pH dependence
of the Ce concentrations also complicates the use of
Ce anomalies as proxy for oxic and anoxic seawaters
(de Baar et al.,, 1985; Cantrell and Byrne, 1987,
Byre and Kim, 1993). In alkaline and high-pH
waters of Lake Van (pH=9), Moller and Bau (1993)
explained the net positive Ce anomalies by the good
stabilization of polycarbonate-Ce*" complexes in so-
lution. Abundant inorganic ions CO3~ and OH™ pres-
ent in rivers or seawaters with high pH form stronger
complexes with HREE than LREE, resulting in HREE
enriched shale-normalized patterns (Goldstein and
Jacobsen, 1988; Byrne and Kim, 1990). Absence of
positive Ce anomalies, as well as strongly enriched
HREE patterns in analysed microbialites suggest that
ambient seawater, were characterised by neither a high
alkalinity nor a pH higher than 8.2, the value of
modern seawater. These arguments support the control
of Ce anomalies in microbialites by REDOX condi-
tions, allowing discussion on depositional environ-
ments for the different studied localities.

In the pure carbonate setting of Pagny-sur-Meuse,
coral associations suggest oligotrophic conditions dur-
ing the edification of the coral framework (Fig. 7a;
Olivier et al., 2004a). Observed directly on the coral
reef surface, microbialitie crusts (Pm1—-5) show a sea-
water-like REE patterns with strong negative Ce
anomalies. This suggests a well-oxygenated water col-
umn devoid of terrigenous materials during the micro-
bialite formation. In such environment, the microbialite
development is not linked to an increase of terrigenous
input, but rather, to the release of nutrients from sedi-
ments and porewaters following important storm events
(cf. Olivier et al., 2004a). However, preferential releases
of LREE and Ce from sediments in porewaters should
remove the Ce anomaly and flatten the patterns. Seawa-
ter-like REE patterns suggest that the release of lantha-
nides from sediments were probably too limited in time

to affect the entire water column and thus being recorded
in microbialites. On the other hand, the coral community
disturbance, coupled to a temporarily rise of nutrients
release from the sediments after a major tempest event,
is sufficient to allow a benthic microbial bloom. After
reaching a critical point, benthic microbial communities
could also prevent coral recovery (McCook, 2001), per-
mitting the microbialite formation.

In more distal settings of deep shelf to epicontinental
basin, formation of microbialites at the surface of
sponge bioherms is frequently assumed to have oc-
curred in anoxic—dysoxic seawaters (Leinfelder et al.,
1993, 1994, 1996; Schmid, 1996; Schmid et al., 2001;
Leinfelder, 2001). Despite a certain degree of terrige-
nous contamination, Ce anomalies [(Ce/Ce*)=0.3-0.7]
reported in Plettenberg samples evoke relatively well-
oxygenated seawaters during formation of microbialites
(Fig. 7b). Nutrients associated with a relatively moder-
ate terrigenous influx probably controlled microbialite
development on the primary sponge framework (Olivier
et al., 2004b).

In mixed carbonate-siliciclastic settings of Pagny-
sur-Meuse (Pm6) and the Chay Peninsula, coral asso-
ciations point out mesotrophic conditions (Olivier,
2004). The upwelling of deep-waters rich in nutrients
and possibly poorly oxygenated has been suggested to
explain formation of abundant microbialites (up to
70% of the reef volume) on coral surface of the
Chay Peninsula reefs (Leinfelder, 2001). Normalized
shale-like REE patterns of microbialites from these
mixed carbonate-siliciclastic settings (Chay Peninsula
and Pm6) clearly show the contribution of terrigenous
material. The small amount of siliciclastics is suffi-
cient to mask the REDOX conditions occurring in the
water column during the formation of microbialites
(Fig. 7a).

Therefore, this study contends that Upper Jurassic
microbialites were able to form in well-oxygenated
(and possibly in dysoxic?) seawaters. Shale-normal-
ized REE patterns also suggest normal pH and alka-
linity in the water column during the microbialite
formation at the surface of studied coral and sponge
reefs. The carbonate precipitation probably occurred
directly within the biofilm, in local microenviron-
ments, favoured by biological effects on saturation
states and on nucleation (e.g. Webb, 2001; Nothdurft
et al., 2005). In all cases, their development is consis-
tent with an increase in the nutrient content (Olivier et
al., 2004a,b). Higher trophic conditions in ambient
seawater probably allowed blooms of benthic microbi-
al communities, which finally covered coral and
sponge frameworks, such as it is observed in some
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Fig. 7. Depositional models of microbialites in (a) coral-microbialite reefs of (al) pure carbonate and (a2) mixed siliciclastic-carbonate lagoons
(Pagny-sur-Meuse) and in (b) sponge-microbialite bioherms of carbonate-dominated deep shelf (Plettenberg). The main microbialite development
occurred at the reef surface after the growth of a primary framework made of sponges or corals. Pagny-sur-Meuse and Plettenberg bioconstructions
developed along the northwestern Tethys margin during the same time interval (Bimammatum Zone; Table 1). The Chay Peninsula microbialites,
which developed on a mixed carbonate-siliciclastic ramp, are not illustrated in this figure, but is considered to reflect similar palacoenvironmental
conditions than mixed siliciclastic-carbonate lagoons of Pagny-sur-Meuse. See text for more explanation.

modern coral reefs of French Polynesia (Sprachta et
al., 2001).

4. Conclusions
Results for major, rare earth elements and Nd iso-

topes reinforce the notion that microbialites are reliable
proxies for reconstruction of ancient seawater geochem-

ical signatures. Although collected laterally to carbon-
ate-rich limestone levels (CaO 85-99%), the amount of
siliciclastic material recorded in studied Upper Jurassic
microbialites directly influences their REE composition.
Even with a low contribution of terrigenous material,
microbialites can lose their seawater REE signature.
Lateral and intra-reef sediments, and to a lesser degree
stromatolitic microbialites are more easily disturbed by

Fig. 6. Shale-normalized REE patterns for microbialites along geological times. (a) Modern seawater. The REE concentrations correspond to the
average of seawater values measured between 9 and 50 m depth at different sites of the western south Pacific Ocean by Zhang and Nozaki (1996)
and concentrations determined by Alibo and Nozaki (1999) at 50 m depth in the western North Pacific near Japan. (b) Holocene reefal microbialites
from Australia (Webb and Kamber, 2000). The pattern represented in (c) corresponds to the average of concentrations measured in microbialites of
pure carbonate setting (Pagny-sur-Meuse). (d) Late Devonian microbialites of thrombolitic fabric from Australia (Nothdurft et al., 2004). (e) Late
Archaean microbialites (2.52 Ga) from South Africa (Kamber and Webb, 2001). (f) Archaean microbialites of stromatolitic fabric (3.45 Ga) from
Australia (Van Kranendonk et al., 2003). Only one pattern corresponding to the mean composition has been represented for the different geological
times in order to clarify the figure.
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such contamination than other microbial crusts of
thrombolitic fabric. With no or minor terrigenous con-
tamination, microbialites sampled in lagoonal coral
reefs (Pagny-sur-Meuse) and to a lesser degree in
deep-shelf sponge bioherms (Plettenberg) record shale-
normalized REE patterns characterised by a LREE de-
pletion relative to HREE, an enrichment in HREE rel-
ative to MREE, a negative Ce anomaly, and positive La
and Gd anomalies. These results imply that Upper Ju-
rassic seawaters of the northwestern Tethys margin were
characterised by REE chemistry similar to modern
oceans.

REE compositions also give information on the de-
positional environments of microbialites in Upper Ju-
rassic coral and sponge bioconstructions. The presence
of microbialites at the reef surface, coupled with the
absence of positive Ce anomalies and HREE enrich-
ment, suggest that microbialite formation was not con-
trolled by alkaline and high-pH ambient seawaters. The
carbonate precipitation more probably occurred in
microenvironments within biofilms. In both coral and
sponge reefs, the development of microbialites occurred
in well-oxygenated waters, probably after an increase in
the nutrient content.
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