
15 August 2024

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Franchi F,  Hofmann A,  Cavalazzi B,  Wilson A,  Barbieri R (2015). DIFFERENTIATING MARINE VS
HYDROTHERMAL PROCESSES IN DEVONIAN CARBONATE MOUNDS USING RARE EARTH ELEMENTS (KESS
KESS MOUNDS, ANTI-ATLAS, MOROCCO). CHEMICAL GEOLOGY, 409, 69-86
[10.1016/j.chemgeo.2015.05.006].

Published Version:

DIFFERENTIATING MARINE VS HYDROTHERMAL PROCESSES IN DEVONIAN CARBONATE MOUNDS USING RARE
EARTH ELEMENTS (KESS KESS MOUNDS, ANTI-ATLAS, MOROCCO)

Published:
DOI: http://doi.org/10.1016/j.chemgeo.2015.05.006

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/472566 since: 2021-11-29

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1016/j.chemgeo.2015.05.006
https://hdl.handle.net/11585/472566


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version. 

This is the final peer-reviewed accepted manuscript of 

Franchi F; Hofmann A; CAVALAZZI, BARBARA; Wilson A; BARBIERI, ROBERTO: DIFFERENTIATING MARINE VS 
HYDROTHERMAL PROCESSES IN DEVONIAN CARBONATE MOUNDS USING RARE EARTH ELEMENTS (KESS 
KESS MOUNDS, ANTI-ATLAS, MOROCCO). CHEMICAL GEOLOGY, 409. ISSN 0009-2541 

DOI: 10.1016/j.chemgeo.2015.05.006 

The final published version is available online at: 
http://dx.doi.org/10.1016/j.chemgeo.2015.05.006

Rights / License: 

The terms and conditions for the reuse of this version of the manuscript are specified in the 
publishing policy. For all terms of use and more information see the publisher's website.   



Differentiating marine vs hydrothermal processes in Devonian
carbonate mounds using rare earth elements (Kess Kess mounds,
Anti-Atlas, Morocco)
Fulvio Franchi a,b,c,⁎, Axel Hofmann d, Barbara Cavalazzi c,d, Allan Wilson e, Roberto Barbieri c
a Department of Earth and Environmental Sciences, BIUST, Private Mail Bag 16, Plot 10071, Palapye, Botswana
b ISMAR, CNR, Bologna, Via Gobetti 101, 40129 Bologna, Italy
c Dipartimento di Scienze Biologiche, Geologiche e Ambientali, Università di Bologna, Via Zamboni 67, 40126 Bologna, Italy
d Department of Geology, University of Johannesburg, PO Box 524, Auckland Park 2006, Johannesburg, South Africa
e School of Geosciences, University of Witwatersrand, 1 Jan Smuts Avenue, Braamfontein 2000, Johannesburg, South Africa
⁎ Corresponding author at: Department of Earth and E
Private Mail Bag 16, Plot 10071, Palapye, Botswana. Tel.: +

E-mail address: franchif@biust.ac.bw (F. Franchi).
a b s t r a c t
a r t i c l e i n f o
Keywords:
Kess Kess
Carbonate mounds 
Hydrothermalism 
Carbonate 
geochemistry Rare 
earth elements Palaeo-
redox
Petrological and geochemical analyses were carried out on Early Devonian Kess Kess mound limestones of the 
Seheb el Rhassel Group exposed in the Hamar Laghdad Ridge (Tafilalt Platform, Eastern Anti Atlas, Morocco) 
in order to evaluate marine vs hydrothermal processes for the origin of the mounds. Hydrothermal fluid 
circulation affected limestone deposition resulting in the formation of a plumbing system preserved in the 
mound facies and inter mound facies as cavities, veins, and dykes.
Shale normalized rare earth element (REE) patterns for limestones display pronounced light REE depletion 
compared to middle REE (average PrSN / DySN = 0.46) and heavy REE (average PrSN / YbSN = 0.55), a super 
chondritic Y/Ho ratio (up to 87) and positive La anomaly consistent with precipitation from normal marine 
seawater. With in our data set the Ce anomaly, as well as U and other trace element concentrations vary with 
facies providing evidence for variable redox conditions. The presence of positive Ce anomaly in carbonates of 
the plumbing system is consistent with precipitation under anoxic condition. Samples from mound facies and 
quartz veinlets in the upper part of the group show REE patterns consistent with precipitation from 
hydrothermal fluids. Early Devonian hypothetical seawater REE patterns were calculated from samples 
showing normal marine REE patterns (i.e. inter mound facies) and from samples with weaker marine 
signature (i.e. fossiliferous mound limestones and plumbing system deposits). Hypothetical patterns are 
slightly enriched in ΣREE compared to modern open ocean seawater.
This study reveals that REE analysis is a powerful tool for understanding polygenetic carbonate systems. It 
sheds light into the genesis of the Kess Kess mounds by reconstructing fluid pathways and palaeo redox 
conditions.
1. Introduction

The chemistry of rare earth elements (REE) is a valuable tool to in 
vestigate marine sedimentary palaeoenvironments. The relative abun- 
dance of REE in marine precipitates reflects i) the source of the 
different fluids in the basin that mix to form seawater (e.g. Kamber et 
al., 2004; Feng et al., 2009), and ii) variations in alkalinity and oxygen 
levels (Elderfield, 1988; Piepgras and Jacobsen, 1992; Bertram and 
Elderfield, 1993; Greaves et al., 1999; Kim et al., 2012; Hu et al., 2014). 
The REE pattern of marine precipitates can be considered in terms of 
marine, terrestrial, and hydrothermal fluid endmembers. The 
REEcomposition of carbonates as a proxy for seawater composition
nvironmental Sciences, BIUST,
267 74531017.
and palaeoenvironmental and palaeoecological reconstructions has 
been applied for Precambrian (Kamber and Webb, 2001; Van 
Kranendonk et al., 2003; Allwood et al., 2010; and references 
therein) and Phanerozoic (Kawabe et al., 1991; Webb and 
Kamber, 2000; Tanaka et al., 2003; Nothdurft et al., 2004; Shields 
and Webb, 2004; Johannesson et al., 2006; Olivier and Boyet, 2006; 
Oliveri et al., 2010) strata. Particularly it was demonstrated that 
Devonian reef carbonates (Canning Basin, Western Australia) 
retained consistent seawater like REE signatures (Nothdurft et al., 
2004), suggesting the usefulness of an cient carbonate REE patterns as 
a seawater proxy. The enrichment of certain trace elements (e.g. U, 
Mo, etc.) and behavior of redox sensitive REE (Eu, Ce) have been used 
to investigate recent (e.g. Hu et al., 2014) and ancient (e.g. Kamber 
and Webb, 2001) carbonates giving new in sights into the redox 
conditions during early diagenesis. The aim of the present study is 
to explore the Kess Kess carbonate mounds by using REE and other 

trace elements.



The Early Devonian (Emsian) Kess Kess mounds are well exposed 
at the Hamar Laghdad Ridge in the Tafilalt region (Eastern Anti Atlas, 
Morocco; Figs. 1 2). A hydrothermal origin, based on temperature 
estimates from fluid inclusions, REE composition, and oxygen isotopic 
composition of carbonates, and the presence of putative thermophilic 
faunas was proposed to explain the formation of these micritic 
mounds (Bełka, 1998; Mounji et al., 1998; Aitken et al., 2002; 

Berkowski, 2004,

Fig. 1. A) Simplified map of the structural domains of north-western Africa: Rif, Meseta and 
Tafilalt platform/basin systems (white represents Quaternary and recent aeolian sediment c
in the Tafilalt platform. Modified from Michard (1976) andKaufmann (1997). C) Hamar Lagh
Table 1).
2006, 2008; Bełka and Berkowski, 2005; Olempska and Bełka, 2010; 
Berkowski and Klug, 2012; Jakubowicz et al., 2013; Franchi et al., 
2014). Warm fluids (31 56 °C, Mounji et al., 1998; 40  45 °C Franchi et 
al., 2014) were probably derived from low temperature hydrother 
mal activity driven by late stage magmatic activity related to Early De 
vonian submarine calc alkaline volcanism. Recently, evidence of this 
hydrothermal activity was reported from the upper part of the Hamar
Atlas. Boxed area is detailed in B. B) Distribution of the sedimentary facies of Maïder and 
over). The Kess Kess mounds crop out at the Hamar Laghdad Ridge (star) and are hosted 
dad Ridge simplified stratigraphy showing mound occurrences and sampling sites (see 
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Fig. 2. Lithostratigraphic subdivision of the Hamar Laghdad Ridge showing the strati-
graphic position (smaller numbers) of the studied samples.

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Laghdad limestone succession (Seheb el Rhassel Group) where
components of an articulated plumbing system of veins, dykes, and
vents were described (Franchi et al., 2014). However, the
hydrothermal origin of the Kess Kess mounds is still debated because
the oxygen isotopic com position (δ18O values as low as −11‰ PDB;
Franchi et al., 2014) of the  Early Devonian limestones is inconclusive
and considered inconsistent with unambiguous hydrothermal genesis
and probably due to incipient burial diagenesis (Joachimski et al.,
1999; Klug et al., 2009).

Studies of the REE distribution of Kess Kess carbonate may shed
light on this issue, as REE in carbonate tend to be relatively immobile
during diagenesis (Banner et al., 1988; Webb and Kamber, 2000;
Nothdurft et al., 2004), and REE behavior in aqueous solution is redox
sensitive. A limited REE dataset from the Hamar Laghdad Ridge was
previously re ported by Bełka (1998), who compared mound
limestone signatures with those from neptunian dykes and inter-
mound deposits, suggesting a relation between warm fluid circulation
and REE pattern. However, Bełka (1998) provided results from only
five samples, three of which were obtained from neptunian dykes
which were considered to be of younger age (Frasnian; e.g. Peckmann
et al., 1999). These fractures are probably related to development of

younger mounds (i.e. Hollard Mound; Fig. 1C) generated by 
hydrocarbon seepage (e.g. Peckmann
et al., 1999, 2005; Cavalazzi et al., 2007). In order to avoid 
comparative studies of unrelated facies, more work is thus required. 
Here we present a broader data set from different mound and inter- 
mound facies, using REE and other trace elements, to elucidate the 
palaeoenvironmental conditions in which the Kess Kess mounds 
formed.
2. Geological setting and sample description

Palaeozoic deposits in the eastern Anti Atlas of Morocco are part of
the continental shelf sequence that developed along the north western
margin of Gondwana during Late Precambrian to Early Carbon iferous
(Piqué and Michard, 1989). The palaeolatitude of these deposits during
the Early Devonian has tentatively been placed between 35°S (Mounj
et al., 1998) and 60° 70°S (Tait et al., 1995; Stampfli and  Borel, 2002)
on the southern margin of the Palaeo Tethys. The closure of the
western Palaeo Tethys and the consequent clockwise rotation of
Gondwana during the Devonian resulted in a gradual formation, along
the northern continental margin of the West African Craton, of severa
intra cratonic basins (Wendt, 1985) that include the Tafilalt platform/
basin system (Fig. 1).

The Hamar Laghdad Ridge consists of a W E oriented succession of
Early to Middle Devonian sedimentary rocks considered as a part of the
Tafilalt Platform (Figs. 1 2). During the Lochkovian, the deposition of
volcanic rocks of the Merzane Group (Hollard, 1981) in a shallow
epicontinental sea led to the formation of a topographic high that
became the depositional site of the Seheb el Rhassel Group (SRG) lime-
stones during the Pragian Emsian (Aitken et al., 2002). This group
consists of ca. 100 m of fossiliferous limestones (Fig. 2) composed of
mottled micrite/microsparite with variable amounts of skeletal debris
and carbonate cements. The bottom strata of the SRG are made of
brachiopod and crinoid packstone/rudstone. The Kess Kess mounds lie
on the top of the SRG(Fig. 2) and are covered by the argillaceous
deposits of the Amerboh Group (Aitken et al., 2002; Berkowski, 2008;
Berkowski and Klug, 2012). The mounds developed in relatively deep
water below fair weather wave base, probably below the photic zone
(Bełka, 1998; Aitken et al., 2002; Berkowski, 2008, 2012) between 200
and 300 meters according to Mounji et al. (1998). Decimeter wide nep-
tunian dykes, interpreted as syndepositional fractures (see Cavalazzi et
al., 2007), cross cut the whole succession from the Merzane volcanic
rocks to the boundary between SRG and Amerboh Group (Fig. 2).

Sampling sites for this study were carefully selected on the basis of
previous field studies and petrographic and mineralogical data
(Cavalazzi et al., 2007; Franchi et al., 2014). Samples for this work were
collected from different facies of the SRG corresponding to differ
entdepositional settings (Figs. 1C, 2 and 3). Among 20 studied samples
one sample is a brachiopod coquina collected from the middle part of
the group, 17 are limestones from mound and inter mound facies, and
two samples are ironstone and quartz bearing rock, respectively
collected from the upper part of the group (Fig. 2).

Brachiopod coquina (sample 1; Table 1) forms meter thick beds or
lenses that alternate with crinoidal packstone grainstone. Two genera-
tions of syntaxial and scalenohedral calcite form overgrowths on
brachiopod shells (Fig. 4A), whereas micritic cements are less than 50%

Limestone samples from mound buildups (Table 1) are dominated
by wackestone (sample 10). Stromatactis bearing fossiliferous lime-
stone represents the bulk of the mound facies (Figs. 3B and 4B)
Stromatactis infill consists of several generations of isopachous
radiaxial, fibrous calcite (sample 2; Table 1) and blocky calcite
distributed toward the center of the cavities (Fig. 4B, C). The
fossiliferous limestones are locally transected by a system of veins
regarded hydrothermal in origin. These veins are filled by black and
white gener ations of isopachous and botryoidal calcite cements
(samples 21, 25; Table 1). Mound facies is locally typified by cavities
that were probably part of the plumbing system. These cavities are
filled by trilobite bearing limestone with two different fabrics (Figs. 3C
and 4D F): the upper part of cavity fills consists of a cement dominated

rudstone
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Fig. 3. A) Investigated SRG facies tentatively located (B–F) within mound buildup. B) Stromatactis-bearing limestone forming the bulk of the mounds. C) Trilobite-bearing limestone 
filling a dome shaped cavity is characterized by two distinct textures: floatstone and rudstone. D) Pisolite-bearing reddish limestone from the inter-mound area. E) Topmost SRG 
strata composed of highly fractured tentaculite packstone. F) Syndepositional fracture filled with several generations of white, gray and reddish laminated carbonate cements.
(samples 6, 23; Table 1) and the lower part consists of floatstone
(samples 5, 22; Table 1). Warm fluid probably circulated through
these cavities triggering micrite dissolution and cement precipitation
Mound facies is also typified by layered limestone made of alternations
of gray and black micrite and microsparite (samples 8, 24; Table 1).

Inter mound facies interfingers with mound facies in the upper part
of the SRG (Berkowski, 2004) and is mainly composed of crinoid
trilobite wackestone (Aitken et al., 2002). In the upper part of the SRG
the inter mound strata are interbedded with centimeters to decimeters
thick reddish clastic layers (samples 9, 14 16, 19; Table 1) typified by
pisolites, cm sized carbonate pebbles, and a high percentage of well
rounded clasts and pebbles of quartz (Figs. 3D and 4G). This facies
described for the first time by Franchi et al. (2014), has probably been
generated by meteoric alteration during subaerial exposure of the
Hamar Laghdad succession. One sample (sample 20; Table 1) was
collected from the uppermost strata of SRG. These strata consist of
discontinuous tentaculite packstone that locally drapes the mounds
(Fig. 3E). One sample (sample 7; Table 1) from a fracture which cross
cut the SRG inter mound area (Fig. 3F) was collected. The fractures
formerly named neptunian dykes (Cavalazzi et al., 2007), are filled by
carbonate debris of Frasnian age (e.g. Peckmann et al., 1999) cemented
by several generations of calcite cement and euhedral dolomite
(sample 7; Fig. 4H).

Two samples were collected from deposits of ironstone in the upper
part of the SRG. These deposits are dominated by globular and spongy
masses of primary blackish brown goethite and have been inferred to
correspond to fossil vents (Franchi et al., 2014). The ironstone 
(sample 12; Table 1) is hosted within Fe rich carbonate cemented by 
zoned, euhedral dolomite locally breached by veins filled with quartz 
(sample 11; Table 1).

3. Methods

A total of twenty samples from different facies of the SRG were
analyzed for mineralogical and chemical composition (Tables 1 3)
Polished slabs and standard petrographic thin sections were prepared
at the University of Bologna. The microfacies were studied with an
optical microscope equipped with a Pyser SGI micrometer and a
Nikon Coolpix 4500 digital camera. Five samples (Table 3) were
analyzed in situ with a WITec alpha300R Confocal Raman microscope
at the University of Johannesburg to identify the distribution of minera
phases and the presence of carbonaceous matter within the samples
Raman analyses were recorded and treated using WITecProject2.06®
software, and compared with reference spectra from the RRUFFData
Base and literature (White, 2009; Cavalazzi et al., 2012 and references
therein) using the Crystal Sleuth software (Downs, 2006).

Morphological information and chemical composition of all the sam-
ples were obtained using a Jeol 5600 Scanning Electron Microscope
(SEM) equipped with an electron back scatteringCENTAURUS system
(EDS) at University of Johannesburg. The SEM EDS investigations
were performed on etched (60 s in aqueous solutions with 1% HC
concentration) and non etched freshly broken samples, thin sections



Table 1
Summary of SRG samples. Samples processed for ICP-MS are in gray.

Sample Location Description Composition* Facies Analyses Coordinates

1 inter–mound
Articulated brachiopod grainstone
(coquina)

Calcite Brachiopod coquina
XRD, XRF,
EMPA, ICP–MS

31°22'33.98"N,
4° 3'8.20"W

2 mound
Stromatactis filling – Micrite and
fibrous radiaxial calcite

Calcite Stromatactis
XRD, XRF,
EMPA, ICP–MS

31°22'27.80"N,
4° 2'58.68"W

5 mound Trilobite floatstone Calcite, Quartz Trilobite–bearing limestone
XRD, XRF,
ICP–MS, RAMAN

31°22'39.61"N,
4° 3'29.02"W  

6 mound
Trilobite rudstone with geopetal
micrite

Calcite Trilobite–bearing limestone
XRD, XRF, EMPA,
ICP–MS,RAMAN

31°22'44.58"N,
4° 3'45.26"W

7 inter–mound
Isopachous generations of fibrous
radiaxial calcite

Calcite, Dolomite Fracture (Neptunian dyke)
XRD, XRF,
EMPA, ICP–MS

31°22'37.84"N,
4° 3'11.50"W

8 mound
Black and grey micrite interbedded
with blocky and radiaxial calcite

Calcite, Quartz Dark layered micrite
XRD, XRF, EMPA,
ICP–MS,RAMAN

31°22'53.23"N,
4° 1'49.44"W

9 inter–mound
Reddish quartz–rich micrite with
centimeter sized pisolites

Calcite, Quartz Pisolite–bearing limestone
XRD, XRF,
EMPA, ICP–MS

31°22'36.54"N,
4° 2'31.50"W

10 mound
Wackestone with prevalent auloporids
and trilobite bioclasts

Calcite Fossiliferous limestone
XRD, XRF,
EMPA, ICP–MS

31°22'41.97"N,
4° 3'19.39"W

11 vent
Reddish rocks occuring near the vent
structures

Quartz, Calcite Quartz filling veinlets
XRD, XRF,
EMPA, RAMAN

31°22'40.30"N,
4° 3'15.52"W

12 vent
Vent filling consisting of spongy
ironstone 

Goethite Goethite
XRD, XRF,
EMPA, RAMAN

31°22'53.09"N,
4° 3'29.38"W

14 inter–mound
Reddish layered limestone consisting
of micro and mesosparite

Calcite, Goethite(?) Reddish layered limestone XRD
31°22'46.66"N,
4° 3'47.89"W

15 inter–mound Reddish dolomitized limestone Calcite, Dolomite Dolomitized limestone XRD
31°22'52.09"N,
4° 3'38.54"W

16 inter–mound
Reddish dolomitized carbonatic breccia
with rounded pebbles of limestone

Calcite, Dolomite,
Quartz

Dolomitized limestone XRD
31°22'52.09"N,
4° 3'38.54"W

19 inter–mound
Reddish dolomitized carbonatic breccia
with rounded pebbles of calcite

Calcite, Dolomite,
Quartz

Dolomitized limestone XRD
31°22'40.30"N,
4° 3'15.52"W

20 inter–mound
Tentaculite wackestone/packstone
interbedded with radiaxial calcite Calcite, Quartz Tentaculite packstone

XRD, XRF,
EMPA, ICP–MS

31°22'31.72"N,
4° 2'48.98"W

21 mound
Isopachous generations of fibrous
radiaxial calcite

Calcite Vein filling
XRD, XRF,
EMPA, ICP–MS

31°22'36.95"N,
4° 3'23.46"W

22 mound
Reddish layered micrite with trilobite
remains

Calcite, Quartz Trilobite–bearing limestone XRD, EMPA
31°22'47.88"N,
4° 3'32.32"W

23 mound Trilobite floatstone Calcite, Quartz Trilobite–bearing limestone XRD, EMPA
31°22'44.58"N,
4° 3'45.26"W

24 mound
Dark and grey micrite interbedded
with blocky and radiaxial calcite

Calcite, Quartz Dark layered micrite XRD
31°22'53.23"N,
4° 1'49.44"W

25 mound
Isopachous and botryoidal fibrous
cements and blocky calcite 

Calcite Vein filling
XRD, XRF,
ICP–MS

31°22'43.62"N,
4° 2'24.66"W

⁎Based on XRD data integrated with EDX analyses.
and ultra polished disks (operating conditions: 15 and 25 kV 
accelerating voltage). Ten ultra polished disks and three thin 
sections were investigated with an Electron Probe Micro Analyser 
(EPMA) at Universi ty of Johannesburg (see Supplementary materials 
S1, S2).

Sub samples for geochemical analyses were obtained by shattering 
polished slabs and collecting rock chips from the desired parts of the 
specimens. Small chips (ca. 100 200 g) of bulk specimens (avoiding 
weathered surfaces) were crushed in an agate mortar and then pow- 
dered using an agate mill. X ray diffraction (XRD) analyses (Table 1) 
were performed with a Philips PW 1130, CuK1, X ray diffractometer at 
the University of Bologna. Major and trace elements of thirteen 
samples (Table 2) were analyzed by X ray fluorescence using a 
PANanalytical Magix PRO on fusion disks at University of 
Johannesburg and by ICP MS on solutions using a Perkin Elmer Sciex 
ELANDRC e instrument at the University of the Witwatersrand (Table 
2). For carbonates two distinct leaching procedures were performed 
(see Table 2): i) ca. 100 mg of sample powder was leached with 

ultrapure hydrochloric acid in three consecutive steps using different 
normalities and
volumes(0.3 ml of 0.4 N, 0.5 ml of 2.5 N and 0.2 ml of 6.1 N HCl) until 
no further reaction was noticed; ii) ca. 100 mg of sample powder was 
leached with 1 ml of ultrapure 1 N acetic acid. Leaching was 
undertaken at room temperature and while agitating the sample. 
Total reaction time was 2 h using HCl and 12 h using acetic acid. 
Insoluble residue from both preparations was separated by 
centrifuging. Samples 2 and 8 were leached with both hydrochloric 
acid and acetic acid. Results of both acidifications are reported for 
comparison in Table 2. Rongemaille et al. (2011) recommended the 
use of 5% (v/v) acetic acid solution at room temperature for 24 h to 
achieve total leaching of the carbonate phases while avoiding 
dissolution of clastic material and Fe Mn oxides. Here we adopted 
both acetic acid and hydrochloric acid leaching. We used a similar 
acetic acid concentration (c. 6%) as recommended by Rongemaille et 
al. (2011) and we evaluated potential contamination by comparing 
REE patterns with Fe and Mn contents and concentration of elements 
present in the clastic phase (cf. Nothdurft et al., 2004; Allwood et al., 
2010; see Supplementary materials S3). Our results show that, for the 

material investigated, both leaching procedures



Fig. 4. Photomicrographs and polished slab of some of the analyzed samples. A) Brachiopod coquina (crossed nicols) showing shells (br) overgrown by scalenohedral (sc) and syntaxial
(sy) calcite cements (sample 1). B) Stromatactis cavitywithin fossiliferous limestone (sample 10). Arrows point to the characteristic irregular stromatactis roof. Fossils are auloporids (au)
and trilobites (tr). C) Photomicrograph (crossed nicols) of stromatactis filling (sample 2) showing the boundary betweenmicrite (bottom)with corals (au) and sponge spicules (sp) and
radiaxial calcite (top). D) Trilobite-bearing limestone consisting of two different textures: trilobite floatstone (bottom, sample 5) and trilobite rudstone (top, sample 6).
E) Photomicrograph of trilobite rudstone shown in D. Note paragenetic sequence with fibrous radiaxial calcite (rd) and blocky calcite (bl). F) Photomicrograph of trilobite floatstone
shown inD.G)Accretion of reddish laminae on a carbonate clastwithin thepisolite-bearing limestones (sample9). Note the high content of detrital quartz (white rounded to sub-rounded
clasts) within the matrix. H) Paragenetic sequence of a fracture fill (sample 7) showing radiaxial fibrous (rd) calcite, micrite (mc), and dolomite rhombohedra (bright crystals).
adopted brought into solution mainly the carbonate phases resulting in 
only minor terrigenous and/or oxide contamination (§ 5.1). For non 
carbonate samples 11 and 12 (Table 1), 50 mg of powdered sample was dis- 
solved in a mixture of 3:2 HF and HNO3 in a high pressure Teflon vessel in a 
CEM Mars Express Microwave digester with 40 min digestion times and 
evaporated to dryness in Teflon beakers before being taken up in 5%
HNO3 for analysis. Solutions were made up to 50 ml for analysis. Internal 
standards (10 ppb Rh, In, Re and Bi) and calibration solutions were pre- 
pared from certified single and multi element standard solutions. The 
instrument was tuned to avoid interference by oxides and doubly charged
species so that Ba2+/Ba and CeO/Ce were b 0.03. Quality of data was 
monitored using the international standards BCR 1, BHVO 1, and BIR 1.

We calculated LREE fractionation, ΣREE, Ce anomaly, Pr anomaly, 
Eu anomaly, Gd anomaly, Y/Ho ratio (Table 4), and the relation be- 
tween these proxies and trace and transition elements. For ease of 
comparison with recent work on Paleozoic carbonate REE patterns 
we normalized REE data to post Archean average Australian shale 
(PAAS, Nance and Taylor, 1976; Taylor and McLennan, 1985) 
regarded to approximate the composition of average terrigenous 
input to the oceanic environment.
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Table 2
Major element contents (in wt. %) and trace element concentrations (in mg/kg) for SRG samples. Samples leached with acetic acid are in gray.

Sample KK1 KK5 KK6 KK7 KK9 KK10 KK11 KK12 KK20

Al2O3 0.96 0.25 0.16 0.13 1.24 1.89 0.10 0.15 0.75

CaO 54.16 55.51 55.45 54.84 45.90 52.17 0.57 0.25 52.70

Fe2O3 0.28 0.36 0.12 0.20 0.54 0.48 0.07 87.17 0.37

K2O 0.18 0.06 – – 0.22 0.47 – – 0.18

MgO 0.63 0.60 0.69 1.37 0.31 0.62 – 0.14 0.53

MnO 0.05 – 0.06 – – 0.06 – – 0.20

Na2O – – – – – – – – –

SiO2 1.52 1.95 0.28 0.20 14.73 2.98 97.67 1.17 3.64

TiO2 0.05 – – – 0.08 0.12 – – –

LOI 40.64 40.89 42.24 43.09 36.09 41.14 0.65 10.40 40.56

Total 98.46 99.68 99.08 99.89 99.11 100.04 99.06 99.4 98.93

Li 0.84 0.31 0.20 0.25 0.44 0.43 0.67 0.35 2.26 0.76 15.94 0.27 0.64

P 38.7 115.7 19.7 138.7 275.7 262.8 110.0 9.5 143.7 38.6 42.3 482.3 226.9

Sc 1.03 2.71 1.58 2.21 3.49 5.63 8.07 0.70 8.69 2.80 0.02 0.12 12.00

Ti 0.56 4.33 0.91 0.79 0.98 1.07 1.63 0.45 4.05 0.48 14.79 38.27 1.48

V 2.76 0.98 0.53 1.23 0.34 0.90 20.31 10.21 3.43 24.03 4.73 128.81 12.93

Cr 0.93 1.06 0.86 1.27 1.66 1.45 4.42 2.53 3.05 1.85 1.16 8.32 3.40

Co 3.38 2.85 3.68 2.59 2.51 3.27 12.49 10.74 4.61 4.38 0.17 12.79 38.63

Ni 34.3 33.3 36.9 34.0 35.6 41.0 53.2 41.3 39.6 48.5 2.4 67.2 97.4

Cu 0.31 0.95 0.26 0.41 0.47 0.92 81.61 37.31 1.05 0.25 0.72 3.60 31.67

Zn 1.80 3.54 2.48 7.08 10.72 5.21 20.97 9.22 2.46 4.00 40.29 703.97 32.44

Ga 0.05 0.15 0.08 0.11 0.12 0.06 0.22 0.05 0.21 0.18 1.86 3.53 0.39

As 0.12 0.07 0.05 0.06 0.04 0.05 1.51 0.77 0.14 0.09 0.07 367.46 0.26

Rb 0.13 0.23 0.13 0.11 0.09 0.09 0.27 0.16 0.37 0.37 0.37 0.10 0.28

Sr 117.3 150.8 188.1 134.8 158.8 285.6 295.3 334.5 62.2 207.2 3.9 6.3 205.7

Y 2.77 6.06 6.87 18.82 6.72 6.07 2.43 2.59 2.61 15.83 0.26 6.16 17.49

Zr 0.07 0.55 0.22 0.82 0.80 0.46 0.59 0.08 0.55 0.29 0.66 5.76 1.26

Ba 41.8 47.7 58.4 12.6 5.5 22.2 244.9 108.7 48.9 31.9 141.2 5.0 25.3

La 1.96 2.23 2.96 4.25 1.37 1.11 0.55 0.73 1.31 8.09 0.27 1.57 2.63

Ce 3.33 4.44 5.52 3.43 5.76 0.34 1.05 1.59 1.93 19.37 0.33 2.41 1.98

Pr 0.429 0.667 0.829 0.786 0.302 0.178 0.150 0.234 0.388 1.953 0.049 0.400 0.633

Nd 1.768 3.077 3.601 3.534 1.565 0.799 0.791 1.150 1.730 8.119 0.217 1.852 3.013

Sm 0.399 0.688 0.842 0.788 0.377 0.180 0.347 0.387 0.429 1.944 0.131 0.447 0.825

Eu 0.101 0.160 0.201 0.185 0.083 0.048 0.122 0.128 0.102 0.422 0.105 0.114 0.190

Gd 0.411 0.754 0.863 1.134 0.574 0.264 0.262 0.305 0.456 2.298 0.046 0.668 1.074

Tb 0.058 0.107 0.127 0.178 0.076 0.038 0.037 0.044 0.063 0.335 0.003 0.095 0.168

Dy 0.370 0.668 0.786 1.292 0.494 0.279 0.233 0.284 0.344 1.999 0.022 0.637 1.171

Ho 0.073 0.129 0.165 0.296 0.104 0.070 0.046 0.055 0.062 0.415 0.004 0.138 0.257

Er 0.218 0.358 0.451 0.875 0.285 0.217 0.126 0.153 0.162 1.163 0.013 0.388 0.740

Tm 0.031 0.050 0.062 0.123 0.038 0.029 0.017 0.022 0.020 0.170 0.002 0.056 0.099

Yb 0.214 0.319 0.396 0.797 0.254 0.197 0.109 0.140 0.123 1.061 0.010 0.358 0.683

Lu 0.029 0.045 0.055 0.116 0.036 0.030 0.015 0.017 0.016 0.158 0.002 0.052 0.096

Pb 2.15 2.35 2.24 1.80 1.32 0.75 13.62 10.91 1.32 3.69 3.52 202.33 6.53

Th 0.31 0.64 0.51 0.19 0.12 0.05 0.20 0.18 0.11 1.87 0.04 0.28 0.35

U 6.57 0.43 0.43 0.97 0.27 0.08 1.85 2.32 0.23 18.79 2.03 1.25 0.85

∑ REE 9.39 13.69 16.86 17.78 11.32 3.78 3.86 5.24 7.13 47.50 1.20 9.18 13.56

KK2 KK8

1.28 0.80

53.10 53.44

0.72 0.27

0.25 0.18

0.58 0.45

0.07 0.06

0.13 –

2.51 1.22

0.08 –

41.26 46.34

100.02 102.76

KK21 KK25

0.11 0.30

55.77 55.64

0.24 0.24

– 0.07

0.51 0.43

0.08 0.16

– –

0.46 0.41

– –

41.90 41.92

99.14 99.17

0.29 0.13

417.0 29.0

11.81 0.28

1.17 0.39

1.96 0.78

2.60 0.42

7.39 2.71

51.0 32.8

4.51 0.20

6.71 0.98

0.21 0.07

0.12 0.03

0.10 0.02

166.4 327.1

10.24 1.06

0.45 0.15

23.6 48.7

1.30 0.54

4.45 1.19

0.261 0.151

1.311 0.700

0.330 0.201

0.084 0.064

0.583 0.183

0.079 0.019

0.562 0.130

0.124 0.022

0.360 0.065

0.049 0.008

0.324 0.043

0.046 0.004

25.59 2.02

0.04 0.04

0.14 0.62

9.86 3.32
Fractionation of LREE was calculated as PrSN/YbSN to avoid anoma
lous La and Ce concentrations encountered in seawater. Normalized
La, Ce, Eu, and Gd anomalies were calculated following the methods o
Bau and Dulski (1996), Webb and Kamber (2000); Bolhar et al. (2004):

La=La� La= 3Pr 2Ndð Þ½ �SN ð1Þ

Ce=Ce� Ce= 0:5Laþ 0:5Prð Þ½ �SN ð2Þ
Eu=Eu� Eu= 0:67Smþ 0:33Tbð Þ½ �SN ð3Þ

Gd=Gd� Gd= 0:33Smþ 0:67Tbð Þ½ �SN: ð4Þ

The occurrence of positive La anomalies in seawater (e.g. de Baar
et al., 1991) and marine precipitates may result in calculation of an
incorrect Ce anomaly where Ce* is calculated following Eq. (2). To



Table 3
Summary of the samples processed with Raman spectroscopy and peak positions of the mineral phases detected. Raman spectra were compared with reference spectra from RRUFF 
Da-taBase by Downs, 2006 andWhite, 2009 and with the results reported in Cavalazzi et al., 2012.

Sample Provenance Facies description Mineral phase Peaks

5 Mound Trilobite floatstone Calcite 156, 281, 711, 1086 cm 1

Quartz 128, 208, 466 cm 1

Carbonaceous matter D1: 1350 cm 1; G2: 1600 cm 1

6 Mound Trilobite rudstone Calcite 156, 281, 711, 1086 cm 1

Quartz 128, 208, 466 cm 1

Carbonaceous matter D1: 1350 cm 1; G2: 1600 cm 1

Goethite 244, 300, 398, 480, 553, 684, 1002, 1118, 1303 cm 1

8 Mound Dark layered micrite Calcite 156, 281, 711, 1086 cm 1

Carbonaceous matter D1: 1350 cm 1; G2: 1600 cm 1

11 Vent Quartz-bearing Quartz 128, 208, 466 cm 1

12 Vent Goethite Goethite 244, 300, 398, 480, 553, 684, 1002, 1118, 1303 cm 1
avoid this problem Bau and Dulski (1996) accounted for the 
possibility of positive La anomalies by comparing Eq. (2) to

Pr= Pr�� �
SN Pr= 0:5 Ceþ 0:5 Ndð Þ½ �SN ð5Þ

(see also Webb and Kamber, 2000). Where (Pr/Pr*)SN N 1, a negative 
Ce anomaly exists; where (Ce/Ce*)SN b 1, a positive La anomaly 
exists. Ce anomalies were then calculated for comparison with the 
method given by Bolhar et al. (2004):

Ce=Ce� Ce= 2Pr Ndð Þ½ �SN: ð6Þ

Although this latter method reflects anomalously high Ce contents, 
Ce/Ce* values are less affected by La anomalies and thus will be com 
pared with those obtained by other methods.
The REE abundances in Early Devonian seawater were estimated from 
the partition coefficients given by Tanaka and Kawabe (2006):

Kd REEð Þseawater REE½ �= Ca½ �ð Þlimestone= REE½ �= Ca½ �ð Þseawater: ð7Þ

Following this method we estimated the REE abundances in 
Devoni an seawater by considering an average of REE data from SRG 
limestones and the absolute values of partition coefficients (Kd) 
under water conditions of pH = 8.2, [CO2]TOT = 0.00235, salinity = 
35‰ (Table 4 in Tanaka and Kawabe, 2006).
Table 4
LREE depletion, Y/Ho ratios, shale-normalized anomalies, total REE contents, and stable isotop

SAMPLE LREE depletion
(PrSN/YbSN)

Y/Ho
ratio

(Ce/Ce*)

[Ce / (2Pr–Nd)]SN [CeSN / (LaSN + PrSN)1 / 2]

1a 0.630 38.240 1.013 0.834
2 0.658 46.969 1.032 0.829
5 0.310 63.595 0.647 0.428
6 0.374 64.654 3.796 2.055
7 0.284 86.657 0.281 0.172
8a 0.525 47.085 1.200 0.875
9 0.992 42.032 0.727 0.617
10a 0.579 38.146 1.308 1.120
11 1.542 65.250 0.966 0.647
12 0.352 44.645 0.942 0.700
20 0.292 68.062 0.515 0.353
21 0.253 82.581 3.145 1.749
25a 1.108 48.738 1.221 0.951
a Samples leached with acetic acid.
b Total REE contents (mg/kg) excluded 
Y. c Data from Franchi et al. (2014).
4. Results

4.1. Mineralogy and major element composition

4.1.1. Mound facies
Samples from the mound facies (Fig. 1) consist of low Mg calcite 

with subordinate dolomite, quartz, and goethite (Table 1). 
Particularly, within stromatactis and trilobite bearing limestones 
(samples 2, 5, 22 24) XRD analyses revealed minor dolomite and 
quartz contents. Be sides calcite and disordered carbonaceous matter, 
Raman spectroscopy revealed quartz and goethite (Table 3) 
associated with micrite filling trilobite shells within rudstone (Fig. 5A 
B). Minor amounts of carbo naceous matter were also detected within 
dark layered limestones (sample 8; Fig. 5C).

Within limestones from the mound facies Al2O3 contents range be  
tween 0.11 and 1.89% (average 0.72%); the highest value is from fossil 
iferous limestones (sample 10). The MgO contents within mound 
facies samples range between 0.43 and 0.69% (Table 2), while SiO2 

contents have a range of 0.28 2.98% showing the lowest values within 
vein fills (samples 21 and 25) and trilobite rudstone (sample 6). 
Within lime stones from the mound facies K2O and MnO contents are 
very low and other oxide contents are mostly below the XRF detection 
limit. Element concentrations of each sample (see EPMA 
Supplementary material S1) reveal rare peaks of MgO and SiO2 and a 
slight enrichment of SiO2 around trilobite cuticles. Trilobite bearing 
limestones show variation of chemical composition, both in floatstone 
and rudstone, with scattered CaO, FeO, and SiO2 peaks (see 
Supplementary material S2). Back scattered electron images of 
trilobite rudstone (Fig. 6A) revealed that the low Mg calcite of the 
cuticles was replaced by neomorphic patchy quartz.
e (C and O) compositions of studied samples.

(Pr/Pr*) (Eu/Eu*) (Gd/Gd*) ΣREEb δ13C
(‰)c

δ18O
(‰)c

[Eu / (0.67Sm + 0.33 Tb)]SN

0.995 1.272 1.330 9.391 1.17 5.17
0.989 1.135 1.343 13.690 0.43 10.00
1.152 0.986 1.341 17.778 0.19 5.85
0.561 0.971 1.547 11.317 0.85 8.61
1.370 1.154 1.439 3.778 N.D. N.D.
0.941 1.790 1.191 5.235 10.08 10.13
1.116 1.184 1.355 7.134 6.13 9.07
0.885 1.021 1.349 47.502 0.53 10.38
1.013 5.629 1.060 1.202 N.D. N.D.
1.021 1.100 1.459 9.184 N.D. N.D.
1.196 1.012 1.313 13.561 2.10 6.05
0.607 1.041 1.574 9.864 0.21 6.31
0.927 1.792 1.520 3.316 12.23 5.48



Fig. 5. Photomicrographs, Raman spectra, and Raman maps of samples 6 (A–B), 8 (C), 11 (D), and 12 (E). Brighter areas within Raman maps reflect higher intensities of mineral-
specific spectra. A) Transmitted light photomicrograph of a trilobite shell filled by micrite (mc) and cemented by radiaxial isopachous calcite (rd). Representative Raman spectrum 
of the micrite (cross) shows Raman bands of calcite (283, 712, 1088 cm 1), quartz (128, 208, 466 cm 1) and  first order D (~1350 cm 1) and G (~1600 cm 1) bands of carbonaceous 
matter. Image of quartz and carbonaceous matter, as seen from the intensity maps of the 466 cm 1 quartz and the 1600 cm 1 carbon peak is shown in the insets (white box in 
transmitted light photo-micrograph); Raman map of quartz reveals the patchy occurrences of this mineral phase. B) Transmitted light photomicrograph and representative Raman 
spectra of the trilobite shell in sample 6. The fibrous radiaxial cement (1) is characterized by calcite Raman bands. First order bands of carbonaceous matter are also present. The 
trilobite shell (2) is characterized by calcite (broken gray line) and quartz bands. Micrite (mc) filling the shell cavity (3) is characterized by quartz (broken gray line) and goethite 
bands (244, 300, 398, 480, 533, 684, 1118 cm 1). C) Reflected light photomicrograph of sample 8 showing micrite (mc) and blocky calcite cements (bl). First order carbonaceous 
matter maps (peaks at 1350 cm 1 and 1600 cm 1) are shown in the insets. D) Reflected light photomicrograph of quartz veinlet (sample 11) showing Raman bands (cross) of quartz. 
The inset shows quartz areal distribution through the analyzed surface. E) Transmitted light photomicrograph of ironstone (sample 12) showing Raman bands (crosses in the insets) 
of goethite and probable Raman bands of hematite (asterisk). Areal distribution of goethite reveals the clotted/botryoidal fabric of this facies (insets). Insets represent area boxed in 
the transmitted light photomicrograph.
4.1.2. Middle Seheb el Rhassel Group and inter mound facies
Brachiopod coquina from the middle part of the SRG(Fig. 1) is 

dom  inated by articulated shells cemented by syntaxial and 
scalenohedral calcite (Fig. 4A) with minor amounts of clastic 
quartz. Brachiopod coquina shows Al2O3 content below 1% and 
SiO2 of 1.5%, whereas MgO content is about 0.7% and other oxides 
are below 0.5%.

Relatively high quartz contents were detected within the inter- 
mound reddish pisolite limestone facies (samples 9, 15, 16, 19) and 
within tentaculite packstone (sample 20). Dykes are filled by calcite 
cement with minor amounts of dolomite (Fig. 4H).

Limestones from inter mound facies (Table 2) show Al2O3 con- 
tents of 0.13 1.24%, even though Al2O3 content changes consistently 

with facies. The highest Al2O3 content is from reddish pisolite
bearing limestone. The MgO contents have a range of 0.14 1.37%; 
the highest  value is from fractures  fills that show evidence for inci-
p ient dolomitization (Fig. 4H). Fig. 6B shows back scattered 
electron micrograph of hypidiotopic dolomite cement within the 
fracture fills (same as Fig. 4H). Due to the presence of detrital quartz 
the red dish pisolite bearing limestone is more enriched in SiO2

(14.73%) compared to other samples from mound and inter- 
mound area which have SiO2 contents ranging between 0.20% and 
3.64%(Tables 1, 2). Lowest SiO2 contents have been detected within 
vein fills. Generally, Fe2O3 values are very low (b1%) whereas 
other oxide contents are below the XRF detection limit. Results of 
EPMA line scans through samples from inter mound facies are 
shown in the Supplementary materials (S1, S2).



Fig. 6. Back scattered electron (BSE) micrographs of samples 5 (A) and 7 (B) and EPMA 
results (white crosses). A) Trilobite limestone showing patchy inclusion of quartz (Si) 
within trilobite cuticles (with dotted lines) and within trilobite fill. Ca = carbonates. B) 
Vein filling carbonates showing a layer of Mg-rich (darker area) mineral phase 
(subhedral dolomite).

 
 
 
 
 
 
 
 

 

 
 
 

 
 

4.1.3. Vent systems
Ironstone collected from the upper part of the SRG consists of

goethite [α FeO(OH)] embedded in dolomitized limestone. Microcrys
talline quartz veinlets occur within the goethite host rocks. The XRD
analyses revealed that this silica phase is mainly α quartz + moganite
(SiO2). Microcrystalline quartz shows a peloidal fabric (Fig. 5D, insets).
Representative Raman spectra of specimens from ironstone and
veinlet fills (samples 11 and 12) contain distinctive goethite and
quartz peaks (Table 3, Fig. 5D E), respectively. Raman maps of goethite
highlighted the peculiar peloidal like fabric of this mineral (Fig. 5E).

Within the ironstone Fe2O3 content is 87.17% (Table 2), while SiO2

and CaO contents are 1.17% and 0.25%, respectively. Although As, Cr,
Cu, K, Ni,and Zn were detected with EDS analyses (Fig. 7), other oxide
contents are mostly below 0.2%. Sample from veinlets shows a SiO2

content of 97.67%, and minor amounts of Al2O3 and Fe2O3; CaO
content is 0.57% whereas other elements are below the detection

limit.

 
 
 
 

4.2. Trace elements and REE geochemistry

Trace element concentrations are reported in Table 2 and PAAS
normalized REE patterns are plotted in Figs. 8 and 9. Although general
trends might be compared with shale normalized seawater REE
pattern, the REE patterns within SRG limestones vary according to

facies (Table 4; Fig. 8).
Total REE contents in the Seheb el Rhassel limestones range 
between 3.3 mg/kg and 47.5 mg/kg (9.5 mg/kg on average). The 
highest ΣREE content was detected in the mound facies within 
fossiliferous limestone (sample 10). This sample also has the highest U 
content of the data set (18.8 mg/kg; see Discussion below). Floatstone 
and rudstone of the trilobite bearing facies have ΣREE contents of 17.8 
mg/kg and 11.3 mg/kg, respectively. Total REE contents within vein 
fills range between 3.3 mg/kg and 9.9 mg/kg. Within limestones from 
mound and intermound facies the shale normalizedREE pattern typically 
shows LREE depletion compared to HREE (PrSN / YbSN =0.3  0.7). In 
particular, sample 9 shows HREE depletion compared to MREE (GdSN / YbSN 

=2.5 and DySN /YbSN = 1.9). Samples from both mound and inter- 
moundfacies have a wide range of Y/Ho ratios varying between 38.2 and 
86.7; Gd anomalies are al ways positive (ranging between 1.2 and 1.6).

Fig. 10 reports Ce anomalies (calculated with the method proposed 
by Bau and Dulski, 1996) compared with Pr anomaly. Three groups of 
samples with distinct Ce anomaly (calculated following equation 
given by Bolhar et al., 2004) can be distinguished within the SRG 
limestones. The first group, which includes both samples from mound 
(sample 5) and intermound facies (samples 7, 9 and 20), shows a 
nega tive Ce anomaly (average Ce / Ce* = 0.5) coupled with slightly 
positive La anomaly. The second group, which includes mostly 
samples from mound facies (samples 2, 8, 10 and 25) and brachiopod 
coquina, lacks a real Ce anomaly (average Ce / Ce* = 1.19). The third 
group, which includes samples from the plumbing system from the 
inner part of the mounds (6 and 21), shows a pronounced positive Ce 
anomaly (Ce / Ce* up to 3.8) coupled with a positive Gd anomaly (Gd / 
Gd* ~1.6). Only samples from the second group (samples 1, 2, 8, 10, 
25) show a positive Eu anomaly (average Eu / Eu* = 1.2). 
Particularly samples 8 and 25 have a strong positive Eu anomaly (up 
to 1.8). Eu anomalies within limestones from the upper part of the 
SRG correlate positively with Ba and Sr (R2 = 0.65 and R2 = 0.45, 
respectively; Fig. 11A B). Considering both mound and inter- 
mound limestones (excluding outliers such as samples 8 and 25) Eu 
anomalies show a weak negative correlation with Ca (Fig. 11C) 
contents (R2 = 0.41). Whereas Ce anomalies show high negative 
correlation (R2 = 0.78) with P2O5 contents (Fig. 11D).

Sample of vein quartz from the upper part of the SRG has the 
lowest ΣREE content of the whole dataset (1.2 mg/kg), whereas 
goethite has ΣREE content of 9.2 mg/kg. Both samples lack a Ce 
anomaly. Vein quartz has the highest Eu anomaly in the dataset 
coupled with elevated Ba con tent (see Discussion). Goethite has the 
highest As content (367 mg/kg) which is 3 orders of magnitude 
higher than the limestone average (0.2 mg/kg). Ironstone is also 
enriched in P, V, Zn, and Pb (Table 2).

5. Discussion

5.1. Modification of the seawater REE signal

Webb and Kamber (2000) showed that non skeletal carbonates 
incorporate REE in equilibrium with seawater. Further study demon 
strated that seawater REE patterns have hardly changed throughout 
the Phanerozoic (Shields and Webb, 2004) and HREE enrichment has 
been a characteristic feature of seawater since the late Archaean (Bau 
and Dulski, 1996; Kamber and Webb, 2001; Shields and Webb, 
2004). In addition, REE in carbonate tend to be relatively immobile 
during diagenesis (Banner et al., 1988; Webb and Kamber, 2000; 
Nothdurft et al., 2004).

Mixing of seawater with other fluids, such as hydrothermal fluids 
of unknown composition, may have affected REE concentrations 
within SRG carbonates. For instance the carbonates could have 
formed over a range of physico chemical conditions that affected the 
REE distribu tions. Skeletal remains in both mound and inter mound 
facies were considered as parautochthonous bioclasts (Brachert et al., 
1992) cemented by micrite, the precipitation of which was triggered 

by warm fluids mixing (Bełka, 1998; Mounji et al., 1998; Aitken et al.,



Fig. 7. Back-scattered electron micrographs and EDX element distribution maps of sample 11 (A) and sample 12 (B). A) Distribution of barium (Ba), silica (Si), iron (Fe), and sulfur
(S) within the veinlet fill (sample 11). B) Sample of acicular botryoidal goethite (white) investigated for the contents of arsenic (As), chromium (Cr), copper (Cu), potassium (K), nichel
(Ni), and zinc (Zi). Dark and gray regions are vugs filled by epoxy resin.
2002; Franchi et al., 2014), followed by early lithification in shallow 
burial marine environment by pristine radiaxial fibrous calcite. The 
Kess Kess mounds were also affected by shallow burial diagenesis as 
suggested by the conspicuous presence of burial cements. Although 
we may assume that REE contents are constant within the carbonate 
lat tice, it needs to be considered that during early diagenesis 
variation of mineralogy has likely occurred. The fibrous radiaxial 
calcite could be a pseudomorph of pristine aragonite (Aitken et al., 
2002) and therefore we need to assume that within the pore fluids 
geochemical exchanges occurred between different paragenetic 
phases. For this reason we per formed analyses on bulk samples to 

obtain average REE concentrations

Fig. 8. PAAS-normalized (PAAS after Nance and Taylor, 1976) REE + Y  plots  of 
SRG  limestones.
for each sedimentological facies. Moreover, the facies related variations
of REE fractionation might be considered as post hoc evidence of the
consistency of the sampling methods applied in this work.
Fig. 9. PAAS-normalized REE+ Y plots of ironstone (sample 12) and vein quartz (sample
11) of the SRG.
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Fig. 10. Plot of PAAS-normalized Pr anomaly versus Ce anomaly (Ce / Ce* = [Ce /
(0.5La + 0.5Pr)]SN) using the graphic method of Bau and Dulski (1996) (modified from 
Webb and Kamber, 2000). This plot discriminates between La and Ce anomalies, which 
both may be present in seawater. The range of modern seawater is represented by the 
shaded area (after Nothdurft et al., 2004). Note that only samples 5, 7, 9, and 20 plot within 
the range of modern seawater.
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Beside the variation in the paragenetic sequence the usage 
carbonates as a proxy for the REE content of ancient seawater is comp
cated by possible modification due to the presence of 1) terrigeno
matter characterized by high REE concentrations with distinctly no
seawater like patterns (Goldstein and Jacobsen, 1988; Elderfield et a
1990); 2) Fe and Mn oxides, which incorporate REE disproportionate
(Bau et al., 1996) and are prone to early diagenetic modifications (Bayo
et al., 2004); 3) phosphates, which have a high affinity for REE 
diagenetic fluids and in some cases show non uniform incorporatio
(German and Elderfield, 1990; Byrne et al., 1996).

We must also consider effects due to sample leaching procedure th
can bring into solution different phases of the paragenetic sequenc
Samples 2 and 8 were leached both with hydrochloric and acetic acid 
evaluate potential differences in the leaching behavior (Table 2
Comparison between the two data sets (Table 2) reveals that many tra
elements (e.g. P, Sc, Ti, V, Cr) were more strongly leached by h
drochloric acid. To the contrary, REE were more efficiently leached b
acetic acid. The analysis of sample 2 leached with acetic acid yielded a
average increase of 18.5% for REE consistent with increases in Sr
Fig. 11. Plots of the limestone Ba, Sr, CaO, and P contents versus Ce/Ce* and Eu/Eu*. A) Eu/E
concen-trations (R2 = 0.45) (B). C) Plots of Eu anomalies and CaO (%) contents (XRF) with
CaO contents. D) Negative correlation between Ce anomalies and P contents (R2 = 0.82) wit
(19.9%) and Ba (18.4%). Notwithstanding, only Sr contents correla
positively with ΣREE (Supplementary materials, S3). It seems, therefo
that the marine chemical precipitate component (e.g. Sr that typica
partitions into carbonate (e.g. Morse et al., 2007), see Supplementa
materials S3 for Y/Ho vs Sr plot) of samples was brought into soluti
more efficiently by acetic acid as suggested by Rongemaille et al. (2011)

Terrigenous matter present in limestones is able to mask the seaw
ter signature, even when present at concentrations well below 
(Murray et al., 1991 and references therein; Kamber and Webb, 200
because clay minerals have very high partition coefficients for R
(Olivier and Boyet, 2006). Al concentrations are expected to correla
closely with clay content and can be used as a proxy for concentrations
terrigenous material (see Supplementary materials S3). Although S
samples have an average Al2O3 content of 0.72%, they had under go
weak acid leaching which should have brought into solution only t
elements associated with the carbonate phases. Moreover, within t
studied limestones SiO2, Al2O3, and K2O contents correlate weakly w
ΣREE (R2 = 0.37, 0.41 and 0.55, respectively), suggesting a min
contribution from acid leached terrigenous material to the overall R
budget. Therefore, the usage of very weak acids for carbon ate leachi
avoided terrigenous contamination of the carbonate phase REE patterns

Iron and manganese oxides have a high affinity for REE and incorp
rate them disproportionately (Bau et al., 1996; Bau and Koschins
2009). Moreover, Bayon et al. (2004) demonstrated that conspicuo
amounts of Fe Mn oxyhydroxides may be inherited by aeolian dust a
“preformed oxides” carried by riverine particulates. Thus the R
signature of Fe Mn oxyhydroxides may vary substantially from t
original seawater likeREE signature of authigenic precipitates. No
theless, SRG limestones are characterized by MnO and Fe2O3 conten
below 0.2% and 0.8%, respectively (Table 2). The leachate analyzed in t
work is considered representing the carbonate fraction and loos
bound elements (see Bau and Koschinsky, 2009) containing only Mn a
Fe hosted in carbonate and, therefore, it should carry only a small fracti
of the REE budget hosted by Fe and Mn oxides (cf. Rongemaille et 
2011). Total REE and Fe contents in SRG limestones do not correla
suggesting that the REE patterns of SRG limestones are representative
the carbonate fraction.
u* well correlates with Ba concentrations (R2 = 0.65) and is poorly correlated with Sr 
in the studied limestones. Note that there is no correlation between Eu anomalies and 
hin nine of the studied samples (see text for discussion).
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Phosphates also incorporate REE disproportionally and are prone 
alteration during diagenesis (e.g., German and Elderfield, 1990; Reyna
et al., 1999). Phosphorus contents correlate well with Y/Ho ratios (R2 

0.74), whereas there is no correlation between P and ΣREE (see Suppl
mentary materials S3). Considering that those samples with hig
superchondritic Y/Ho ratio are typically marine (Bolhar et al., 200
Allwood et al., 2010), the positive correlation of Y/Ho and P in the stu
ied limestones suggests the association of P with marine precipitates.

5.2. Trace elements and REE patterns

The REE contents of SRG limestones vary systematically with facie
Variations are less pronounced in samples inferred to be part of the Ke
Kess plumbing system. The variation of REE + Y patterns from differe
facies of the upper SRG suggests the preservation of the origin
signatures of the limestones that in case of incipient diagenesis wou
have been overprinted resulting in at least homogeneous REE patterns
(§ 5.1).

Besides variations of Ce and ΣREE content the majority of samples 
show a seawater REE + Y pattern. The shale normalizedREE + Y 
pattern of modern seawater has typical key features: 1) strong 
LREEdepletion (PrSN/YbSN ranges between 0.2 and 0.4; Olivier and 
Boyet, 2006); 2) negative Ce and positive La anomalies (Fig. 10); 3) 
pos itive Gd anomaly (Gd/Gd* of modern shallow seawater ranging 
be- tween 1.30 and 1.05 from the data in de Baar et al., 1985; Zhang 
and Nozaki, 1998 respectively); 4) super chondritic Y/Ho ratio (44 74, 
Bau, 1996).

The total REE contents of the SRG limestones reflect the relative 
abundance of micrite, cement and skeletal remains as obtained from 
point counting (Fig. 12). With the exclusion of two outliers (samples 6 
and 21), samples with lower micrite contents also have lower ΣREE 
contents. In our dataset the highest REE contents were detected in 
samples of trilobite floatstone and fossiliferous limestone (samples 5 
and 10; ΣREE 17.78 mg/kg and 47.50 mg/kg, respectively). These 
facies have a high amount of skeletal remains and micrite and are 
almost devoid of cement phases. Skeletal remains seem to have a 
marginal role in ΣREE enrichment. Indeed, within the trilobite bearing 
limestone higher ΣREE content was detected where the cement is less 
abundant. Therefore it can be inferred that micrite is the main REE 
carrier. The same trend has been described by Feng et al. (2009) from 
seep related carbonates. The authors argued that ΣREE contents in 
micrite higher than in later carbonate phases suggests that diagenesis 
did not change the overall REE content.
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 12. Carbonatic phases and ΣREE contents (in mg/kg) of the SRG limestones plotted 
in a ternary diagram. The three carbonatic endmembers are micrite (M), cement (C), 
and skeletal remains (S). Sample 9 is excluded due to its high clastic quartz content. 
The diagram shows that samples with high micrite content have high ΣREE contents, 
whereas cement-rich samples show lower ΣREE contents.
5.2.1. Eu anomaly as an indicator for hydrothermal fluid circulation
Bełka (1998) reported ΣREE contents in Kess Kess mound micrite

less (~15 mg/kg) than micrite of inter mound crinoidal wackestones
(~40 mg/kg). The author also reported chondrite normalized negative
Eu anomalies in samples from inter mounds areas and positive Eu
anomalies in micrite of mounds and from neptunian dyke fills. Bełka
(1998) argued that REE pattern variations indicate changes in circulat-
ing fluid chemistry and considered the low REE content and the
positive Eu anomaly as consistent with precipitation from
hydrothermal fluids. Although our data set and that proposed by Bełka
(1998) are based on different assumptions, it seems clear that the data
presented here show a scenario far more complicated than those
proposed in the earlier literature.

The studied samples show patterns characteristic of diverse water
chemistries. As REE patterns of seafloor hydrothermal fluids co vary
with the chemical and physical conditions of fluid rock interaction, we
must consider that SRG overlies a ca. 35 meter thick succession of
basaltic rocks (Merzane Group basaltic breccia) which show a distinct
positive Eu anomaly (see Jakubowicz et al., 2015). Hydrothermal fluids
of relatively high temperatures emanating from oceanic crust show a
LREE enriched pattern relative to mid ocean ridge basalt (MORB) and
frequently show a positive Eu anomaly due to breakdown of
plagioclase (e.g. Michard, 1989). Such fluids have higher
concentrations of REE compared to seawater and have chondritic Y/Ho
ratios (e.g. Klinkhammer et al., 1994a; Bau and Dulski, 1999). Guy et al
(1999) re ported that interstitial fluids of Mururoa basalts were
enriched in Eu under reducing conditions. Mitra (1994) suggested that
hydrothermal input to the oceans could lead to a net depletion of total
REE in seawater as a consequence of scavenging by Fe oxyhydroxides
As discussed above Fe2O3 contents within the eleven carbonates
processed for REE analyses are always lower than 1% (Table 2);
nevertheless massive oc currences of Fe oxyhydroxides were reported
from the upper part of the SRG (i.e. vents in Table 1). Although
formation of these massive Fe oxyhydroxide deposits might suggests a
local scavenging of REE from seawater due to adsorption onto the Fe-
oxyhydroxides, ΣREE content in sample 12, for instance is consistent
with average ΣREE content of the studied limestones (Table 4). Sample
from quartz veinlets from the same facies has a very low ΣREE content
(1.20 mg/kg) coupled with high Eu anomaly (N4), suggesting likely
precipitation of this silica phase from hydrothermal fluids that
interacted with basalt. Neverthe less, the time of formation of these
veinlets is still unclear and may postdate Kess Kess mound formation.

Among SRG carbonates only samples 8 and 25 (Table 4) show a
consistent Eu anomaly (Fig. 11), which can, but not unambiguously
(see discussion below), be related to hydrothermal fluid circulation
(Klinkhammer et al., 1983, 1994a; McLennan, 1989; Derry and
Jacobsen, 1990). Hydrothermal fluids are commonly enriched in Ba
(e.g. Olivarez and Owen, 1989; Klinkhammer et al., 1994b; Douville et
al., 1999) and Ba rich deposits normally typify hydrothermal vents
(e.g. Church, 1979; Douville et al., 1999). Within SRG limestones Eu
anomaly correlates with Ba contents (R2 = 0.65), which is highly con-
centrated in sample 8 (Table 2). Therefore, we cannot exclude that the
positive Eu anomaly within these samples might have been inherited
from hydrothermal fluid with temperature ranging between 40 50 °C
and 120 °C (Bełka, 1998; Mounji et al, 1998; Franchi et al., 2014).

5.2.2. Ce anomaly as an indicator for palaeoredox conditions
In oxygenated environments Ce occurs as Ce(IV) that can easily be

scavenged by Fe oxyhydroxides (e.g. Derry and Jacobsen, 1990) with
consequent negative Ce anomaly of seawater and derived marine
precipitate. The value of the Ce anomaly, therefore, is thought to be
indicative of seawater redox state (Haley et al., 2004 and citations
therein): Ce anomaly around 0.2 0.4 suggests an oxygenated oceanic
conditions, whereas a positive Ce anomaly suggests anoxic conditions
(Olivier and Boyet, 2006; Oliveri et al., 2010: Hu et al., 2014) or the
presence of Ce enriched Fe oxyhydroxides or particulate matter.
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Fig. 13. Plot of Y/Ho ratios versus La anomaly: R2 = 0.58 without sample 6; R2 = 0.64 
without samples 6 and 21.
Nevertheless, the interpretation of Ce anomaly in marine precipitates 
is complicated by possible La anomalies, as anomalous Ce abundances 
may result from anomalous La enrichment. Fig. 10 shows that for 
most of the SRG samples Ce/Ce* ratios below unity result from 
positive La anomaly as suggested by Pr/Pr* ratio close to 1. The SRG 
limestones are grouped by different values of Ce anomaly (Fig. 10): 1) 
negative Ce anomaly (samples 5, 7, 9 and 20), 2) lack of consistent Ce 
anomaly (samples 1, 2, 8, 10 and 25) and 3) strong positive Ce 
anomaly (samples 6 and 21). As shown in Fig. 10 only the first group 
(samples 5, 7, 9 and 20) has Ce and La anomalies consistent with 
modern seawater (e.g. Nothdurft et al., 2004). On the other hand, the 
negative Ce anomaly detected in samples from mound facies may be 
the result of high pore water alkalinity in the presence of organic 
matter (e.g. Kim et al., 2012; Hu et al., 2014). The metabolic activity of 
microbial consortia within organic matter rich sediments increases 
pore water alkalinity triggering the precipitation of authigenic 
carbonates (e.g. Chafetz and Buczynski, 1992; Monty, 1995). In this 
scenario the preferential uptake of dissolved Ce(IV) on organic 
compounds induces a negative Ce anom aly in the pore fluids (Pourret 
et al., 2008; Kim et al., 2012; Hu et al., 2014). We did not evaluate the 
amount of organic matter within our samples, but Raman analyses 
revealed the presence of disordered carbonaceous matter (Fig. 5). 
Guido et al. (2012) reported high organic matter contents within 
laminated micrite from mound facies. The authors found organic 
compounds possibly recording microbial and/or archea communities. 
A preferential Ce uptake by microbial communi ties seems therefore 
feasible for the mound facies. Other authors observed that even 
intermittent oxygenation, coupled with microbial activity, might 
result in uptake of Ce(IV) and consequent negative Ce anomaly 
(Himmler et al., 2010; Kim et al., 2012; Hu et al., 2014).

Trace elements such as U and Mo are commonly used to better 
constrain palaeoredox conditions. Uranium (and Mo) exhibits conser 
vative behavior under oxic conditions, being present mainly as U(VI), 
whereas it is enriched (as insoluble U(IV) in authigenic mineral 
phases, particularly iron sulfides, under reducing conditions 
(Tribovillard et al., 2006; Hu et al., 2014). We should therefore 
consider that, a leaching process via dilute acid is probably unable to 
bring into solution U and Mo hosted within authigenic iron sulfides. 
Hu et al. (2014) reported that Mo concentration within carbonate 
phases (weak acid leaching) is 1/20 of the concentration detected in 
the bulk sample (strong acid leaching). Here we compare trace 
element concentrations obtained from the carbonate phases by weak 
acid leaching of different carbonatic facies avoiding any consideration 
on the total content of trace elements in the bulk rock. In our data set 
U concentrations show wide variations (between 0.14 mg/kg and 
18.79 mg/kg) suggesting changes in redox conditions. Several 
samples show higher U contents (up to 3 orders of magnitude in 
samples 1, 8 and 10) which might reflect deposition of carbonates 
under anoxic conditions (Hu et al., 2014).

Additional evidence of variable redox conditions in fluid pathways 
(e.g. veins) is the Ce enrichment within trilobite bearing limestones. 
Fig. 10 shows that the trilobite bearing facies recorded two possible 
redox conditions: oxic condition during deposition of trilobite 
floatstone (sample 5); anoxic condition during deposition of trilobite 
rudstone (sample 6). The variation of these geochemical parameters 
may be related to increase of alkalinity or seawater mixing, probably 
with hydrothermal fluids (e.g. McLennan, 1989). Such fluids are com- 
monly characterized by depletion in dissolved oxygen due to 
reactions with reduced wall rock components (e.g. Tunnicliffe et al., 
2003). Fluid circulation through the trilobite bearing facies is also 
suggested by patchy α quartz (Figs. 5A, B and 6A) and goethite (Fig. 
5B) replacing micrite and trilobite shells (Franchi et al., 2014). Quartz 
is a common precipitate during cooling of fluids supersaturated with 
respect to Si after interaction with volcanic rocks (Ellis and McMahon, 
1977). Hydro thermal water flux from volcanic rocks of the Merzane 
Group flowing through SRG to the trilobite bearing facies could have 

been responsible for the partial dissolution of low magnesium calcite 
(LMC) and conse quent deposition of α quartz (Franchi et al., 2014). 
The α quartz is
the thermodynamically stable phase of silica formation and recrysta
zation at hydrothermal vents (Rodgers et al., 2004). Sample 
microcrystalline α quartz revealed peloidal and botryoidal fabrics (
5D) typical of chalcedony (see Rodgers et al., 2004) described  fr
active siliceous hot springs (Fig. 6E, in Guidry and Chafetz, 2003).

A separate discussion is required for pisolite bearinginter mound
cies sample 9. Pisolites form within the vadose zone of soils and shall
marine settings where calcite cements precipitate around clastic nu
trapped in sediments. Sample 9 displays a strong MREEenrichm
(PrSN / DySN = 1.8), which is a typical characteristic of pore water of i
reduction zone (Haley et al., 2004; Hu et al., 2014). This evidence, coup
with a slight negative Ce anomaly, points to precipitation of this fac
under suboxic conditions (e.g. Kim et al., 2012; Hu et al., 2014). This fac
may therefore be related to diagenetic alteration of host carbon
deposits in the vadose zone during partial exposure (e.g. Fu et al., 200
Evidence for partial exposure has been recorded in the area starting fr
the Famennian (Bełka, 1998). Brachert et al.(1992) reported kar
structures in the upper part of the SRG. Never theless, the influence
vadose water should be restricted to the pisolite facies in the upper str
of the group, as suggested by the depletion in LREE and MREE
carbonates from mound and inter mound areas appearing inconsist
with an early meteoric (phreatic and/or vadose) diagenesis (
Moldovanyi et al., 1990).

5.2.3. Y/Ho ratio: consistency of a seawater signature
Y/Ho ratio gives other important information for seawater char

terization. Yttrium is commonly considered as a chemical twin of Ho (
Bau, 1996) and thus expected to exhibit similar geochemical behavior
seawater (e.g., Zhang et al., 1994; Nozaki et al., 1997). The geochem
twins Y and Ho remain tightly coupled in many geochem ical process
leading to the maintenance of the chondritic Y/Ho ratio (~26 28)
common igneous rocks and epiclastic sediments (Bau, 1996, a
references therein). In marked contrast, however, aqueous fluids a
their precipitates are often characterized by super chondritic Y/Ho ra
(up to 90), typical of modern seawater (Zhang et al., 1994; Bau, 1996; B
et al., 1997; Nozaki et al., 1997). Strong positive Y anomaly in the S
samples resulted in a super chondritic Y/Ho ratio (up to 87) wit
samples 5, 6, 7, 11, 20, and 21 (Table 4). Whereas samples 1, 2, 8, 9, 10, 
and 25 show Y/Ho ratio lower than 50 (Table 4), closer to chondr
values. With the exclusion of trilobite rudstone and vein filling (sample
and 21, respectively), there is a clear linear correlation between Y/Ho a
La anomaly (R2 = 0.93)(Fig. 13). Samples with the highest Y/Ho a
have the strongest La anomaly (Fig. 13) and show typical seawa
signatures (e.g. Bau, 1996; Webb and Kamber, 2000; Allwood et al., 201
Less pronounced marine signals within samples 6, 8, and 21 w
probably produced by sea water mixing with hydrothermal water. Mix
of seawater with hydrothermal fluids is consistent with La excess (
Klinkhammer et al., 1994a; Kamber and Webb, 2001) found, for instan
in samples 6 and  21  (Table 4). This mixing occurred in peculiar facies
suggested by the presence of Ce and Eu anomalies in samples from 
plumbing



system (samples 6 and 21) and layered micrite (sample 8), which is 
consistent with poorly oxygenated (e.g. Hu et al., 2014) and warm 
fluid circulation through volcanic rocks (Michard, 1989).
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
fractionated REE pattern (Fig. 14).

Fig. 14. PAAS-normalized REE abundances patterns for Early Devonian seawater 
estimated from the REE patterns of different SRG facies. The “plumbing system” pattern 
comes from the average composition of samples 6 and 21. We used the partition 
coefficients given by Tanaka and Kawabe (2006); seawater conditions: pH = 8.2; 
[CO2]TOT = 0.00235; salinity = 35‰. REE pattern of modern off-shore surface (filled 
circles) seawater by Zhang and Nozaki (1996) are plotted for comparison (average of 
0, 9, and 30 m depth samples from station SA-5, East Caroline Basin, data from Zhang 
and Nozaki, 1996; see also Webb and Kamber, 2000).
5.2.4. Fluid circulation and seawater mixing
Stable isotopic composition of SRG carbonates may provide better 

constraints for microbial activity and water temperature during 
carbon ate formation. The δ13C and δ18O values reported by Franchi et 
al. (2014) are shown in Table 4. Carbonates from layered micrite and 
vein filling (samples 8 and 25, respectively) show strong 13C 
depletion revealing possible seawater mixing with venting fluids and 
linked microbial activity (see also Cavalazzi et al., 2007). 
Alternatively, as suggested by Franchi et al. (2014), the 13C depletion 
in some of the SRG samples may have been inherited by the 
consumption of sedimentary organic matter (δ13C = −20‰, see 
Aloisi et al., 2002) by sulfate reducing bacteria (e.g. Ritger et al., 1987). 
Nevertheless these samples show the lowest REE contents in the data 
set (Table 4). This characteristic of SRG carbonate apparently rules out 
microbial activity as a REE enrich ment factor. The slightly negative 
δ13C values of SRG samples could be also related to the contribution of 
hydrothermal crustal CO2 (with an average δ13C =  −7‰; Konno et 
al., 2006; Franchi et al., 2014) and/or abiotic methane (Bełka, 1998; 
Cavalazzi et al., 2007). The peculiar signature of some of the SRG 
carbonates may therefore be independent from microbial activity and 
may have been inherited by venting fluids. The enrichment of REE 
within the mounds limestones is probably due to a kinetic effect, 
indeed the slow precipitation of micrite may lead to the adsorption of 
large quantities of REE (e.g. Webb et al., 2009; Jakubowicz et al., 
2015).

High temperature fluids interacting with basaltic rocks become 
enriched in Eu(II) (e.g. Bau and Dulski, 1999). Accordingly, samples 
from the SRG plumbing system (e.g. sample 25) show the highest Eu 
anomaly coupled with lower ΣREE contents, rather typical for hydro- 
thermal fluids (Mitra, 1994), positive Ce anomaly and negative δ18O 
(Table 4). Layered micrite (sample 8), showing δ18O = −10.1‰, low 
ΣREE content and positive Eu anomaly (Table 4), is probably part of 
the plumbing system branching within the mound buildups.

Once the hot venting fluids have reached the surface the mixing 
with large volumes of sea water gave rise to the disappearance of the 
Eu anomaly and Eu(II) has been rapidly oxidized to Eu(III). Cement 
forma tion in this case has been probably triggered by gradual 
anaerobic consumption of organic matter as suggested by the slightly 
positive δ13C values and Ce anomaly (Table 4).

5.3. REE pattern and Devonian seawater

To make full use of ancient limestones as proxies for ancient 
seawater requires knowledge of the partition coefficients between 
seawater and limestone (Elderfield et al., 1990; Webb and Kamber, 
2000; Tanaka and Kawabe, 2006). Although the preservation of 
seawater REE signatures in marine precipitates has been widely 
documented (Webb and Kamber, 2000; Kamber and Webb, 2001; 
Nothdurft et al., 2004), and partition coefficients are equivalent across 
the whole range of investigated Holocene limestones (Webb and 
Kamber, 2000), we cannot predict exact partition coefficients for 
different ancient limestones. Such partition coefficients cannot be 
determined directly, as ancient seawaters are not preserved. Hence, 
reasonable partition coefficients must be hypothesized on the basis of 
experimental work and analogy with modern proxies (Webb and 
Kamber, 2000; Nothdurft et al., 2004; Bau and Koschinsky, 2009; Della 
Porta et al., 2015). Although partition behavior may have been 
somewhat different in different carbonates (Webb and Kamber, 2000; 
Della Porta et al., 2015), evidence from ancient limestones supports 
the use of modern precipitates (i.e. microbialite) partition coefficients 
as a model for ancient samples (Webb and Kamber, 2000; Nothdurft 

et al., 2004). Webb and Kamber (2000) calculated consistent mean 
partition
coefficients (DREE = 295.6) across the entire mass range of Holocene
microbialite REEs (SD = 30.2; excluding Ce):

DREECARBONATE=SEAWATER

REECARBONATE
REESEAWATER

� �
� CaSEAWATER

CaCARBONATE

� �
: ð6Þ

We calculated the REE pattern for Devonian seawater following
the method given by Tanaka and Kawabe (2006), starting from SRG
lime stone REE composition and standard water conditions (Fig. 14).

As shown in Fig. 13 studied limestones are clustered along the Y/Ho
La anomaly trend line. Average values of samples with strong La Y/Ho
correlation (samples 7 and 20), from mound facies (samples 2, 8, 10)
as well as representing outliers, such as samples from trilobite
rudstone and vein filling (plumbing system), were used for seawater
calculations. The shale normalized Early Devonian seawater patterns
were then compared with data from Zhang and Nozaki (1996) for
open Pacific Ocean seawater (Fig. 14). Although REE contents
estimated for Early Devonian seawater are higher than modern
seawater contents (i.e. Zhang and Nozaki, 1996), several
considerations can be drawn. The higher contents in Devonian
seawater might be due to diagenetic disso lution of organic matter
and/or due to microbial activity, as well as kinetic effects. Microbial
communities through their extracellular polysaccharides (EPS) might
have increased REE abundances in SRG limestones (e.g. Webb and
Kamber, 2000; Nothdurft et al., 2004) with the consequent
overestimation of REE abundances in seawater.

Besides the high ΣREE contents the Early Devonian seawater REE
pattern derived from normal marine samples is consistent with the
modern seawater showing strong depletion of LREE, super chondritic
Y/Ho ratio, positive Gd anomaly (average 1.4) and negative Ce
anomaly. The seawater pattern obtained from mound facies
limestones is characterized by less strong LREE depletion (PrSN / YbSN
= 0.5)  and  smaller positive Ce and Eu anomalies resulting in a less
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Early Devonian seawater REE patterns derived from the plumbing
system samples (samples 6 and 21) show similar trends. This implies
precipitation of these facies from the same water which is consistent
with the hypothesis of a common plumbing system within mound
facies. Early Devonian seawater REE compositions obtained from the
plumbing system show a seawater likeREE pattern and a strong
positive Ce anomaly (up to 3.8). This could imply that the waters
flowing through the plumbing system were not sufficiently oxidizing
to allow formation of Ce(IV) species which is more reactive with
particle surfaces from which it is less efficiently desorbed (Kamber and
Webb, 2001). Within these facies seawater mixed with fluids with
different chemical composition and probably depleted in O2 contents.

6. Concluding remarks

This work focused on detailed analyses of trace element variation
and REE patterns in limestones and associated chemical precipitate
from the Early Devonian Kess Kess mounds. The REE patterns, as well a
redox sensitive trace element distributions, have been affected b
mixing of seawater with warm hydrothermal fluids during the forma
tion of the Kess Kess mounds. In combination with previous sediment
logical and geochemical data, the following conclusions can be drawn:

1. The SRG limestones show REE + Y patterns characterized by LRE
depletion, super chondritic Y/Ho ratio, and positive La and Gd anom
alies. Although this pattern is in close agreement with the moder
seawater REE pattern, we found that the composition of SRG lim
stone varies with facies recording fluctuation of redox conditions.

2. The main variations in ΣREE contents are consistent with a diver
array of petrographic features. Our results underscore that, in the SR
limestones, micrite is the main REE carrier probably due to kinet
effects.

3. The influence of low oxygenated warm fluids was probably restricte
to certain facies. Quartz from veinlets that breach the vent host rock
in the upper part of the SRG exhibits a large positive Eu anom aly an
low overall ΣREE contents. Other samples from the SRG plumbin
system show large positive Eu anomaly coupled with low ΣRE
contents, positive Ce anomaly and negative δ18O. The presence of
positive Ce anomaly and less pronounced marine signals (i.e. L
excess) in trilobite rudstone and vein fills (mound facies) validat
the model promoting mixing of seawater with poorly oxygenate
fluids within the plumbing system.

4. Positive Eu anomalies recorded by samples of the plumbing system
coupled with low ΣREE contents and negative δ18O values, is sugg
tive of seawater mixing with hydrothermal fluids that interacted wi
underlying Merzane Group basaltic rocks.

5. The lack of a Eu anomaly and the modern seawater like negative C
anomaly of the mound limestones suggests deposition within we
oxygenated seawater. Hydrothermal fluids reaching the surfac
mixed with large volumes of seawater losing their original Eu ano
aly. The high ΣREE content within mound carbonates is probably du
to kinetic effects and/or to the microbial mediated dissolution 
organic matter during the early diagenesis.

6. Microbial consumption of organic matter, under anoxic condition
could have locally led to Ce fractionation, giving rise to a positive C
anomaly. The increase of pore water alkalinity due to metabol
activity of microbial consortia within organic matter rich sedimen
triggered the precipitation of authigenic carbonates. This proce
likely occurred within the trilobite bearing limestones.

7. The data set obtained from SRG limestones allowed to estimate th
REE pattern of Early Devonian seawater, which is similar to the mo
ern seawater REE pattern. Similar calculations using REE abundanc
of plumbing system facies revealed a strong positive Ce anoma
consistent with poorly oxygenated fluid
Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.chemgeo.2015.05.006.
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