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Abstract
The Kimmeridgian-Tithonian carbonate rocks of the Geneva Basin represent potential reservoirs for geothermal energy

exploitation. Based on petrographic data, a previous study (Makhloufi et al. 2018) reported three different stages of

dolomitization affecting these carbonate rocks, followed by dedolomitization. The present study focuses on the geo-

chemical characterization of these stages based on O, C and Sr isotopes of dolomites and dedolomites. The oxygen isotopic

values of early dolomite are depleted compared to the values of Late Jurassic marine cements. This is interpreted to reflect

dolomite precipitation from an oxygen-enriched fluid, likely evaporitic. Carbon isotopic values are close to the composition

of well-preserved Late Jurassic cements suggestive of abiotic precipitation. These findings are consistent with a scenario of

reflux type dolomitization induced by high-frequency sea-level changes producing pulses of dolomitizing brines. Late

dolomitization represents an advanced level of replacement. Isotopic data exhibits depleted oxygen composition pointing

towards burial diagenesis and is interpreted as the results of shallow burial over-dolomitization. Ages provided by

radiogenic strontium isotopes data are consistent with an early first stage of dolomitization followed by late burial

dolomite. Dedolomitization is observed at different orders of magnitude and might results from the interaction with

meteoric water initiating the dissolution of both early and late dolomites. This dedolomitization would have taken place

during long-term emersion events or after the exhumation. The results presented in this work provide further understanding

of the processes involved in dolomitization under the influence of high-frequency sea-level fluctuations and the evolution

of dolomitic fabrics during burial.
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1 Introduction

The Upper Jurassic limestones of the Geneva Basin rep-

resent one the major active aquifers and is currently eval-

uated for geothermal energy exploitation. It has been

shown that the Upper Jurassic, and specifically the Kim-

meridgian units, are affected by dolomitization and

dedolomitization processes (Fondeur et al. 1954; Shearman

et al. 1961; Makhloufi et al. 2018). Such diagenetic pro-

cesses are commonly associated with important modifica-

tions in the reservoir properties of the rock by poro-genesis

or poro-necrosis mechanisms (Schmoker et al. 1985;

Braithwaite 1991; Giorgioni et al. 2016).

Several studies discussed the scenarios and pathways of

dolomitization of the Upper Jurassic limestones for the

Molasse Basin, from the western part of Switzerland and

France in the Geneva Basin (Rameil 2008), to the eastern

part of the basin in southern Germany (Reinhold 1998). In

the Geneva Basin, only the Jura Mountains were consid-

ered, and the southern part of the basin was not taken into

account. Moreover, previous work showed that the Upper

Jurassic of the Geneva Basin exhibits an important volume

of sucrosic dolomite (Makhloufi et al. 2018) which origin

and precise timing of formation has not been determined

yet. In the same way, the timing and origin of dedolomites
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observed in the Upper Jurassic units are poorly constrained.

Due to their characteristics, both the sucrosic dolomites and

the dedolomites represented level of economic interest

especially in the context of geothermal energy exploitation.

The present study is a follow up of Makhloufi et al.

(2018). Petrographic analyses allowed to constrain the

paragenesis of the Upper Jurassic units and revealed that all

units experienced several stages of dolomitization. The

initial petrographic results pointed to two dolomitization

events: an early reflux-type dolomitization and a later

burial dolomitization. Dedolomitization, through calciti-

zation and/or dissolution was also identified and reported to

be creating important volume of secondary pore space.

Dedolomitization can be associated to two processes (Ay-

ora et al. 1998): (1) a one-step or replacement process,

involving the dissolution of dolomite coupled with for-

mation of calcite (Evamy 1967) and/or (2) a two-step

process involving dissolution of dolomite resulting in

secondary pore space, and later precipitation of calcite

either during the same overall process (Warrak 1974;

Kenny 1992), or from a different solution at a different

time (Jones et al. 1989; James et al. 1993).

This initial study served as a reasonable framework for

geochemical analyses in order to constrain the nature and

timing of fluid migration as well as the scenarios and

hypotheses for the most likely pathways of dolomitization

discussed therein.

The data presented here are the results of detailed out-

crop studies, sampling and the use of isotope geochemical

analyses. The objectives are: (1) to test and provide more

insights on the models of dolomitization and dedolomiti-

zation proposed in Makhloufi et al. (2018), (2) to compare

the likely scenarios with previously proposed models in

similar settings, (3) to constrain the origin for the pore

fluids responsible for the different stages of dolomitization

and dedolomitization and (4) to propose a timing for the

formation of dolomite and dedolomites. Furthermore, the

results presented here are compared with literature data at

the regional and global scales in addition to proposing a

database of 250 isotopic values of calcite, dolomite and

dedolomite cements that can be used by the wider scientific

community.

2 Geologic and sedimentologic setting

The Geneva Basin is located at the Swiss-French transna-

tional zone in the south-west of Lake Geneva. The basin is

bordered to the north-east by the internal chain of the Jura

Mountain and to the south-east by the front of the Alpine

units (Fig. 1). The basin lies on a Variscan crystalline

basement with a sedimentary cover of Mesozoic to Ceno-

zoic succession about 3000 to 5000 meters thick. The

Mesozoic series are mainly composed of carbonates and

marls, along with evaporites (Enay 1969; Bernier and Enay

1972; Bernier 1984). During the Triassic, when the basin

was connected to the Tethys Ocean, a marine transgression

led to the deposition of thick evaporitic series (Disler

1914). The Lower Jurassic deposits also record a trans-

gressive trend with open-marine conditions prevailing until

the Aalenian (Sommaruga 1997). The Middle Jurassic

succession is characterized by a first regressive trend and a

shift towards shallower conditions during the Bajocian and

Bathonian (Strasser 1994). The Upper Jurassic deposits are

results of a second regressive trend while a shallow car-

bonate platform developed and extended towards the north-

west. During the Kimmeridgian, major change in deposi-

tional environment induced the growth of patch reefs on

top of pre-existing structural highs (Meyer 2000). The

inter-reef depressions were then sealed during the Titho-

nian by prograding tidal deposits followed locally along

with immersive facies (Strasser 1988).

The Kimmeridgian and Tithonian (Upper Jurassic) of

the Geneva Basin are subdivided in six formations

outcropping in the Jura Mountains, Mount Salève and

Mount Vuache (Charollais et al. 2013). These are the

Couches à Céphalopodes, Calcaires de Tabalcon, Com-

plexe Récifal, and Tidalites de Voulgans. The Complexe

Récifal consists of three subunits: the Calcaires Récifaux,

Calcaires Plaquetés, and Calcaires de Landaize subunits.

Readers are referred to Makhloufi et al. (2018) for an

extended description of the studied sections. The strati-

graphic sections and position of the samples analyzed are

displayed in Fig. 1.

During the late Cretaceous, several depositional envi-

ronments and overall shallow and warm-water conditions

prevailed (Charollais et al. 2013; Sommaruga 1997) lead-

ing to the deposition of bioclastic limestones, bioturbated

limestones and marls rich in organic matter. Lower Cre-

taceous deposits are not recorded in the Geneva Basin,

probably due to their emersion and later erosion during the

Paleocene. This erosion led to the development of an

important karstic system, which will be filled during the

Eocene by the ‘‘sidérolithique’’ red sandstone formation

(Sommaruga 1997). The Alpine phase and the associated

foreland tectonic regime will induce de deposition of a

thick Oligocene–Miocene detrital-rich unit called the

‘‘Molasse’’ (Favre et al. 1880; Heim 1922; Charollais et al.

2007).

3 Materials and methods

Powder samples for geochemistry were obtained using a

0.3 mm drill bit mounted on a Dremel� rotary worksta-

tion. Samples consists of bulk (n = 24) and selected
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material including blocky calcite (n = 12), dolomite

(n = 24), fracture infilling calcite (n = 16) and karst

infilling calcite (n = 5). In total, 83 samples were collected

for oxygen and carbon stable isotope geochemistry and 11

(blocky calcite n = 6, early dolomite n = 3, dolomite

n = 2) for strontium isotope geochemistry. The reader is

referred to Makhloufi et al. (2018) for a description of non-

dolomitic cement not discussed here.

Cathodoluminescence analysis was completed using an

ERI-MRTech-optical cathodoluminescence microscope

with a cold cathode mounted on an Olympus BX41

petrological microscope at the Department of Earth Sci-

ences (University of Geneva, Switzerland). The beam

conditions were 15–18 kV at 120–200 mA with an unfo-

cused beam of approximately 1 cm. The observation

chamber has a residual pressure of ca. 50 mTorr. The

samples were non-coated. A carbon coating (ca. 15 nm) by

carbon thread evaporation was used prior to imaging with a

Jeol JSM 7001F Scanning Electron Microscope (S.E.M.,

Department of Earth Sciences—University of Geneva,

Switzerland). The semi-quantitative analyses and mapping

were obtained with an EDS detector coupled with the JED

2300 software.

For C and O isotopes, carbonate powders were reacted

with 100% phosphoric acid at 70 �C using a Gasbench II

connected to a ThermoFisher Delta V Plus mass spec-

trometer at the Department of Geography and Earth Sci-

ences (Friedrich-Alexander-University of Erlangen-

Nürnberg, Germany). All values are reported relative to

V-PDB. Reproducibility and accuracy were monitored by

replicate analysis of laboratory standards calibrated by

assigning d13C values of ?1.95% to NBS19 and - 46.6%
to LSVEC and d18O values of - 2.20% to NBS19 and

- 23.2% to NBS18. Reproducibility for d13C and d18O
was ± 0.06 and ± 0.06 (1 std. deviation), respectively.

Oxygen isotope values of dolomite were corrected using

the phosphoric acid fractionation factors given by Kim

et al. (2007) and Rosenbaum and Sheppard (1986).

For Sr isotopes, a few mg of powdered carbonate

material were dissolved in 2.2 M high purity acetic acid

during 1 to 2 h at room temperature in conical shaped 2 ml

vials. The solutions were centrifuged, and the supernatant

was recovered and transferred to Teflon vials, where it was

dried down on a hot plate. The residue was redissolved in a

few drops of 14 M HNO3 and dried down again, before Sr

separation from the matrix using a Sr-Spec resin. The Sr

separate was redissolved in 5 ml of * 2% HNO3 solutions

and ratios were measured using a Thermo Neptune PLUS

Multi-Collector ICP-MS in static mode. The 88Sr/86Sr

(8.375209) ratio was used to monitor internal fractionation

during the run. Interferences at masses 84 (84Kr), 86 (86Kr)

and 87 (87Rb) were also corrected in-run by monitoring
83Kr and 85Rb. The SRM987 standard was used to check

external reproducibility, which on the long-term (more than

100 measurements for 1 year) was 10 ppm. The internally

corrected 87Sr/86Sr values were further corrected for

external fractionation (due to a systematic difference

between measured and a nominal standard ratio of the

SRM987 of 87Sr/86Sr = 0.710248: McArthur et al. 2001)

by a value of - 0.025% per amu.

4 Results

4.1 Sedimentology and petrography

A comprehensive description of the sections measured in

this study and sample locations are presented in Makhloufi

et al. (2018) where readers can refer to figure 1 and 2 as

supplementary data. The Calcaires de Tabalcon unit is

characterized by pluridecimetric beds, about 20 meters

thickness, separated by discrete dry joints. This unit can

easily be observed in the Etiollet section were the four

sedimentologic facies described by Deville (1988) were

sampled: (1) a micritic facies with accumulation of

micropeloids and open marine, low energy, outer shelf

associated fauna, locally dolomitized (2) a bioclastic facies

subdivided in two and consisting of wackestone and

packstone to grainstone, associated with peri-reefal fauna,

then a (3) bioclastic facies consisting of peri-reefal and

reefal associations with extraclasts, some being decametric

in size, composed of corals, gastropods, lagoonal mud-

stones, high-energy grainstones and fore-reef biomicrites

(Fig. 2a) and finally (4) a dolomitized bindstone facies

composed of siliceous sponges and including pyrite-limo-

nite incrustation (Fig. 2b). In the Reculet Nord section, the

Calcaires de Tabalcon is characterized by a dolomitized

limestone consisting of medium to coarse, euhedral, highly

coalescent replacive rhombs that obliterated the initial

fabric (Fig. 2c). Most of the rhombs display a dark cloudy

core and clear outer rim. The Calcaires Récifaux unit was

bFig. 1 Simplified geological map of the Geneva Basin and its

vicinity. White stars represent location of the studied outcrops. (1)

Salève Mountain; (2) Prapont; (3) Morillon; (4) Valefin; (5) Roche

Blanche; (6) Le Reculet Nord and (7) Le Col de la Faucille. On the

right, a synthetic log of the Upper Jurassic units as exposed in Mount

Vuache. Stratigraphic logs modified from Makhloufi et al. (2018) for:

the Calcaires de Tabalcon unit the Salève Mountains, modified from

Deville (1990). The reef-front and reef-core sections of the Calcaires

Récifaux in the Prapont section, modified from Fookes (1995). The

top of the Calcaires de Tabalcon and the Calcaires Récifaux in the

Reculet Nord section, modified after Meyer (2000). The Calcaires

Récifaux, Calcaires de Landaize and Tidalites de Vouglans (TdV)

unit in the Roche Blanche and Valefin sections modified after

Makhloufi et al. (2018)
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studied in the Prapont, Valefin, Roche Blanche and Reculet

Nord section, the reef front deposits exhibit beige wacke-

stone with microsolenoid corals, stromatoporoids, bry-

ozoans and rare foraminifers, along with oncoids and

micropeloids that can be associated with microbial crusts

(Fig. 2d). Lateral variations at small scale are typical in

these deposits as large dolomitized patches can be observed

along. Moldic and intergranular porosity as well as centi-

metric to decimetric vugy pores are common. The Calcaire

de Landaize unit was studied in the Col de la Faucille,

Valefin, and Roche Blanche sections and exhibits lime-

stone beds composed of a beige oncoid grainstone with

sparitic calcite cementation and no evidence of dolomiti-

zation (Fig. 2e). The Tidalites de Voulgans unit was mainly

studied in the Roche Blanche and Valefin sections. There,

the unit present submetric limestone beds and marly to

dolomitic interbeds. The dolomitic interbeds are charac-

terized by fine to medium, euhedral, and subhedral crystals

that obliterated the initial fabric (Fig. 2f). Based on pet-

rographic, specifically using crystal geometries, sizes,

Fig. 2 Photomicrographs of the

main facies observed in the

Kimmeridgian–Tithonian

limestones of the Geneva Basin.

a packstone to grainstone facies

in the Calcaire de Tabalcon

unit; b dolomitized boundstone

in the Calcaires de Tabalcon

unit; c medium sized, fabric

destructive, sucrosic dolomite in

the Calcaires de Tabalcon unit;

d wackestone with

microsolenoid coralsin the

Calcaires Récifaux unit;

e oncoid grainstone with calcite

spar cement in the Calcaires de

Landaize unit and f fine to

medium sized, fabric

destructive, sucrosic dolomite in

the Tidalites de Vouglans unit.

On the left, the complex, vuggy,

porosity is filtered in red and

amounts to 12.5% of the total

image
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crosscutting relations and isotopic signatures, two types of

dolomites have been identified along the Kimmeridgian-

Tithonian succession studied.

4.2 Dolomites and dedolomites petrography

4.2.1 Type 1 dolomites

Type 1 dolomite is composed of fine to medium, euhedral

to subhedral, replacive rhombs. Dolomitization produced

either isolated rhombs floating in a micritic matrix or

euhedral to subhedral textures. Under non-polarized light,

crystals generally display a cloudy core and a clear rim.

Under CL dolomites display a non-luminescent dark core.

Two stages of dolomitization can be distinguished (Fig. 3).

Type 1a (T1-a) exhibits fine euhedral clear rhombs. Under

CL it displays non-luminescent core and zoned, bright red

luminescent overgrowth as well as replacive features

(Fig. 3a, b). Calcite replacement of dolomite is also

observed under S.E.M. (Fig. 4a, b, c). Type 1b (T1-b)

exhibits fine to medium euhedral to subhedral rhombs

displaying a dull red luminescence with rare zonations and

locally a non-luminescent center (Fig. 3 c). Locally T1-b is

affected by microfractures (Fig. 4c). T1-a dolomites are

therefore recognized by smaller crystal size and brighter

luminescence under CL.

E.D.S. analyses highlighted chemical differences

between the host limestone and the replacive dolomite

(Fig. 4c). Type 1 de-dolomites (T1-D) consist of (1)

rhomb-shaped pores with remaining dolomites rims or

dolomites patches on the borders including remains of

dolomite crystals in the mottles (Fig. 3d). Location,

geometry and size of T1-D correspond to those of early

dolomites T1. Under CL, the remnants of partially dis-

solved dolomite crystals still exhibits dull-luminescent

zonations when present. T1-dedolomites are characterized

a b

c d

e f

IC

BC

BC

T1-a

T1-a

TD1

Moldic porosity

Intercrystalline
porosity

T2

T1-b

100 µm

200 µm

200 µm 200 µm

500 µm

100 µm

Fig. 3 Optical microscopy and

CL on thin sections. a partial

early dolomitization replacing

both the micritic matrix, grains

and calcite cements observed in

polarized non-analyzed light

under optical microscopy;

b same thin section under CL

putting in evidence two types of

calcite cement (isopachous IC

and blocky calcite BC) as well

as the T1-a fine to medium early

dolomite; c CL photograph of

the T1-b dolomite exhibiting

medium rhombs with a dull red

luminescence and rare thin

zonations. The dark spots

represent secondary moldic

porosity; d CL Evidence the

remaining dolomite TD1 in

secondary moldic pore resulting

from dolomite dissolution

during dedolomitization;

e optical microscopy under

natural light of the fabric

destructive sucrosic dolomite.

The rhombs core appears cloudy

due to the presence of inclusions

while the outer rims appears

clear. The yellow to brown

areas are intercrystalline pores

filled by resin used for thin

section manufacturing and

f same thin section under CL,

the sucrosic dolomite T2

exhibiting thin zonation in the

clear rims, evidence for

chemical modification during

precipitation

584 Y. Makhloufi, E. Samankassou



a

BC

T1D

d

Moldic porosity

T2D

e

Calcitization

T2D Moldic porosity

Intercrystalline porosity

b

Calcitization

T1D

Moldic porosity

0.00 1.00 2.00 3.00 4.00 5.00
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Mg-K

Ca-K

Ca-K

0.00 1.00 2.00 3.00 4.00 5.00
keV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Co
un
ts

Mg-K

Ca-K

Ca-K

c

T1

T1

Fig. 4 S.E.M. images of samples affected by early dolomitization and

dedolomitization. Calcite appears in light grey while dolomite

appears in dark grey. a Blocky Calcite (BC) and T1 dedolomite

(T1-D, dark grey). The dedolomite includes vuggy pores resulting

from dissolution and replacement by calcite (light grey); b calcitiza-

tion and intercystalline microporosity in a T1 dedolomite; c replacive

T1 dolomite and EDS analysis of the dolomite and micrite; d Sucrosic

dedolomite (T2-D) showing important, large, intracrystalline vuggy

pores but little amount of calcite replacement; e calcitization and

intercrystalline microporosity in a T2 dedolomite, including inter-

crystalline porosity
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by bright to dull luminescent, orange-colored, cores and

bright to dull luminescent, red-colored, surrounding rims.

Vuggy porosity is partially filled by calcite cement

(Fig. 4a) and microporosity commonly follows the crystal

zonations as observed under CL (Fig. 4b).

4.2.2 Type 2 dolomites

The second type of dolomite (T2) is composed of medium

to coarse, euhedral to subhedral, fabric-destructive dolo-

mite rhombs. Under non-polarized light, dolomite rhombs

exhibit cloudy core and clear rim. Under CL, cloudy rombs

are mostly non-luminescent while the clear rims exhibit

red-colored, bright to dull luminescent zonations (Fig. 3e

and f). The T2 dolomite exhibits significant intercrystalline

porosity (10 to 12%, based on image analysis, Fig. 2f).

This T2 dolomite has the same characteristics as ‘‘su-

crosic’’ fabric-type dolomite. Type 2 de-dolomites (T2-D)

exhibit intracrystalline microvugs (Fig. 4d) as well as

selective dissolution and calcitization along their core/rim

interface (Fig. 4e). Location, geometry and size of T2-D

correspond to those of the T2 sucrosic dolomites. Under

CL, the remaining dolomite filling the rhomb-shaped pores

still exhibits dull-luminescent zonations when present.

Calcitized dolomites are characterized by bright to dull

luminescent, orange-colored, cores and bright to dull

luminescent, red-colored, surrounding rims.

4.3 Dolomites and dedolomites geochemistry

4.3.1 Type 1 dolomites

The d18O values of T1-a dolomites range from - 0.3 to

?1.5% (mean value: - 0.8%) and the d13C values range

from ?2.3 to ?3.2% (mean value: ?2.8%; Fig. 5 and

Table 1). Due to the geometry and location of T1-b dolo-

mites, it was not possible to sample separately this stage.

Therefore, the analyzed powder is a mixture of a small

fraction of T1-a dolomite and T1-b dolomites. However, as

T1-b exhibits slightly larger crystals, we consider that the

isotopic values are more representative of this stage. The

d18O of values for T1-b dolomites range from - 4.6 to -

2.9% (mean value: - 3.6%) and the d13C values range

from ?1.4 to ?2.2% (mean value: ?1.9%, Fig. 5 and

Table 1).

4.3.2 Type 2 dolomites

The d18O values of T2 dolomites range from - 4.3 to

- 1.3% (mean value: - 2.9%) and d13C values range

from ?2.1 to ?2.7% (mean value: ?2.3%, Fig. 5 and

Table 1). The d18O values of T1-D de-dolomites range

from - 8.5 to - 6.9% (mean value: - 7.5%) and d13C

values range from - 4.9 to ?2% (mean value: ?0.4%,

Fig. 5 and Table 1). The ratio of 87Sr/86Sr range from

0.70710 to 0.70718 and from 0.70737 to 0.70752 for the T1

and T2 dolomites, respectively (Fig. 6). Only two T2

samples including de-dolomites were analyzed. Their d18O
values are - 6.8% and - 6.5% and their d13C values

- 1% and ?0.9%, respectively (Fig. 5).

5 Discussion

The following discussion focuses on the composition of

dolomitizing fluids and the timing of dolomitization, using

data from C, O and Sr isotopes. The discussion takes into

account the interpretation of the paragenesis drawn from

petrography in a previous study (Makhloufi et al. 2018).

The discussion is extended to include comparison with

dolomitization and dedolomitization scenarios reported

from the Molasse Basin.

Some studies addressed critically the issue regarding the

use of geochemical data based on cement sampling: the

isotopic composition of dolomites discussed here represent

samples consisting of pure dolomite or a mix of dolomite

and the calcareous matrix. The latter case, the isotopic

value represents a geochemical average of both phases

present in the sample. This problem is common in such

facies where samples exhibits small crystal sizes, making

sampling pure dolomite difficult. However, previous stud-

ies acknowledged this bias and showed that bulk analysis

can still provide insights on diagenetic processes, espe-

cially in Jurassic and Cretaceous carbonates (Joachim-

ski1994; Plunkett 1997; Fouke et al. 2005; Rameil 2008).

5.1 Timing and origin of the early dolomitization

According to the interpretation of the paragenesis proposed

in Makhloufi et al. (2018), the early dolomitization

occurred in two phases: a first phase induced by a reflux

type dolomitization and a second phase thought to result

from shallow burial dolomitization.

The 87Sr/86Sr of the dolomite samples range from

0.70710 to 0.70752 (Fig. 6). All values for T1a dolomites

fall within the range for Tithonian seawater

(0.70700–0.70718, McArthur et al. 2001). This is com-

patible with the previously discussed origin of early

dolomitization as the consequence of the diagenetic

replacement of micrite during shallow seepage reflux and/

or evaporitic resulting brines at near surface for the Kim-

merdigian-Tithonian of the Geneva Basin limestones

(Makhloufi et al. 2018).

Estimating the d18O of dolomite precipitating in equi-

librium with a pore fluid in function of the temperature

requires the calculation of d18O composition of
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coprecipitated calcite and the numerical difference between

the d18O composition of both dolomite and calcite (Dd18-

Odol-cal). A typical value of 3.8% for Dd18Odol-cal is com-

monly used (Land 1992). Based on the equation from

Friedman and O’Neil (1977), modified by Land (1985),

d18Owater and d18Odolomite (Suzuki et al. 2006; Yamamoto

et al. 2018), the following formula is used:

d18Owater ¼ d18Odolomite � 2:78ð106T�2Þ � 0:91

where oxygen isotopic values are in VSMOW and tem-

perature in kelvins. The conversion between the VPD-B

and SMOW was performed using the equation of Coplen

et al. (1983). With a d18Odolomite composition from - 0.36

to ?1.46% (Figs. 5 and 7a) for T1-a dolomites and Upper

Jurassic seawater temperature at approximately 25 �C
(* 77 �F, Dromart et al. 2003; Blaise et al. 2014, 2015;

Brigaud et al. 2008), the calculated d18Owater ranges from

- 1.68 to ?0.27% SMOW (Fig. 7a). Late Jurassic sea-

water oxygen composition are estimated to range from

- 1.0 to - 1.2% (Shackleton 1975; Irwin et al. 1977;

Hoefs 1987; Prestel 1990). Therefore, d18Owater calculated

from the d18O composition of T1a dolomites are likely

recording precipitation from original to slightly modified

Late Jurassic seawater.

Carbon isotope values of T1a dolomite are close to the

isotope composition of well-preserved Late Jurassic marine

cements (Allan and Wiggins 1993) suggesting abiotic

precipitation from seawater (Bone et al. 1992; Joachimski

1994). These values could be related to marine or nearly

marine pore fluids (Nicolaides and Wallace 1997). More-

over, positive d13C values are incompatible with the

influence of isotopically light carbon from organic matter,

meteoric or mixed marine/meteoric water (Reinhold 1998).

Therefore, the carbon isotopes values for T1a dolomite

could be compared to published values of dolomites

formed within shallow-burial marine environments (Mattes

and Mountjoy 1980; Moore et al. 1988; Reinhold 1998;

Machel and Anderson 1989). Moreover, the isotopic

composition of the early dolomite is rather similar to that

reported for the modern Abu Dhabi dolomites, which are

Stratigraphic units and locations
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Fig. 5 Comparison of the isotopic composition measured in this study

(grey to black symbols) and that of other studies compiled from the

literature. Additional data of different types of dolomites. Green dots:

Upper Jurassic of the Jura Mountains (Rameil 2008 and Baldermann

et al. (2015). Blue dots: Upper Jurassic of southern Germany

(Reinhold 1998). Orange dots: Mississippian, Lower Cretaceous,

Eocene, and Miocene sucrosic dolomites in the U.S. (Choquette and

Hiatt 2008). Red dots: Cenozoic sucrosic dolomites of southern

Australia (Kyser et al. 2002). Raw values are available in the

supplementary data
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the result of early diagenesis replacing magnesian calcite

and aragonitic precursors, by direct precipitation under

evaporitic conditions (Land and Hoops 1973; Staudt et al.

1994; Budd 1997; Warren 2000; Bontognali et al. 2014;

Baldermann et al. 2015). Consequently, both the oxygen

and the carbon isotopic values points to a marine or

modified marine origin for the early dolomitization’s par-

ent fluid.

T1-b dolomites isotopic composition is significantly

different from T1-a dolomites. The d18O values, ranging

from - 4.59 to - 2.89%, are more negative than the d18O
values of T1-a dolomites previously discussed. Using the

equation of Friedman and O’Neil (1977) with a tempera-

ture of 25 �C, the d18Owater calculated ranges from - 8.38

to - 4.16% (VSMOW, Fig. 7a), which are not compatible

with d18O values of Late Jurassic seawater. Recrystalliza-

tion of early, near surface to shallow dolomite could

explain the lower d18O values by resetting the original

isotopic composition of dolomite. Under CL T1-b displays

red to dull luminescence, with thin zonations, typical for

recrystallized dolomites (Cander et al. 1988; Nielsen et al.

1994; Machel 1997; Nader and Swennen 2004; Nader et al.

2007). The shift toward lower values of d18O could suggest

recrystallization at elevated temperatures during successive

burial (Nicolaides and Wallace 1997) or the influence of

meteoric water (Banner et al. 1988; Gao 1990, Gao and

Land 1991; Dorobek et al. 1993, Smith and Dorobek 1993;

Warren 2000; Machel 2004; Nader et al. 2007). With d13C
values ranging from ?1.42 to ?2.18%, the composition of

these dolomites deviates significantly from that of Late

Jurassic seawater. Therefore, a potential influence of

organic matter, meteoric or meteoric/marine mixed fluids

cannot be ruled out. Given the petrographic evidence

(Makhloufi et al. 2018), T1-b dolomites do not seem to

have precipitated under temperature higher than 50 �C.
Consequently, the influence of meteoric water through a

mixture of buried seawater and meteoric water to explain

the isotopic composition of T1-b appears more likely.

Cretaceous meteoric water had a d18Owater composition of

- 5% (SMOW; Prestel 1989). Therefore, the isotopic

composition of a mixture between trapped seawater and

meteoric likely ranged from - 5 to ?1% (SMOW) for the

dolomitizing fluid (Coplen 1982; Hoefs 1987; Reinhold

1998), which is more likely to be compared with the cal-

culated d18Owater.

The data presented in this study can be compared to

those acquired in the Molasse Basin. Further to the north-

eastern part of Switzerland, the petrographic and isotopic

characteristics of the early dolomites presented in Rameil

(2008) are comparable to those of the present study

(Fig. 7b). Rameil (2008) distinguished three types of early

diagenetic dolomite: ‘‘T1-matrix dolomite’’, ‘‘T2-tidal flat

dolomite’’ and ‘‘T3-burrow dolomite’’. The scenario pro-

posed for the precipitation of the first two dolomites is a

reflux-type dolomitization. The ‘‘T1–matrix dolomite’’

exhibits oxygen composition slightly more negative than

that of T1-a dolomites in the present study, with an offset

of about * 1.5%. Using the equation of Friedman and

Table 1 d18O (V-PDB) and d13C (V-PDB) isotopic composition of

dolomite and dedolomite cements

Name Type d13C d18O

ym7 T1a dolomite 3.13 1.11

ym7 T1a dolomite 3.16 1.16

ym7 T1a dolomite 3.14 1.24

ym26 T1a dolomite 2.34 1.46

ym26 T1a dolomite 2.36 1.43

ym8 T1a dolomite 2.62 - 0.36

ym8 T1a dolomite 2.56 - 0.10

ym61 T2 dolomite 2.74 - 1.35

ym61 T2 dolomite 2.36 - 1.91

ym62 T2 dolomite 2.13 - 4.12

ym62 T2 dolomite 2.12 - 4.28

ym38 T1 bulk 2.08 - 3.04

ym38 T1 bulk 1.92 - 4.07

ym40 T1 bulk 1.42 - 2.80

ym35 T1 bulk 2.18 - 4.59

ym40 T1a DD - 1.53 - 6.93

ym58 T1 DD 1.83 - 7.49

ym32 T1 DD 2.00 - 6.94

ym32 T1 DD 1.87 - 7.40

ym33 T1 DD 1.82 - 7.52

ym33 T1 DD 1.77 - 7.59

ym31 T1 DD - 4.91 - 8.54

ym63 T2 DD - 0.99 - 6.78

ym63 T2 DD - 0.86 - 6.46

0.70690 0.70715 0.70740
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Fig. 6 Radiogenic strontium isotope composition of T1 dolomites

and T2 dolomites. Kimmeridgian and Tithonian ranges for seawater

strontium composition from McArthur et al. (2001)
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O’Neil (1977) with a temperature of 25 �C, the d18Owater

calculated values range from - 2.92 to - 0.56%
(VSMOW, Fig. 7c). The average calculated d18Owater is

- 2.12% (VSMOW) which is more negative than the

estimated initial oxygen composition of around - 1.0%
for Late Jurassic seawater (Shackleton 1975; Irwin et al.

1977; Hoefs 1987; Prestel 1990). Therefore, the ‘‘T1–ma-

trix dolomite’’ was possibly precipitated from modified

seawater. The same equation and parameters applied to the

mixture of both the ‘‘T1–matrix dolomite’’ and ‘‘T2–tidal

flat dolomite’’ result in calculated d18Owater values ranging

from - 0.37 to - 5.41% (VSMOW, Fig. 7b). The average

d18Owater composition is - 0.79% (VSMOW). This initial

water composition is closer to the estimated Late Jurassic

seawater oxygen composition and fits well with evaporitic

brines evolving from initial seawater and inducing early

dolomitization taking place directly at/or just beneath the

sediment surface.

Eastward in the Molasse Basin, Reinhold (1998) iden-

tified six types of dolomites in the Upper Jurassic lime-

stones of the Swabian Alb (southern Germany), among

which three are early matrix dolomites. The oxygen iso-

topic composition of these different dolomites exhibits a

progressive trend towards more negative d18O values

ranging from - 2.39 to - 4.98% and d13C values ranging

from 3.23 to 2.00% (Figs. 5 and 7c). Reinhold (1998)

interprets the first stage of matrix dolomitization as deriv-

ing from slightly modified seawater and being related to

pressure-dissolution during shallow burial at temperatures

of at least 50 �C occurring during Upper Jurassic to Lower

Cretaceous. While the geochemical data of Reinhold

(1998) are comparable to those of the present study, the

idiotopic euhedral texture and small grain size of early T1-

a dolomites as well as the calculated d18Owater close to

initial Late Jurassic seawater tend to indicate rather a low-

temperature of formation (Sibley and Gregg 1987; Warren

2000; Meister et al. 2013). Furthermore, early dolomites

observed in this study are not related to pressure-

dissolution.

The comparison of the data presented in this study and

the work of Rameil (2008) and Reinhold (1998) tends to

indicate differential processes involved in the early

dolomitization of the Upper Jurassic limestones in the

Molasse Basin. In the western part of the basin (France and

Switzerland), the early dolomitization originated from

original to slightly modified Late Jurassic seawater. In the

eastern part of the Molasse Basin, early dolomitization

occurred slightly later than in the western part with a parent

fluid that underwent further chemical modification through

shallow burial.

5.2 Timing and origin of the late dolomitization

The two T2 sucrosic dolomite samples studied exhibit
87Sr/86Sr of 0.70737 and 0.70752. These values are out of

range of Late Jurassic seawater composition. As discussed

in Makhloufi et al. (2018), T2 sucrosic dolomite is most

probably the result of shallow burial dolomitization origi-

nating from a mix between marine or evaporitic water and

meteoric water. Therefore, the Sr signature of T2 sucrosic

dolomite can possibly be modified by sub-surface fluids

with radiogenic Sr such as meteoric groundwater and,

therefore, would not be indicative of a timing of precipi-

tation (Vahrenkamp and Swart 1990; Budd 1997; Wheeler

et al. 1999; Suzuki et al. 2006; Yamamoto et al. 2018). The

d18O values of T2 dolomites range from - 4.28 to -1.35%
(mean value: - 2.92%) and the d13C values range from

?2.12 to ?2.74% (mean value: ?2.34%, Fig. 5, 7a).

Using the equation of Friedman and O’Neil (1977) with a

temperature of 25 �C, the d18Owater values calculated range

from - 5.70 to - 2.71% (VSMOW, Fig. 7a), which are

not compatible with Late Jurassic seawater d18O values.

However, unlike for early dolomitization, there is no pet-

rographic evidence supporting a potential recrystallization.

The presence of clear syntaxial overgrowth could reflect

that the dolomitizing fluid which was potentially a mix

between marine or evaporitic water and meteoric water.

However, sucrosic dolomite precipitating from unmodified

marine pore waters and presenting clear rims were reported

by Kyser et al. (2002) in dolomite of the Cenozoic Gambier

Limestone, Australia (red dots, Fig. 5). In this case, the

isotopic composition of the sucrosic dolomite was inter-

preted as resulting from the precipitation of a fluid whose

temperature and chemical composition did not vary

through time. In the samples analyzed, the complex zona-

tions in the outer rims are the consequence of intermittent

changes in the chemical composition of the parent water.

These zonations are interpreted as the result of a mix origin

between marine and meteoric water (Banner et al. 1988;

Cander et al. 1988; Cander 1994), excluding an unmodified

marine pore water origin. Based on the petrography

(Makhloufi et al. 2018) and geochemical data presented

bFig. 7 Comparison between the isotopic compositions presented in

this study with data from the Swabian Alb (southern Germany)

dolomites and the Jura Mountains (northwest Switzerland and France)

dolomites. The cross plots on the left represent the oxygen vs carbon

isotopic composition. Boxplots on the right represent the results of the

calculation of the initial isotopic composition of water derived from

the equation of Friedman and O’Neil (1977) and modified by Land

(1985). a data from this study; b isotopic compositions from Rameil

(2008), where A refers to ‘‘matrix dolomite A’’, B and C to

‘‘recrystallized matrix dolomite B’’ and ‘‘recrystallized matrix

dolomite C’’. c isotopic compositions from Reinhold (1998), where

T1 refers to ‘‘Type 1 matrix dolomite’’, T1 and 2 refers to ‘‘mix of

type-1 and type-2 tidal flat dolomites’’ and T2DD refers to ‘‘type-2

dedolomites’’
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herein, the formation of this T2 dolomite is interpreted as

burial in origin, in agreement with the scenario proposed

by Choquette and Hiatt (2008). In this model, the initial

fabric is completely obliterated leaving important inter-

crystalline water-filled pore while the rigid framework

formed by the dolomite cement tends to slow compaction.

Further overgrowth of the dolomite cement filling the

available pore space coarsen the initial dolomite texture as

long as pore space is available.

5.3 Dedolomitization

Dedolomitization affected both the early and sucrosic

dolomite but with different results. The early dolomite was

greatly affected by dedolomitization with almost complete

dissolution of dolomite resulting in the creation of moldic

porosity (Fig. 3d) preserving the initial dolomitic rhom-

boedral shape. When the dissolution is not complete,

remnant dolomite is observed at the edges of the moldic

pores. The sucrosic dolomite was less affected, while

locally presenting large dissolution gulfs (Fig. 4b); the

main difference lies in the presence of calcite inside the

remaining dolomite rhombs (Fig. 4a, c and d). Isotopic data

shows strongly depleted oxygen composition with d18O
values ranging from - 8.5 to - 6.9% for T1-D and from

- 6.8 to - 6.5% for T2-D. Considering the carbon iso-

topic composition, values for T1-D are still within range of

the Late Jurassic seawater composition, expect for one

outlier, while values for T2-D are strongly depleted and

negative in d13C (Fig. 57a). The calculated d18Owater of the

dedolomites are also strongly negative with values ranging

from - 9.1 to - 8.4% for T1-D and from - 8.3 to

- 7.9% for T2-D. This negative d18Owater composition

could be interpreted as the result of chemical resetting by

d18O-depletted meteoric waters (Rameil 2008). The verti-

cal trend of the d18O and d13C isotopic composition

(Fig. 5) is similar to the trend in the data of Rameil (2008)

for northeastern Switzerland (Fig. 7c). This trend follows

that the typical meteoric calcite line of Lohmann (1988) at

d18O = - 5.3% (Nader et al. 2008; Rameil 2008), repre-

senting possible variations present within a single meteoric

water system (Fig. 5, dashed line). Moreover, the oxygen

isotopic composition is similar to values typically observed

in meteoric vadose diagenesis (Videtich and Matthews

1980; Allan and Matthews 1982). Therefore, dedolomiti-

zation is most probably due to meteoric groundwater cir-

culating and inducing dissolution of dolomite with or

without precipitation of calcite in a two-step process.

In order to initiate dedolomitization, this groundwater

has to be Ca2? enriched and Mg2? depleted. Shearman

et al. (1961) and Rameil (2008) suggest that the meteoric

dissolution of massive evaporites (gypsum and anhydrites),

deposited during the Late Tithonian and Early Berriasian

(Rameil 2005), may have led to the formation such fluids

responsible for dedolomitization during their circulation. In

this scenario, limestones from the vadose zone were flu-

shed by meteoric water during short-termed exposure

events that potentially led to the dissolution of dolomite

during early diagenesis in relation to emersion events

occurring shortly after deposition. The emersion events

related to sea-level change would explain the large-scale

distribution of dedolomitization as observed over long

distances, from the Swiss-French Jura to the German basin.

Another potential source of dedolomitizting fluid can be

karst-related, Ca-enriched, meteoric water. The Early

Barremian Urgonien Blanc unit is the last Mesozoic unit

deposited in the Geneva Basin and serves as a substratum

for the Paleogene deposits (Conrad 1969; Clavel and

Charollais 1989; Blanc-Alétru 1995). This unit is com-

posed mainly of micritic limestone and mostly known to

exhibit important karstification filled with the Grès sidé-

rolithique unit (Paleogene). The karstification of the Early

and Late Cretaceous deposits in the Geneva Basin is

attributed to the Paleocene emersion (Charollais et al.

2013). This important karstification could be a major

source of Ca2?-enriched water potentially initiating

dedolomitization during its circulation in the underlying

Upper Jurassic limestones. A similar scenario is proposed

by Nader et al. (2008) for the dedolomitization of Jurassic

dolostones from central Lebanon during the uplift and

emergence of Mount Lebanon. The fact that the

dedolomitized limestones exhibits open secondary moldic

pores in outcrops, especially in sections such as the Pra-

pont, where water circulation is still important, could

indicate a late diagenetic dedolomitization most likely

occurring during the uplift of the Jura Mountains in the

Cenozoic. During this uplift, dissolution of evaporites,

erosion of Cretaceous limestones, karstification of the

Upper Barremian limestones and intensive flux of rain-

water could contribute to a multistage process of

dedolomitization. Complementary investigations in the

Jura Mountain and, in a broader way in the Molasse Basin,

are required in order to further constrain the timing and

origin of the dedolomitization observed in the Upper

Jurassic limestones of the Geneva Basin.

5.4 Heterogeneity of the dolomite fabrics

With regard to the paragenetic sequences described in

Makhloufi et al. (2018), two different paths of dolomiti-

zation are identified in the Upper Jurassic limestones of the

Geneva Basin. In both paths, the starting point is the early

dolomitization originating from seepage-reflux (Figs. 8 and

9) during early diagenesis (eogenesis). From that point, a

first path experienced the dissolution of CaCO3 and

coarsening of dolomite fabrics during late eogenesis to
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early mesogenesis. This path led to the formation of

sucrosic dolomite with high intercrystalline porosity and

pore filling dolomite cements overgrowing early dolomite

precursors. The second path led to the formation of T1-b

dolomites as the results of burial (potentially shallow)

recrystallization by a mixture of trapped initial seawater

and meteoric groundwater circulating during mesogenesis.

Both paths ended after telogenesis and exhumation of the

dolomitized limestones. At that point, dedolomitization led

to the two dedolomitized fabrics observed. The sucrosic
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Fig. 9 Schemes of the

dolomitization mechanics

observed in the present study in

relation to the overall diagenetic

evolution. From the early

diagenetic dolomitization

initiated through seepage-reflux,

two mechanisms were observed.

In path 1, the limestone

underwent dissolution of CaCO3

and coarsening of the dolomite

fabrics during late eogenesis

and early mesogenesis (i.e.

during shallow burial). The

complete depletion of CaCO3 as

well as the overgrowth of

dolomitic cements led to the

formation of a fabric destructive

sucrosic dolomite texture.

During telogenesis (i.e. after

exhumation) influx of meteoric

seawater initiated

dedolomitization. In path 2,

early diagenetic dolomite

precipitated until late eogenesis.

During burial, the late dolomitic

cement underwent

recrystallization induced by a

mixture of trapped initial

seawater and circulating

meteoric water. During

telogenesis and exhumation, the

same process of

dedolomitzation as in path 1

produced the present-day

observed dedolomitized fabric

with secondary moldic pores
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dolomite was replaced after partial dissolution and, locally,

precipitation of calcite. The early dolomitized texture

where the initial micritic matrix was not completely

replaced is characterized by secondary moldic porosity,

still open in present-day outcropping rocks.

6 Conclusion

The Kimmeridgian and Tithonian sequences of the Geneva

Basin recorded three different types of dolomities and two

types of dedolomites. The three types of dolomites are

distinguished by their geometry, grain-size, CL character-

istics, stable isotope (O, C) and radiogenic (Sr)

composition.

The first two types of dolomitization are interpreted as

the results of early diagenesis. The first early dolomitiza-

tion was produced by the replacement of micrite by dolo-

mite during shallow seepage-reflux and/or evaporitic

brines, migrating downward into the platform. This is in

agreement with 87Sr/86Sr data supportive of a Tithonian

age for dolomitization as well as oxygen and carbon iso-

topic values compatible with a non-modified seawater as

the pore fluid for dolomitization. The second early

dolomitization is the results of the same processes. How-

ever, isotope data points to the potential effect of (shallow)

burial recrystallization involving a mixture of trapped ini-

tial seawater and meteoric water after their migration

through limestones in the vadose zone. The third type of

dolomite is characterized by a sucrosic fabric exhibiting

important intercrystalline porosity. This type is most likely

the result of burial dolomitization, resulting from precipi-

tation of dolomitic syntaxial overgrowth over early dolo-

mite precursors, a scenario supported by the oxygen and

carbon isotopic composition and the 87Sr/86Sr out of range

of Late Jurassic seawater composition.

Mechanisms and timing of dedolomitization are still not

fully understood. From the data gathered in this study and

by comparison with previous work at the regional and large

scale, it is concluded that this process is the consequence of

meteoric or modified meteoric water inducing dolomite

dissolution. The implication of evaportites dissolution as a

source of Ca2? enriched fluid can neither discarded nor

confirmed at the present stage of research. Late diagenesis

after the uplift of the Jura and Salève Mountains is a more

likely trigger for dedolomitizing fluid migration appears

realistic.

The isotopic geochemical data of the present study and

those gathered from the literature might provide a useful

database for future research aiming to characterize multi-

phased dolomitized and dedolomitized limestones. The

pathways of dolomitization and dedolomitization presented

for the Geneva Basin and discussed with regards to the

model proposed for the Upper Jurassic limestones at the

regional and large scale is an important step towards an

improved understanding of the diagenetic events that

occurred in relation to large scale sea-level changes.

Moreover, this study provides important insights into the

assessment of the petrophysical properties distribution that

will ultimately help in reservoir modeling, a crucial step for

a further development of reusable energy in the Canton of

Geneva and Switzerland.
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Université de Lyon, Laboratoire de Géologie, 800 p.
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Staudt, W. J., Reeder, R. J., & Schoonen, M. A. A. (1994). Surface

structural controls on compositional zoning of SO2-4 and

SeO2-4 in synthetic calcite single crystals. Geochimica et

Geochemistry of Upper Jurassic dolomites in the Geneva Basin 595

https://doi.org/10.1306/060801720146
https://doi.org/10.1306/060801720146
https://doi.org/10.1007/s00015-018-0311-x
https://doi.org/10.1007/s00015-018-0311-x
https://doi.org/10.1111/sed.12001
https://doi.org/10.1111/sed.12001


Cosmochimica Acta, 58(9), 2087–2098. https://doi.org/10.1016/

0016-7037(94)90287-9.

Strasser, A. (1988). Shallowing-upward sequences in Purbeckian

peritidal carbonates (lowermost Cretaceous, Swiss and French

Jura Mountains). Sedimentology, 35(3), 369–383.

Strasser, A. (1994). Milankovitch cyclicity and high-resolution

sequence stratigraphy in lagoonal–peritidal carbonates (Upper

Tithonian–Lower Berriasian, French Jura Mountains). In P.L. de

Boer, & D.G. Smith (Eds.), Orbital forcing and cyclic sequences.

Special Publication International Association of Sedimentolo-

gists, pp. 285–301.

Suzuki, Y., Iryu, Y., Inagaki, S., Yamada, T., Aizawa, S., & Budd, D.

A. (2006). Origin of atoll dolomites distinguished by geochem-

istry and crystal chemistry: Kita-daito-jima, northern Philippine

Sea. Sedimentary Geology, 183(3), 181–202. https://doi.org/10.

1016/j.sedgeo.2005.09.016.

Vahrenkamp, V. C., & Swart, P. K. (1990). New distribution

coefficient for the incorporation of strontium into dolomite and

its implications for the formation of ancient dolomites. Geology,

18(5), 387–391. https://doi.org/10.1130/0091-7613(1990)018%

3c0387:NDCFTI%3e2.3.CO;2.

Videtich, P. E., & Matthews, R. K. (1980). Origin of discontinuity

surfaces in limestones: isotopic and petrographic data, Pleis-

tocene of Barbados, West Indies. Journal of Sedimentary

Research, 50(3), 971–980.

Warrak, M. (1974). The petrography and origin of dedolomitized,

veined or brecciated carbonate rocks, the ‘cornieules’, in the
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